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Foreword / Avant-propos

Sustainable Biomass Resources for Environmental,

Agronomic, Biomaterials and Energy Applications 1

Ressources de biomasse durables pour des applications

environnementales, agronomiques, de biomatériaux et

énergétiques 1

Mejdi Jeguirima, Salah Jellalib and Besma Khiaric

a Institut de Science des Matériaux de Mulhouse, France

b Sultan Qaboos University, Oman

c Water Research and Technologies Centre, Tunisia

E-mails: mejdi.jeguirim@uha.fr (M. Jequirim), s.jellali@squ.edu.om (S. Jellali),
besmakhiari@yahoo.com (B. Khiari)

This Special Issue of the journal Comptes Rendus
Chimie is entitled: “Sustainable biomass resources
management for environmental, agronomic, bioma-
terials and energy applications 1”. It is motivated
by the net decline of the current use of fossil re-
sources due to both their economic exploitation via-
bility and also the climate change mitigation require-
ments. Natural biomasses, that are worldwide pro-
duced with large amounts, have been pointed out
as promising, attractive and sustainable materials for
green energy recovery. Furthermore, these biomasses
in their raw state or modified through mastered phys-
ical/chemical/thermal techniques could be used in
environmental, agricultural and building applica-
tions including low-cost adsorbent for the treatment
of wastewaters, eco-friendly organic biofertlizer for
the amendment of agricultural soils and green mate-
rials for construction, respectively. However, the op-
timization of biomass valorization as a sustainable
pathway is a complex issue that still require sus-

tained research and development activities. There-
fore, this special issue seeks to collect the latest scien-
tific/engineering research on the suitable pathways
for biomasses sustainable management that fulfill
the United Nations sustainable development goal,
the Intergovernmental Panel on Climate Change re-
quirement and various other regional and interna-
tional initiatives.

This special issue contains ten peer-reviewed
papers covering important subjects related to
biomasses thermochemical and biochemical con-
version processes, the application of biomasses and
their derived carbonaceous materials for wastewa-
ters treatment, the biomass impacts on soil proper-
ties and plants growth and their application in the
construction sector.

The first paper is entitled: “Optimization and
characterization of bio-oil and bio-char produc-
tion from date stone pyrolysis using Box–Behnken
experimental design” [1]. This research work con-
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cerned production of bio-oil and biochar from olive
stones using a fixed-bed pyrolyzer under various
experimental conditions: temperature (400–600 °C),
heating rate (10–50 °C·min−1), and particle size
(0.5–1.5 mm). The modeling and optimization of
the pyrolysis process’ parameters were conducted
by using the Box–Behnken experimental design
method. Results indicated that the maximum value
of the desirability function was obtained at a py-
rolysis temperature of 500 °C, a heating rate of
10 °C·min−1, and a particle size of 1.5 mm. An in
depth physico-chemical characterization of the pro-
duced bio-oil and biochar at these optimal con-
ditions was performed by using various analyti-
cal apparatus including mainly Fourier transform
infrared spectroscopy, proton nuclear magnetic
resonance, gas chromatography–mass spectrometry,
and scanning electron microscopy. The correspond-
ing results showed that the generated bio-oil can
be used as a bio-fuel owing to its high content of
aliphatic hydrocarbon compounds. Moreover, the
produced biochar has high carbon content making it
a promising candidate for the production of activated
carbon.

The second paper is entitled: “Hydrothermal car-
bonization as a preliminary step to pine cone pyrol-
ysis for bioenergy production” [2]. The main objec-
tive of this work was to elucidate the benefits of in-
cluding hydrothermal carbonization (HTC) as a pre-
liminary step of traditional fast pyrolysis of Tunisian
pine cone (PC). The results indicated that increasing
the HTC temperature from 180 °C to 240 °C led to a
net decrease in the solid yield and an increase in the
gas yield. However, increasing the HTC time led to a
decrease in both solid and gas yields. The optimum
HTC conditions (240 °C and 60 min) yielded in a car-
bon content and a higher heating value of 92.5% and
34.28 MJ·kg−1, respectively, producing a material that
might be utilized as a category-A briquette for do-
mestic use. Under these conditions, the gas produc-
tion was also found to be maximum.

The third paper is entitled: “Investigations on
Mediterranean biomass pyrolysis ability by thermo-
gravimetric analyses: thermal behaviour and sensi-
tivity of kinetic parameters” [3]. In this study, thermal
and kinetic studies are carried out for five different
biomasses of Mediterranean origin: C. monspelien-
sis, Olive and date kernels, Aleppo pine husks and
Wheat straw through thermogravimetric analyses.

Results indicated that despite the different origins
of biomasses, the initial and final ranges of pyroly-
sis temperatures are globally included in the ranges
of 171–215 °C and 375–463 °C, respectively. More-
over, parameters such as the activation energy and
the pre-exponential factor of the pyrolysis reaction
were determined by different methods (Kissinger,
Kissinger–Akahira–Sunose [KAS], Coats–Redfern,
nonlinear least-squares minimization [NLSM] and
distributed activation energy model [DAEM]). The
related results showed that for all biomasses, the acti-
vation energy remains between 150 and 200 kJ·mol−1

except for the Coats–Redfern method, where the
value is in the range of 50 and 100 kJ·mol−1.

The fourth paper is entitled: “Physico-chemical
properties of hydrochars produced from raw olive po-
mace using olive mill wastewater as moisture source”
[4]. This study concerned the hydrothermal car-
bonization (HTC) of Raw Olive Pomace (ROP) by us-
ing Olive Mill Wastewater (OMWW) and distilled wa-
ter as two different liquid medium. Results showed
that the use of OMWW as a liquid matrix enhances
the yield of hydrochar production, but volatile mat-
ter, fixed carbon contents, O/C and H/C ratios had
a decreasing trend. Furthermore, for an HTC tem-
perature of 220 °C, the use of OMWW considerably
increased the high heating value (HHV) of the hy-
drochars from about 24.2 MJ/kg to 31.6 MJ/kg. Ac-
cording to the Van Krevelen diagram of feedstock and
derived hydrochars, dehydration was the predomi-
nant carbonization reaction for both liquid sources.
Morphological characterization of both sets of hy-
drochars suggests the appearance of specific car-
bon nuclei when using distilled water while OMWW
led to creation of hydrochars with a less homoge-
neous surface. Structural analysis emphasized the
heterogeneous aspect of the hydrochars’ surface with
an abundance of crystallized metal-based inorganic
salts.

The fifth paper is entitled: “Methane catalytic re-
forming by carbon dioxide on Mg–Al oxides prepared
by hydrotalcite route with different surfactants (CTAB,
glucose, P123) or with intercalation of SBA-15 and
impregnated by nickel” [5]. In this research work,
four magnesium-aluminum mixed oxides were syn-
thesized by the hydrotalcite route using four mod-
ifying agents (three surfactants: glucose, CTAB, and
P123, as well as silica SBA-15), and then calcined at
550 °C. Physicochemical characterizations were con-
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ducted before and after calcination through various
techniques including XRD, DTA/TGA, and FTIR. An-
alytical results showed that the hydrotalcite structure
was obtained even in the presence of a modifying
agent. This structure was converted into mixed ox-
ides upon calcination where the pore size distribu-
tion was more homogeneous in the presence of a
modifying agent. Nickel was impregnated on these
oxides and then the catalytic performances of the ob-
tained catalysts were tested in the dry reforming of
methane as a model for biogas reforming. Under the
used experimental conditions, good catalytic activi-
ties and high carbon balances were obtained for the
samples prepared with the three surfactants. Surfac-
tant appear to slightly enhance the carbon balance
due to higher nickel species dispersion.

The sixth paper is entitled: “Comprehensive study
of simultaneous adsorption of basic red 2 and basic vi-
olet 3 by an agro-industrial waste: dynamics, kinetics
and modelling” [6]. This work aims to assess the si-
multaneous adsorption of basic red 2 (BR2) and ba-
sic violet 3 (BV3) in a binary system in a batch mode
using date stones as a low-cost adsorbent. For both
dyes, experimental kinetic data were well fitted to the
Brouers Sotolongo model (R2 = 0.99) and the intra-
particle diffusion seems to be the controlling step
in mass transfer mechanisms. The equilibrium study
revealed lower adsorption capacities for both dyes
in binary system (41.95 and 88.91 mg/g for BR2 and
BV3 respectively) compared to the individual sorp-
tion results (92.00 and 136.00 mg/g for BR2 and BV3
respectively). To assess the extent of competition and
the preference of dyes for functional sites, competi-
tion and separation factors were calculated suggest-
ing an antagonistic effect as well as a greater affinity
for BV3 than for BR2 to adsorption sites. The equilib-
rium adsorption results were best fitted by modified
Langmuir and P-Factor Langmuir isotherms for BR2
and BV3 respectively. Besides, based on enthalpy val-
ues (16.30 and 30.26 kJ/mol for BR2 and BV3 respec-
tively), the simultaneous adsorption of both dyes
was endothermic while the entropy revealed a higher
affinity of the investigated adsorbent to BV3.

The seventh paper is entitled: “Enhanced ad-
sorptive removal of cationic and anionic dyes from
aqueous solutions by olive stone activated carbon”
[7]. In this work, four activated carbons were syn-
thetized from natural olive stones wastes (NOS) us-
ing ZnCl2 as activating agent. These activated car-

bons (OSAC), were synthetized for a constant mass
ratio of ZnCl2: NOS of 2:1, a contact time of 2 h
and four different heating temperatures (300; 400;
450 and 500 °C). The physico-chemical characteri-
zation of these activated carbons by various anal-
yses including N2 adsorption–desorption measure-
ments, surface charges evolution versus pH, Boehm
titration, FTIR and SEM. They showed that the ac-
tivated carbon produced at a temperature of 400 °C
(OSAC 400 °C) exhibited the best structural and tex-
tural properties. The test of this activated carbon
for the adsorption of a cationic (methylene blue
(MB)) and anionic (methyl orange (MO)) dye under
various experimental conditions, showed that OSAC
400 °C could be considered as an effective, attractive
and promising adsorbent for the both tested dyes.
The Langmuir’s adsorption capacities of this adsor-
bent were assessed to 303.0 and 277.8 mg·g−1 for
MB and MO, respectively which are significantly high
compared to other various activated carbons. The re-
tention of the pollutants seems to be mainly chem-
ical including hydrogen bond and electrostatic at-
traction between the dyes and the activated carbon
surface.

The eighth paper is entitled: “Evaluation of the in-
fluence of Olive Mill Waste on soils; The case study of
disposal areas in Crete, Greece” [8]. In this research
work, the risks of OMWW disposal on soil quality was
carried out. It has resulted in the definition of eight
soils indicators, namely pH, organic matter, electrical
conductivity, total nitrogen, polyphenols, exchange-
able potassium, available phosphorus and available
iron. In order to confirm the validity of this indica-
tors set, nine OMWW disposal areas were randomly
selected and studied in Rethymno, Crete, without
knowing their history, details of OMWW production
and disposal or other activities of the areas. Soil sam-
ples were collected and analyzed for particle size dis-
tribution, pH, electrical conductivity, organic matter,
carbonates, total N, available P, exchangeable cations
(K, Ca, Mg), polyphenols, boron and available Mn,
Fe, Cu, and Zn. The results indicated that all soil pa-
rameters were affected but at different magnitudes.
Changes were evaluated considering the number of
ponds for which (a) changes in soil parameters were
observed; (b) a parameter value was measured above
the excessive threshold; and (c) the change of the
parameters’ values was >100%. It was revealed that
organic matter, nitrogen, polyphenols, potassium,
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phosphorus and iron are the properties for which
all three evaluation factors showed the highest val-
ues while zinc could be also considered as a poten-
tial indicator although it is not included in the evalu-
ated indicators set. For pH and electrical conductiv-
ity, although no substantial changes were observed,
they should always be included in a indicators’ set
because they are valuable for evaluating soil buffer-
ing capacity and salinization threat, respectively.

The ninth paper is entitled: “Pepper cultivation
on a substrate consisting of soil, natural zeolite, and
olive mill waste sludge: changes in soil properties”
[9]. The aim of this research work was to investigate
the potential of the natural zeolite clinoptilolite as
a soil additive for using OMW sludge for vegetable
cultivation and for eliminating the risk of soil and
underground water degradation. For this purpose,
a pot experiment was conducted under greenhouse
conditions in which pepper seedlings were trans-
planted and grown onto different substrates contain-
ing combinations of 0%, 2.5%, and 5.0% zeolite and
0%, 2.5%, and 5.0% OMW sludge (v/v). The plants
were irrigated twice a week, while leachates were col-
lected on a weekly basis for testing. The experimental
results indicate that the use of OMW sludge sig-
nificantly improved the soil properties. The use of
clinoptilolite as a substrate did not cause any signifi-
cant variations in the cultivation process although it
led to an increase in exchangeable Na at phytotoxic
levels. The substrate consisting of 2.5% clinoptilolite
and 2.5% OMW sludge exhibited the best results in
terms of substrate and leachate properties. The re-
sults are considered to be useful in effectively treat-
ing OMW when combined with natural zeolite addi-
tives as this process enhances the physicochemical
characteristics of soil without leading to major irre-
versible negative consequences.

The last paper is entitled: “Effect of organoclay
and wood fiber inclusion on the mechanical proper-
ties and thermal conductivity of cement-based mor-
tars” [10]. This paper explored the use of organic clay
(OC) and a common biomass (wood fibers) treated
with NaOH (WFsT) as reinforcement materials in ce-
ment mortars. The compressive strength, porosity,
hydration rate and thermal conductivity of different
formulations of reinforced cement were recorded. It
was found that the best dispersion and the stabiliza-
tion of WFsT in the composite materials are achieved
by the addition of 6% WFsT in the presence of an an-

ionic surfactant sodium dodecylbenzene sulfonate.
Moreover, experimental results revealed that the op-
timal composite material was a mixture of water
with ordinary Portland cement and 1 wt% modified
with Cetyltrimethylammonium bromide at a water-
to-solid ratio of 0.65. For OC contents from 2% and
up to 18%, compressive strength results were higher
than that of the plain cement paste. A decrease of the
thermal conductivity was obtained by the addition
of 2 wt% of WF from 2.26 to 0.8 W/m·°C. The pres-
ence of WFsT influenced the hydration of the cement
while promoting the formation of more portlandite
and more calcium silicate gel.

The Guest Editors of this special issue are thank-
ful to all the authors for their innovative contribution
and also to the reviewers for their constructive com-
ments which have significantly contributed to the
improvement of the quality of the accepted papers.
Big thanks to the Editor-in-Chief of Comptes Ren-
dus Chimie, Professor Pierre Braunstein for providing
this great opportunity to publish the current peer re-
viewed papers. Special thanks to M. Julien Desmarets
and Mrs Marie Christine Brissot, Editorial Scientific
Secretaries and the entire production team of the
journal for their valuable collaboration and support.
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Optimization and characterization of bio-oil and

biochar production from date stone pyrolysis using

Box–Behnken experimental design

H. Hammania, b, c, M. El Achabyd, K. El Harfib, M. A. El Mhammedia and A. Aboulkas∗, b

a Laboratoire de Chimie et Modélisation Mathématique (LCMM), Faculté
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Abstract. In Morocco, large quantities of agricultural residues such as date stones are generated
annually during the processing of date palm fruit. This waste is usually discarded although it can be
used as an attractive energy source or can be converted into chemical products using thermochemical
conversion processes. Among these processes, pyrolysis has attracted attention since it enables the
production and chemical recovery. In this context, the use of date stones as a raw material for the
production of bio-oil and biochar using a fixed-bed reactor is investigated. The pyrolysis process was
performed by varying three parameters: temperature (400–600 °C), heating rate (10–50 °C·min−1), and
particle size (0.5–1.5 mm). The modeling and optimization of the process parameters were conducted
using the Box–Behnken experimental design. The maximum value of the desirability function was
obtained at a pyrolysis temperature of 500 °C, a heating rate of 10 °C/min, and a particle size of 1.5 mm.
Under these conditions, the bio-oil and biochar produced were successfully characterized using
different analytical techniques including elemental analysis, chemical composition, Fourier transform
infrared spectroscopy, proton nuclear magnetic resonance, gas chromatography–mass spectrometry,
and scanning electron microscopy. The results show that the bio-oil can be used as a biofuel owing to
its high content of aliphatic hydrocarbon compounds. The biochar having a high carbon content is a
promising candidate for the production of activated carbon.

Keywords. Date stone, Optimization, Pyrolysis, Box–Behnken, Characterization.
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1. Introduction

Currently, energy plays an important role in the
world. Socioeconomic development depends on its
production and on its long-term availability in in-
creasing quantity from reliable, safe, and environ-
mental friendly sources. Over millennia, humans
have found ways to extend various sources of energy
ranging from wood, coal, oil, and petroleum to nu-
clear. Renewable energy sources such as biomass, hy-
dropower, geothermal, solar, and wind energy have
a share of 14% in total world energy consumption
of which 62% is biomass [1]. Biomass is considered
an interesting energy source due to several reasons.
The main one is that bioenergy can make a substan-
tial contribution to sustainably meeting future en-
ergy demand. Resources are often locally available as
is waste. Hence, biomass allows not only waste man-
agement but also energy and chemical recovery us-
ing thermochemical conversion processes.

Thermochemical processes can be categorized
into gasification, combustion, and pyrolysis. Pyroly-
sis has attracted more attention than the other ther-
mochemical processes due to the possibility of op-
timizing its conditions to produce high energy den-
sity pyrolytic bio-oil as well as derived biochar and
gas [2–4]. The liquid product (bio-oil) can be up-
graded or used directly in heat boilers, drive diesel
engines, or turbines. As it is in liquid form, it can
be easily transported and stored more efficiently
than the original biomass. The combustion of py-
rolysis oils results in zero net contribution to car-
bon dioxide (CO2) emissions as the burned carbon
is fixed by biomass during its lifetime. Furthermore,
during the burning of bio-oils, there are no sulfur
oxide (SOx ) emissions and very low nitrogen ox-
ide (NOx ) emissions when compared to fossil fu-
els. Therefore, it may be a potential fuel replace-
ment in the future [5–7]. The use of the solid prod-
uct (biochar) in various environmental applications
including adsorption (for water and air pollutants),
catalysis (for syngas upgrading, biodiesel production,
and air pollutant treatment), and soil conditioning
have been discussed. The recent research trend for
biochar in other applications, such as fuel cells, su-
per capacitors, and hydrogen storage, has also been
reviewed.

The main sources of biomass are agricultural
residues such as olive and date wastes. These agri-

cultural wastes are available in large quantities, and
their use does not compromise food crops. In addi-
tion, they may be a potential fuel replacement in the
future [8]. The date palm is one of the main fruit crops
in arid and semi-arid regions in Morocco. About 105
million date palms are currently being grown around
these regions. The production of dates has seen
considerable expansion over the last decade, rising
from 0.4 million tons in 2006 to 2.4 million tons in
2018 [9]. The expansion of fruit production has natu-
rally led to the increase in waste every year. For this
reason, exploitation of this palm waste would help
us to (i) improve waste disposal, (ii) produce new
value-added materials, and (iii) provide livelihoods
for people in these areas. Therefore, a systematic
and comparative investigation of the distribution of
pyrolysis products was performed using a fixed-bed
reactor. It is important to note that the effects of
distinct conditions on pyrolysis product yields from
date stone have not yet been reported in detail in
the literature. However, the use of date stones for
pyrolysis has been reported in the literature [10–12].
However, all these works investigated the pyrolysis
of date stones in N2 atmosphere and did not exam-
ine the effect of pyrolysis conditions such as tem-
perature, heating rate, and other parameters on the
bio-oil and the biochar yield and properties. Besides,
the effect of pyrolysis conditions on the production
of bio-oil from date stones via pyrolysis was only
reported by Fadhil et al. [13], who investigated the
effect of individual parameters and did not examine
the combined effect of all process parameters. It is
time-consuming and requires several experiments to
determine the optimal levels. This process could be
unreliable. These limitations of the classical method
can be eliminated by optimizing all the process
parameters using a statistical experimental de-
sign such as the Box–Behnken experimental de-
sign (BBD). The objective of this optimization study
is to gain the optimal amount (quantity) of bio-oil
and biochar by the pyrolysis process.

This work aims to study the combined effect of
three process parameters, namely, pyrolysis temper-
ature, heating rate, and particle size, on the biochar
and bio-oil yield from date stones based on the
BBD. Under the optimal condition, the pyrolytic
bio-oil and biochar were characterized using ele-
mental analysis, Fourier transform infrared spec-
troscopy (FTIR), proton nuclear magnetic resonance
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(1H-NMR), gas chromatography–mass spectrometry
(GC–MS), and scanning electron microscopy (SEM).

2. Materials and methods

2.1. Chemicals and reagents

To evaluate the local by-products in terms of ener-
getic valorization, biomass-based date stones from
the region of Errachidia in Morocco as the feedstock
was used in this present study.

All the used chemicals were of analytical grade.
They were used without any further pre-treatment.
Iodine (I2), sodium thiosulfate (Na2S2O3 · 5H2O),
Na2CO3, NaHCO3, and HCl (37%) were purchased
from Sigma-Aldrich (Germany). NaOH was pur-
chased from Merck (Germany), potassium iodide
(KI) from Pharmac (Morocco), and methylene blue
(C16H18ClN3S) (85%) from Panreac (Spain). All the
instruments and apparatus used in this work are
mentioned in Section 2.3.

2.2. Pyrolysis procedure

The pyrolysis experiments were carried out in a fixed-
bed reactor. An electric furnace was used to heat
the reactor externally. Then, the reactor was cooled
down to a temperature equal to 0 °C with an ice–
salt bath. The condensed liquid products did not only
contain the oil phase product but also the aqueous
phase products. They were separated by decantation
after being washed with dichloromethane. Pyrolytic
oil or bio-oil was dried using anhydrous sodium sul-
fate and was collected by evaporating the solvent at
a temperature of 60 °C followed by calculating its
yield. After cooling the pyrolysis reactor, the solid
(biochar) was removed and weighed. The amount of

gas released was then calculated by subtracting the
amount of solid and liquid products from the amount
of initial raw material. Repeatability expressed using
the relative standard deviation was less than ±0.5%,
which was obtained thrice.

2.3. Characterization of raw materials and bio-
oil and biochar

2.3.1. Proximate and ultimate analyses

The proximate analysis was conducted using a
thermogravimetric analyzer (METTLER TOLEDO
TGA/DSC 3+). The moisture content was deter-
mined by mass loss after the sample was heated to
105 °C in N2. Volatile matter corresponds to the mass
loss between 105 and 900 °C in N2. Fixed carbon is
the solid combustible material that leads to the mass
loss at 900 °C when the atmosphere is switched from
N2 to air; the residue left is the ash content.

The ultimate analysis for C, H, N, and S content
was performed using an elemental analyzer (vario
MICRO cube V4.0.2). The H/C and O/C molar ratios
and empirical formula were calculated from elemen-
tal composition. The higher heating value (HHV) of
the samples was experimentally measured using a
bomb calorimeter (Model 1261, Parr Instrument) ac-
cording to ASTM D5865-04.

2.3.2. Infrared spectroscopy

Surface functional groups were determined by us-
ing an FTIR spectrometer (FTIR-2000, PerkinElmer).
The spectrum was recorded in the range 400–
4000 cm−1.

2.3.3. Scanning electron microscopy

Surface morphologies of the optimally prepared
activated carbon were studied by SEM and energy-
dispersive X-ray spectroscopy. The SEM images were
recorded using TESCAN VEGA3 at an accelerating
voltage of 20 kV.

2.3.4. Iodine number

The iodine number is the most fundamental pa-
rameter used to characterize the performance of ac-
tivated carbon. It is a measure of the micropore (0–
20 Å) content of activated carbon by the adsorption of
iodine from solution according to the ASTM D4607-
94 method. The experiment consists in treating 1 g
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of activated carbon with 10 mL of 5% HCl. This mix-
ture is boiled for 30 s and subsequently cooled. Soon
afterward, 100 mL of 0.1 mol·L−1 iodine solution is
added, shaken for 30 min, and filtered. The resulting
solution is filtered and 50 mL of the filtrate is titrated
with 0.1 mol·L−1 sodium thiosulfate by using starch
as an indicator.

2.3.5. Methylene blue index

The methylene blue index (MBI) is a measure of
mesoporosity (2–5 nm) present in activated carbon. It
is defined as the maximum amount of dye adsorbed
by 1 g of adsorbent. It is also determined accord-
ing to the standard method (JIS K 1470-1991). In this
assay, 0.1 g of activated carbon was placed in con-
tact with 100 mL of methylene blue solution at differ-
ent concentrations (20–500 mg·L−1) for 24 h at room
temperature (approximately 25 °C). After shaking for
24 h, the suspensions were filtered and the remaining
concentration of methylene blue in the solution was
determined by a spectrophotometric method at a λ

max value of 665 nm. Standard solutions of methy-
lene blue were used for calibration.

2.3.6. Boehm titration

The Boehm titration method was used to quan-
tify the basic and oxygenated acidic surface groups
on activated carbons. Generally, carboxyl, pheno-
lic hydroxyl, and lactonic groups are acidic, while
the basicity of activated carbon derives primarily
from delocalized π-electrons of graphene structure
with a small contribution from oxygen-containing
surface functionalities (such as pyrene, chromene,
and quinone). These surface functional groups were
quantified by back-titration with NaOH solution for
acidic groups and with HCl solution for basic groups.

Experimentally, approximately 0.1 g of each sam-
ple was mixed with 50 mL of 0.01 mol·L−1 aqueous
reactant solution (NaOH, or Na2CO3, or NaHCO3).
The mixtures were stirred for 24 h at room tem-
perature. Then, the solid phase was filtrated by a
0.45 mm membrane filter. To determine the oxy-
genated group’s content, titrations of the filtrate ap-
proximately 10 mL were performed with standard-
ized HCl (0.01 mol·L−1). The numbers of all acidic
sites were calculated under the assumption that
NaOH neutralizes carboxylic, phenolic, and lactonic
groups. Basic groups’ contents were also determined
by titration of the filtrate with NaOH (0.01 mol·L−1).

2.3.7. Point of zero charge (pH zpc)

The pHzpc is an important characteristic of any
activated carbon as it indicates the acidity/basicity
of the adsorbent and the net surface charge of the
carbon in solution. To measure the pHzpc, 0.1 mg of
activated carbon was added to 100 mL of solution of
0.01 mol·L−1 NaCl with pH varying from 2 to 12 and
stirred for 6 h. The final pH was measured and plotted
against the initial pH. The pHzpC was determined at
the value for which pHfinal = pHinitial.

2.3.8. 1H-NMR spectroscopy and GC–MS

1H-NMR spectroscopy was recorded on 600 MHz
Bruker spectrospin instruments. The oil samples
were diluted using CDCl3. The GC–MS analysis of
bio-oil was carried out using a Thermo Scientific
ISQ Single Quadrupole. The temperature program
adopted is as follows: initial and final temperatures
were 60 and 300 °C, respectively; the total time was
20 min at a heating rate of 10 °C·min−1. The injector
and detector temperatures were 250 °C and 300 °C,
respectively. The gas sample was injected by a Hamil-
ton syringe of 50 mg/mL.

3. Results and discussion

3.1. Physicochemical characterization of date
stone

3.1.1. Ultimate and proximate analyses

Table 1 presents the proximate and ultimate char-
acterization of the date stone and its empirical struc-
ture. The results show that the date stone has high
volatile matter content and a low amount of ash,
moisture, and fixed carbon as compared to the results
in the literature [14,15].

The percentages of carbon, hydrogen, nitrogen,
sulfur, and oxygen present in the date stone are de-
termined by elemental analysis. The analysis shows
that the tested samples are rich in carbon, hydrogen,
and oxygen contents (43.81%, 6.41%, and 46.9%, re-
spectively). On the contrary, the relative contents of
nitrogen and sulfur are low (0.15% and 0.19%, respec-
tively). The high carbon and oxygen contents give
the material a high calorific value. This value showed
that the biomass could be considered suitable for py-
rolysis, gasification, or combustion processes. More-
over, the knowledge of ratios of H/C and O/C is im-
portant for thermochemical conversion processes.
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Table 1. Proximate and ultimate analyses and chemical groups on the surface of date stone

Characteristics Percentage

Proximate analysis (wt%) Moisture content 6.59

Volatile matter 73.46

Ash 2.24

Fixed carbon 24.3

Ultimate analysis (wt%) Carbon 46.9

Hydrogen 6.41

Nitrogen 0.45

Sulfur 0.19

Oxygen 43.81

H/C molar ratio 1.64

O/C molar ratio 0.70

Empirical formula CH1.640O0.700N0.008

Higher heating value (MJ·kg−1) 18.77

pHpzc 6.13

Carboxylic groups (meq/g) 0.465

Lactonic groups (meq/g) 0.538

Phenolic groups (meq/g) 0.535

Acidic groups (meq/g) 1.538

Basic groups (meq/g) 0.282

In most cases, biomasses have higher O/C and H/C
ratios than those of fossil fuels. The high values of
the atomic H/C ratio (1.64) in date stone agree with
the high volatile content found by proximate analysis
(73.46%). The values obtained for these parameters
are relatively similar to those reported for date stone
in the literature [14,16]. The HHV was 18.7 KJ·kg−1.
These values are of the same order of magnitude as
the results obtained for sawdust, olive solid waste, oil
palm fruit bunches, wood pellets, and wood chips.
A comparison with the data from the literature for
wood biomass and energetic crops shows that the in-
vestigated biomass has a typical composition [17,18]
with a significant HHV value.

3.1.2. Infrared spectroscopy

The raw date stone was also characterized by
FTIR in the middle region (Figure 1), including the
wavenumbers between 4000 and 400 cm−1. The aim
of the analysis was to identify the functional groups
of the raw material and then compare any structural

changes after the pyrolysis experiments. The bands
in the spectra of raw date stone indicate that it is
mainly composed of lignin, cellulose, and hemicel-
luloses [19–21]. The band at 3335 cm−1 is caused
by the OH− group of lignin in the date stone. The
absorption peak at wavenumber 1736 cm−1 is char-
acteristic of hemicellulose. The absorption peaks at
approximately 3362, 2900, 1365, and 1143 cm−1 are
characteristic of cellulose. Generally, similar absorp-
tion peaks are observed in the spectrum of lignin.
The absorption peaks at 2900, 1600–1500, 1416, 1314,
and 830–750 cm−1 are attributed to lignin [22,23].
The characteristic absorption peaks of raw date stone
prove the presence of lignin, cellulose, and hemicel-
luloses.

3.1.3. Boehm titration

The functional groups of date stone were esti-
mated by the Boehm titration (Table 1). The results
show that the date stone mainly contains more acidic
groups than basic groups. This indicates that the date
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Figure 1. FTIR spectra of date stone and its bio-oil and biochar obtained at 500 °C, 10 °C/min, and
1.5 mm.

Table 2. Process factors and their levels

Factors Unidimensional variables Levels of factors

−1 0 1

Pyrolysis temperature (°C) A 400 500 600

Heating rate (°C/min) B 10 30 50

Particle size (mm) C 0.5 1.0 1.5

stone has an acidic character. Thus, the high content
of oxygenated groups is due to the presence of a large
quantity of phenolic, lactonic, and carboxylic groups.
Therefore, these results are in agreement with the
(pHZPC value of 6.29, which indicates the acidity of
the date stone.

3.2. Study of the factors influence on pyrolysis
product yields

3.2.1. Response surface methodology

Pyrolysis experiments were conducted to aid in
the design of response surface methodology based
on the BBD. Box and Wilson introduced this method
in 1951. It is a regression method for exploring
the correlation between some explanatory factors
and one or more responses. The BBD consists of
three factors, the pyrolysis temperature (A), heat-
ing rate (B), and particle size (C), as the indepen-
dent variables. Thus, the pyrolysis product yields

consisting of the solid product (biochar), the liquid
product (bio-oil), and the gaseous product (gas) are
the dependent variables. All the responses are listed
in Table 2. These variables with their respective do-
main are chosen based on the data from the litera-
ture and preliminary experiments [24–28]. The exper-
iments were conducted according to the BBD at three
levels, −1, 0, and +1, for 16 experiments. The number
of experiments was calculated by using (1):

N = 2n(n −1)+nc = 16, (1)

where n is the number of variables and nc is the
replicate number of experiment.

The mathematical model associated with this de-
sign is generally a quadratic equation or second-
order model. The model can be written as in (2) (Xi

are the unidimensional variables corresponding to
the above described A, B, and C variables):

Y = b0 +b1A+b2B+b3C+b12AB+b13AC+b23BC

+b11A2 +b22B2 +b33C2, (2)
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Table 3. Experimental design matrix and dependent variables attributed to the factors of Box–Behnken
design

Exp. Coded level Actual level Experimental responses

A B C Pyrolysis temperature
(°C)

Heating rate
(°C/min)

Particle size
(mm)

Y1 (%) Y2 (%) Y3 (%)

1 −1 −1 0 400 10 1.0 44.12 09.26 46.62

2 1 −1 0 600 10 1.0 31.76 15.16 53.08

3 −1 1 0 400 50 1.0 42.69 10.75 46.56

4 1 1 0 600 50 1.0 30.48 15.79 53.73

5 −1 0 −1 400 30 0.5 43.22 10.06 46.72

6 1 0 −1 600 30 0.5 30.02 14.96 55.02

7 −1 0 1 400 30 1.5 43.06 10.32 46.62

8 1 0 1 600 30 1.5 30.92 15.16 53.92

9 0 −1 −1 500 10 0.5 36.76 15.05 48.19

10 0 1 −1 500 50 0.5 36.60 16.10 47.30

11 0 −1 1 500 10 1.5 37.55 15.26 47.19

12 0 1 1 500 50 1.5 36.46 16.26 47.28

13 0 0 0 500 30 1.0 37.13 15.05 47.82

14 0 0 0 500 30 1.0 37.19 15.10 47.71

15 0 0 0 500 30 1.0 37.12 15.05 47.83

16 0 0 0 500 30 1.0 37.10 15.08 47.82

where Y denotes the responses of the yields of
biochar (Y1), bio-oil (Y2), and gaseous products (Y3).
These product yields are estimated as in (3)–(5) [29]:

Y1 =
Wbio-char

W0
×100, (3)

Y2 =
Wbio-oil

W0
×100, (4)

Y3 = 100−Y1 −Y2. (5)

Here, W0, Wbio-char, and Wbio-oil represent the
weights of the raw biomass (g), biochar (g), and
bio-oil (g), respectively.

3.2.2. Experimental results

Table 3 lists the coded and actual values of the
three important factors together with the response
values and the observed results for the three re-
sponses: biochar, bio-oil, and gas yields.

From these results, it appears that for the biochar
and bio-oil yield responses, the pyrolysis temper-
ature and the heating rate have a strong impact
on the development of response during the pyroly-
sis step. Therefore, a yield of bio-oil from the date

stone varies between 9.26% and 16.26%, which rep-
resents a high value at a carbonization temperature
of 600 °C, a heating rate of 50 °C/min, and a par-
ticle size of 1.5 mm. Therefore, these date stones
have a medium bio-oil yield. Moreover, it could be
noted that the maximum value of biochar is approx-
imately 44.12%. It is obtained for date stone pyrol-
ysis at 400 °C, a heating rate of 10 °C·min−1, and
a grain size of 1 mm. Finally, the yield of pyroly-
sis gases released during the thermal decomposition
of date stone reaches a maximum of 55.02%, and
it is obtained at 600 °C, 30 °C, and 0.5 mm for py-
rolysis temperature, heating rate, and particle size,
respectively.

In addition, a regression analysis was performed
to fit the response functions with the experimental
data. The effect values of regression coefficients are
shown in Table 4.

According to this table, the pyrolysis temperature
presents a negative effect on the biochar yield and
a positive effect on other responses. In contrast, the
heating rate has a positive effect on bio-oil and
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Table 4. Analysis of variance of biochar yield (Y1), bio-oil yield (Y2), and bio-gas yield (Y3)

Source Main
coefficients

Sum of
squares

df Mean
squares

F -value p-value
Prob > F

Y1 Model 37.135 315.171019 9 35.019002 1059.32462 3.977×10−10 Significant

A −6.364 311.0018 1 311.0018 9407.80277 3.2626×10−12

B −0.557 2.5200125 1 2.5200125 76.2303645 5.1942×10−5

C 0.111 0.4465125 1 0.4465125 13.5070007 0.00790982

AB −0.213 0.0036 1 0.0036 0.10889998 0.75105599

AC 0.265 0.2809 1 0.2809 8.49722348 0.27561155

A2 0.108 0.04620026 1 0.0462002 1.39755771 0.27572917

B2 0.207 0.00125289 1 0.0012528 0.03790006 0.85117362

C2 −0.438 0.84412658 1 0.8441265 25.5348245 0.00147453

Residual 0.231405 7 0.0330578

Cor. total 315.402424 16

Model 15.07 86.4954668 9 9.61060742 366.128341 1.6244×10−8 Significant

A 2.585 53.4578 1 53.4578 2036.54304 6.8551×10−10

B 0.521 2.1736125 1 2.1736125 82.806539 3.9702×10−5

C 0.104 0.0861125 1 0.0861125 3.28056546 0.11301055

Y2 AB −0.215 0.1849 1 0.1849 7.0440012 0.03274845

AC 0.015 0.0009 1 0.0009 0.03428665 0.85834927

A2 −2.686 30.3376761 1 30.3376761 1155.75244 4.9384×10−9

B2 0.356 0.54039184 1 0.54039184 20.5869161 0.00267636

C2 0.243 0.24913921 1 0.24913921 9.49127581 0.01779559

Residual 0.183745 7 0.02624929

Cor. total 86.6792118 16

Model 47.79 136.943931 9 15.2159924 175.113559 2.1161×10−7 Significant

A 3.65 106.799113 1 106.799113 1229.09977 3.9861×10−9

B 0.036 0.0105125 1 0.0105125 0.12098332 0.73819512

C −0.34 0.9248 1 0.9248 10.6430797 0.01381903

AB 0.177 0.126025 1 0.126025 1.45036129 0.26760568

AC −0.25 0.25 1 0.25 2.8771301 0.13366307

A2 2.58 28.0976024 1 28.0976024 323.36183 4.0637×10−7

B2 −0.37 0.58188658 1 0.58188658 6.69665357 0.03606072

Y3 C2 0.196 0.16968658 1 0.16968658 1.95284146 0.20497622

Residual 0.608245 7 0.08689214

Cor. total 137.552176 16

bio-gas yields and has a negative effect on the
biochar yield. Furthermore, the particle size has a
positive impact on the yields of bio-oil and biochar
and a negative effect on the yield of gas. Besides,
an analysis of interaction effects indicates greater

interaction between the pyrolysis temperature and
the particle size with a positive effect on the biochar
yield. Moreover, for the yields of bio-gas and bio-
oil, the most important interaction is the quadratic
combination of pyrolysis temperatures.
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3.2.3. Analysis of variance

To determine the main and significant interac-
tion effects in the responses, the analysis of variance
(ANOVA) was used at a confidence level of 95%. After
removing the insignificant terms, the ANOVA data for
the three responses are presented in Table 4.

According to the ANOVA analysis, the significant
effects are the pyrolysis temperature (A), heating rate
(B), particle size (C), interactions AB and AC, and
quadratic interactions A2, B2, and C2 (Equations (6)–
(8); Table 4):

Y1 = 37.148−6.238A+0.495B+0.173C −0.03AB

+0.265AC+0.038A2 +0.076B2 −0.038C2, (6)

Y2 = 15.066+2.585A−0.521B+0.103C+0.215AB

−0.015AC −2.684A2 +0.358B2 +0.243C2, (7)

Y3 = 47.786+3.653A+0.026B −0.277C−0.177AB

−0.25AC+2.645A2 −0.432B2 +0.1382C2. (8)

In fact, the biochar yield increased with increase
in the pyrolysis temperature, heating rate, interac-
tion between the pyrolysis temperature and the heat-
ing rate, and the quadratic interaction of particle
sizes. On the other hand, the particle size of the date
stone, the interaction between the pyrolysis temper-
ature and the particle size, and the quadratic inter-
actions of two other factors increased the biochar
yield.

Furthermore, the pyrolysis temperature (A), heat-
ing rate (B), and particle size (C) and AB, B2, and C2

interaction terms have significant effects on the re-
sponses, implying that the increase in these terms
enhances the bio-oil yield. In contrast, the interac-
tions AC and A2 have a negative effect on the re-
sponse of the bio-oil yield.

Moreover, the particle size and the interaction be-
tween the pyrolysis temperature and the particle size
had a negative effect on the gaseous product yield.
Besides, an increase in the yield of noncondensable
gases occurred for A and B and interactions AB, A2,
and C2. As a result, the yield of the gaseous product
increased at higher pyrolysis temperatures.

3.2.4. Response surface analysis

In this step, the response surface methodology
and the optimal conditions of this process were de-
termined on the basis of mathematical models for
the yield of pyrolysis products. Figure 2 shows the

three-dimensional response surface plots for the sig-
nificant interactions. For the yields of biochar, bio-
oil, and bio-gas, the most significant interactions
were the pyrolysis temperature/heating rate and py-
rolysis temperature/particle size.

For the biochar yield, it can be seen from Figure 2A
that the surface area increases with decrease in py-
rolysis temperature and increase in heating rate for a
constant particle size (1 mm). The maximum biochar
yield is obtained at 400 °C regardless of heating rate.
Moreover, Figure 2B shows that the yield increases at
low pyrolysis temperatures regardless of particle size.
The maximum biochar yield is obtained at a pyrolysis
temperature of 400 °C, a heating rate of 50 °C·min−1,
and a particle size of 1 mm.

It can be seen from Figure 2C that the bio-oil
yield increases with increase in pyrolysis temper-
ature and decrease in heating rate when the par-
ticle size is 1 mm. A maximum yield is observed
at a pyrolysis temperature of 500 °C at a heating
rate of 10 °C·min−1. However, Figure 2D shows that
the bio-oil yield increases regardless of particle size.
Then, a maximum value appears at pyrolysis temper-
ature, heating rate, and particle size values of 500 °C,
10 °C·min−1, and 1.5 mm, respectively.

On the other hand, Figures 2E and F show that the
efficiency of non-condensable gases increases with
increase in pyrolysis temperature. A high gas effi-
ciency value is obtained at the pyrolysis temperature
of 600 °C regardless of heating rate and particle size,
indicating that the gas efficiency is necessarily de-
pendent on the pyrolysis temperature.

3.2.5. Diagnostic model

The graphs of the normal probability of residues
are shown in Figures 3A–C. It is seen from the figure
that the data points for the performance of pyrolysis
products (biochar, bio-oil, and gas) are close to the
straight line, which shows that the experiments are at
the origin of a normally distributed population.

3.2.6. Optimal values and discussion

The desirability function was used for optimizing
the three responses studied, including biochar, bio-
oil, and gas yields. The maximum value of the desir-
ability function was obtained at a pyrolysis temper-
ature of 500 °C, a heating rate of 10 °C·min−1, and a
particle size of 1.5 mm. Under these conditions, the
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Figure 2. Surface response plots for biochar yield (A, B), bio-oil yield (C, D), and bio-gas yield (E, F).

predicted responses for biochar, bio-oil, and bio-gas
yields were 36.64±2.03%, 16.12±0.98%, and 47.24±
3.21%, respectively.

All the obtained results can be analyzed as fol-
lows. At temperatures below 500 °C, the lowest yields
are attributed to the incomplete conversion of or-
ganic compounds. At temperatures above 500 °C, the

decrease in the bio-oil yield may be due to the sec-
ondary cracking of pyrolysis vapors at higher temper-
atures. At intermediate temperatures, there is a com-
promise between secondary reactions and the final
temperature, which leads to an optimal bio-oil yield.
The optimal yields of bio-oil and biochar were ob-
tained at 500 °C.
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Figure 3. Normal probability plots of residuals for three responses: (A) biochar yield, (B) bio-oil yield,
and (C) bio-gas yield.

The heating rate also plays a significant role in the
destruction and reforming of biochar and bio-oil.

It is well known from a survey of the literature
and previous studies that the heating rate plays an
important role in product distribution [30–33]. In
this work, faster heating rates maximized the yield of
bio-oil, while low heating rates favored the formation
of biochar [30,34–36]. However, at low heating rates,
secondary cracking remained low and the flow of
locally produced gases was insufficient to break the
organic molecules outside the grain of the date stone.
On the other hand, it can be explained that bio-oil
yields increased with increase in organic and specific

products and secondary cracking of volatiles at
higher heating rates. At a heating rate of 10 °C·min−1,
a good compromise among the effects of the above-
mentioned parameters is obtained. Furthermore, we
obtained optimal bio-oil and biochar yields.

The particle size of the date stone has a slight in-
fluence on the yield of the pyrolysis product. It is a pa-
rameter that controls the drying rate and primary py-
rolysis and the extent to which these processes over-
lap during thermal decomposition. The effect of par-
ticle size is explained in terms of the heating rate at
which bigger particles heat up more slowly resulting
in a lower temperature for average particles, which
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Table 5. Comparison of physicochemical characteristics of date stone biochar and bio-oil obtained at
500 °C, 10 °C/min, and 1.5 mm with other biomasses’ biochar and bio-oil

Properties Grape bagasse [37] Residual chañar [38] Eastern giant fennel [39] Date stone [this work]

Bio-oil Biochar Bio-oil Biochar Bio-oil Biochar Bio-oil Biochar

Carbon 71.72 72.09 56.7 35.5 53.96 63.92 67.38 69.63

Hydrogen 8.69 3.05 7.1 7.8 7.41 3.268 7.24 3.54

Nitrogen 2.69 1.4 0.2 <0.1 1.227 0.949 0.304 0.421

Oxygen 16.90 23.46 35.9 56.6 37.403 31.86 22.65 23.89

Empirical formula CH1.45O0.17 N0.03 CH0.51O0.24N0.02 CH1.5O0.46N0.003 CH2.63O0.47 CH1.65O0.52N0.02 CH0.61O0.37N0.013 CH1.289O0.252N0.004 CH0.61O0.258N0.005

H/C molar ratio 1.45 0.51 0.46 2.63 1.647 0.61 1.289 0.610

O/C molar ratio 0.17 0.24 0.46 0.47 0.52 0.37 0.252 0.258

HHV (MJ/kg) 32.95 28.40 23.0 13.1 22.20 20.59 25.1 23.25

leads to less amounts of volatile yields. Uniform heat-
ing could be established with sufficiently small parti-
cle size samples. The results of our study show that
1.5 mm particle size samples are the most suitable
for obtaining optimal yields from the pyrolysis of date
stone.

3.3. Physical and chemical characterization of
the pyrolysis product

In this step, only bio-oil and biochar that were ob-
tained under the most suitable conditions, a temper-
ature of 500 °C, a heating rate of 10 °C/min, and a par-
ticle size of 1.5 mm, were retained for the next char-
acterization.

The analytical methods we used to characterize
the liquid fraction (bio-oil) and the solid fraction
(biochar) are as follows. For elemental analyses, SEM,
FTIR, 1H-NMR spectroscopy, and GC–MS were car-
ried out.

3.3.1. Bio-oil characterization

a. Physical property and elemental composition
Table 5 lists the results of elemental analysis of

bio-oil produced by the pyrolysis of date stone at a
temperature of 500 °C, a heating rate of 10 °C·min−1,
and a particle size of 1.5 mm. We note that the val-
ues for carbon (67.38%) and hydrogen (7.420) con-
tents and the HHV (25.10 MJ/kg) of bio-oil are higher
than those of the raw date stone. Furthermore, the
average chemical composition of the pyrolysis oil is
CH1,289O0,252N0,004. The significant decrease in oxy-
gen content of the oil (22.65%) compared to that
of the original feedstock (43.81%) is important be-
cause the high oxygen content is not conducive to
the production of transport fuels. The cause of this

decrease is decarboxylation and dehydration reac-
tions of molecules in the biomass.

Table 5 presents the characteristics of the pyrolysis
oil derived from date stone in comparison with other
biomass-derived oils [37–39]. It is evident that the
HHV of date stone oil is favorable than that of other
pyrolysis oils. Furthermore, the oil from the date seed
may be considered as an important potential source
of alternative fuel.

b. FTIR spectroscopy
FTIR spectroscopy was used to analyze the func-

tional group composition of bio-oil (Figure 1 and Ta-
ble 6). The FTIR spectra indicate the presence of O–
H group stretching vibrations between wavenumbers
3200 and 3400 cm−1 and C–H deformation vibrations
between 1350 and 1450 cm−1, which shows the ex-
istence of alkane groups. The C=O stretching vibra-
tions between 1680 and 1750 cm−1 confirm the pres-
ence of ketones, quinones, and carboxylic acid or
aldehyde groups. The wavenumbers 1645–1678 cm−1

show C=C stretching vibrations, which indicate the
presence of alkenes. Besides, mono- and polycyclic
and substituted aromatic groups can be identified by
the absorption peaks between 690 and 900 cm−1 and
1350 and 1450 cm−1, respectively [40,41].

All these absorption bands suggest the presence of
a wide variety of chemical groups such as phenols,
aromatics, alcohols, esters, ethers, carboxylic acids,
aldehydes, and ketones. This heterogeneity arises
from the thermal degradation of the constituents
of the date stone during secondary pyrolysis reac-
tions such as polymerization, polycondensation, and
etherification or esterification.

c. 1H-NMR spectroscopy
To have a better understanding of the complete

chemical composition of bio-oil, an analysis using
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Figure 4. GC–MS spectrum of bio-oil obtained at 500 °C, 10 °C/min, and 1.5 mm.

Table 6. FTIR bands and functional groups of bio-oil obtained at 500 °C, 10 °C/min, and 1.5 mm

Peak (cm−1) Bond Attribution

3200–3600 O–H Polymer O–H

2850 and 2930 C–H Aliphatic stretching band

1700 C=O Ketones, aldehydes, lactones, and carboxylic groups

1600–1680 C=C Olefinic

1200–1350 C–H Aromatic

1000–1200 C–O Alcohol, ester, and ether

3150 N–H Heteroatoms

nuclear magnetic resonance (NMR) spectroscopy
was performed. 1H-NMR spectrum (Figure 4)
was used to obtain information about functional
groups and quantify integration areas. On this spec-
trum, it is therefore also possible to distinguish the
percentages of proton types, which can be calculated
from the chemical deviation values (Table 7).

The resonances of a proton between chemical
shift 0.5 and 1.5 ppm correspond to the presence
of 66.66% of aliphatic protons attached to paraffinic
CH3. Peaks in the following region between 1.5 and
3.0 ppm are attributed to the proton of an aromatic
ring or acetylenic (24.0%). The region 3.0–4.0 ppm is
due to hydroxyls, ring-joining methylene, methine,
or methoxy (0.67%). We observed phenols and non-
conjugated olefins in the bio-oil, and they resonate

in the range of 4.0–6.0 ppm (4%). Finally, a region be-
tween 6.0 and 9.5 corresponds to aromatic protons,
aldehyde protons, and also protons in heteroaromat-
ics containing oxygen and nitrogen. The content of
this region was 4.67%.

A higher number of aliphatic protons (90%) from
date stone are due to the destruction of side chains
of date stone compounds in pyrolysis processes. As a
result, the bio-oil produced from the date stone can
be used as a bio-fuel.

d. Gas chromatography–mass spectrometry
The GC–MS spectrum of bio-oil produced by the

pyrolysis of date stone at a temperature of 500 °C,
a heating rate of 10 °C·min−1, and a particle size
of 1.5 mm is given in Figure 5. As we can see, the
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Figure 5. 1H-NMR spectrum of bio-oil obtained at 500 °C, 10 °C/min, and 1.5 mm.

Table 7. Chemical composition of bio-oil obtained at 500 °C, 10 °C/min, and 1.5 mm from GC–MS

Chemical shift (ppm) Type of proton Area (%)

0.5–1.5 ◦ CH3 γ or farther from aromatic ring and paraffinic CH3 66.66

◦ CH3, CH2, and CH β to aromatic ring

1.5–3.0 ◦ CH2 and CH attached to naphthenes 24.00

◦ CH3, CH2, and CH α to aromatic ring or acetylenic

3.0–4.0 ◦ Hydroxyls, ring-joining methylene, methine, or methoxy 0.67

4.0–6.0 ◦ Phenols, nonconjugated olefins 4.00

6.0–9.5 ◦ Aromatics, conjugated olefins 4.67

bio-oil produced consists of a complex mixture of
hundreds of compounds. However, the identification
of the main peaks has been made in the first 40 peaks
in terms of relative areas. For these identifications,
structural formula, chemical name, and GC peak ar-
eas of compounds with more than 0.4% of the total
area identified in this fraction are listed in Table 8.
The volatile fraction of bio-oil is mainly composed
of heavy compounds, in particular, fatty acids and
their derivatives. They represent almost half of the
total area of the detected peaks. Among these com-
pounds are long-chain amides and fatty acid esters.
These derivatives of fatty acids are obtained by the
hydrolysis of the lipids present in the date stone. Fatty
acids are released by the hydrolysis of triglycerides.
The fatty acids then react with alcohols by esterifica-
tion or with amino acids to form amides [42,43].

Other molecules in small quantities such as phe-
nolic derivatives were detected. These compounds

are obtained from lignin degradation. A significant
diversity of nitrogen compounds is also found in bio-
oil. The structures identified are long-chain amides
and also aromatic molecules: pyridine deriva-
tives, pyrazine, pyridinol, indole, and so on. These
molecules are assumed to be derived from protein
degradation.

As can be seen clearly, the results obtained by
GC–MS are highly consistent with those obtained by
infrared spectroscopy. This is because all classes of
identified chemical compounds are similar to those
obtained by infrared spectroscopy. Furthermore, we
note that the vast majority of the compounds iden-
tified are rich in hydrogen (particularly aliphatic hy-
drocarbons) in accordance with the results of ele-
mental analysis. In addition, the aliphatic hydrocar-
bons detected are mainly alkylated fatty acid esters,
ethers, and alkenes with a large number of protons,
which is consistent with the 1H-NMR analysis.
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Table 8. 1H-NMR analysis results of bio-oil obtained at 500 °C, 10°C/min, and 1.5 mm

No. Retention time
(min)

Compounds Molecular
formula

Surface (%)

1 7.67 Nonane, 2-methyl-5-propyl C13H28 0.90

2 8.62 Tetradecane C14H30 0.51

3 9.53 Hexadecane C16H34 1.17

4 9.82 Benzyl nonyl maleate C20H28O4 1.69

5 10.03 2-Cyclopenten-1-one, 3-methyl C6H8O 0.40

6 10.37 2-Furancarboxaldehyde, 5-methyl C6H6O2 1.81

7 10.60 Carbonic acid, ethyl octadecyl ester C21H42O3 0.88

8 10.78 N,N’-bis(carbobenzyloxy)-lysine methyl(ester) C23H28N2O6 0.75

9 10.93 3-Furanmethanol C5H6O2 1.10

10 11.22 Eicosane C20H24 0.80

11 11.42 8-Heptadecene C17H34 3.28

12 11.81 (Z)6-Pentadecen-1-ol C15H30O 0.86

13 12.39 1,2-Cyclopentanedione, 3-methyl C6H8O2 1.38

14 12.70 n-Hexadecanoic acid C16H32O2 8.28

15 13.08 5,8,11-Heptadecatriynoic acid, methyl ester C18H24O2 0.57

16 13.38 Decanoic acid, 2-propenyl ester C13H24O2 1.71

17 13.48 5-Methylcytidine C10H15N3O5 1.10

18 13.61 Phosphonic acid, (p-hydroxyphenyl)- C6H7O4P 2.69

19 13.86 Oxiraneoctanoic acid, 3-octyl-, cis C18H34O3 0.82

20 14.19 Phenol, 4-methyl C7H8O 3.16

21 14.77 5,8-Decadien-2-one, 5,9-dimethyl-, (E)- C12H20O 1.31

22 15.01 Pentadecanoic acid, 13-methyl-, methyl ester C17H34O2 0.51

23 15.14 Heptaethylene glycol monododecyl ether C26H54O8 0.42

24 15.28 n-Decanoic acid C10H20O2 0.60

25 15.51 Heptaethylene glycol monododecyl ether C26H54O8 0.57

26 15.76 Heptaethylene glycol monododecyl ether C26H54O8 1.04

27 16.19 Octadecanoic acid, 2-propenyl ester C21H40O2 1.13

28 16.46 Cyclododecanol, 1-aminomethyl C13H27NO 1.02

29 16.64 Methyl 11-octadecenoate C19H36O2 1.04

30 16.78 Dodecanoic acid C12H24O2 14.55

31 17.16 2-Furancarboxaldehyde, 5-(hydroxymethyl)- C6H6O3 1.31

32 17.53 Octadecanoic acid C18H36O2 3.47

33 17.81 Octadecanoic acid, 2-propenyl ester C21H40O2 0.54

34 18.04 cis-Vaccenic acid C18H34O2 3.11

35 18.31 cis-13-Octadecenoic acid C18H34O2 15.37

36 18.43 cis-13-Octadecenoic acid C18H34O2 0.41

37 18.58 Tetradecanoic acid C14H28O2 11.72

38 18.76 cis-13-Octadecenoic acid C18H34O2 0.51

39 18.95 cis-13-Octadecenoic acid C18H34O2 0.42

40 19.83 Ethyl 9,12-hexadecadienoate C18H32O2 0.84
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3.3.2. Biochar characterization

a. Physical property and elemental composition
Table 5 presents the elemental composition and

calorific value of biochar obtained by the pyrolysis
of date stone under optimized experimental condi-
tions. The analysis findings show that the biochar
is rich in 69.63%, 3.54%, 0.21%, and 23.98% of car-
bon, hydrogen, nitrogen, and oxygen contents, re-
spectively.

The obtained results show that the biochar of date
stone has a high carbon content and low oxygen and
hydrogen contents in comparison to its raw material.
The decrease in H and O contents and increase in
C content are due to dehydration, decarbonylation,
and decarboxylation reactions of biomass. It appears
that the pHPZC value of biochar is neutral.

These results show that the biochar obtained has
interesting physical and chemical properties, which
make it suitable for soil remediation. Moreover, with
some functionalization, biochar can be converted
into functional materials, finding applications in
catalysis, energy storage and conversion, and envi-
ronmental protection. Biochar production and appli-
cations for soil remediation and pollutant removal
have been discussed and reviewed extensively [44–
46]. Biochar is also used in metallurgy and as a feed-
stock for the production of activated carbon, which
has many uses. For example, it is used as an adsor-
bent to remove odorants from airstreams and both
organic and inorganic contaminants from wastewa-
ter streams.

The properties of the biochar from date stone were
evaluated by comparison with other biomass sam-
ples reported in the literature (Table 5) [37–39]. The
date stone stood out among the other biomass sam-
ples when the published HHV values were compared
as it had an HHV value higher than 23 MJ/kg. The
biochar has an HHV comparable to biomass samples
because of its lower proportion of H and O than C.
This considerably increases the energy value of the
fuel as more energy is present in C–C bonds than in
C–O and C–H bonds.

b. Characterization of surface functional groups
The functionality of biochar is evaluated by

characterization with Boehm titration and FTIR
methods. The Boehm titration method is applied to
determine the acidic and basic sites in the biochar.
The results show that the biochar produced at 500 °C,

10 °C/min, and 1.5 mm has 1.423 meq·g−1 of acidic
groups and 0.334 meq·g−1 of basic groups. These
results indicated that the biochar obtained has an
acidic character.

These results are confirmed by infrared spec-
troscopy. As can be seen from the FTIR spectra of
biochar (Figure 1), remarkable changes are present
compared to that of the raw material, which indi-
cates an effective conversion of date stone under op-
timal pyrolysis conditions. The hydroxyl group band
O–H at 3100–3600 cm−1 in the FTIR spectra of the
biochar sharply decreases after pyrolysis, probably
due to the dehydration of the date stone with the
release of an amount of water. The bands observed
at 2860–2970 cm−1, which can be attributed to C–
H alkyl functional groups, are almost absent in the
biochar. The bands occurring on the spectrum at
875 cm−1 and 1400 cm−1 are attributed to the vi-
brations of the C=C and C=O bonds in the aro-
matic rings. The high intensity of the C=O band in
the biochar and the decrease in carboxylic groups,
as previously observed from Boehm titrations, sug-
gest the presence of a higher amount of ketone com-
pared to the raw material. A wide band at 900–
1200 cm−1 shows the presence of aromatic functional
groups C–O and phenolic groups O–H. Between 700
and 900 cm−1, another band is observed. This band
is attributed to aromatic C–H stretching vibrations,
which indicate the presence of an adjacent aromatic
hydrogen in the biochar [47].

c. Scanning electron microscopy
The morphology of the biochar obtained by SEM

is shown in Figure 6. From this micrograph, it can
be seen that the morphology of the biochar shows
the presence of empty spaces and greater porosity
on its surface compared to that of the raw material.
This confirms that the biochar produced has a larger
surface area than the raw date stone. This behaviour
is attributed to the fact that the heat treatment im-
proves the porous structure of the biochar due to the
loss of mass of some of the volatile matter from the
date stone.

d. Iodine number and methylene blue index
The iodine number (I2) and MBI are widely

used parameters for biochar testing due to their
simplicity and their rapid assessment of adsorbent
quality. The values obtained are 100.83 mg/g and
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Figure 6. SEM micrograph of the date stone (A) and its biochar (B).

51.28 mg/g for the iodine number (I2) and MBI, re-
spectively. These values indicate that the surface of
the biochar has a low porosity, which may be less
significant for adsorption or catalysis. Therefore, it
is recommended to activate the surface of biochar
to improve its porosity. This result is verified by the
calculation of the surface area specific to biochar,
which is of the order of 8.083 m2·g−1.

4. Conclusion

In sum, this work is devoted to the valorization of
the date stone by converting it to bio-oil and biochar
by pyrolysis using a fixed-bed reactor. All the exper-
imental results obtained show that the best yields
of bio-oil, biochar, and bio-gas are approximately
36.64 ± 2.03%, 16.12 ± 0.98%, and 47.24 ± 3.21%, re-
spectively, at a pyrolysis temperature of 500 °C, a
heating rate of 10 °C/min, and a particle size of
1.5 mm. However, the characterization of the liquid
phase shows that the bio-oil produced under these
optimal conditions consists mainly of aliphatic hy-
drocarbon in the form of alkylated fatty acids and
their derivatives. This preliminary study shows that
the bio-oil can be used as a bio-fuel or as a source of
value-added chemicals. In addition, the biochar has
good properties suitable for its use as a solid fuel and
as a carbon source for the production of activated
carbon.
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[41] S. Şensöz, M. Can, Energy Sources, 2002, 24, 357-364.
[42] P. Das, T. Sreelatha, A. Ganesh, Biomass Bioenergy, 2004, 27,

265-275.
[43] S. Chiaberge, I. Leonardis, T. Fiorani, G. Bianchi, P. Cesti,

A. Bosetti, M. Crucianelli, S. Reale, F. De Angelis, Energy Fu-
els, 2013, 27, 5287-5297.

[44] K. Qian, A. Kumar, H. Zhang, D. Bellmer, R. Huhnke, Renew-
able Sustainable Energy Rev., 2015, 42, 1055-1064.

[45] S. Meyer, B. Glaser, P. Quicker, Environ. Sci. Technol., 2011, 45,
9473-9483.

[46] S. P. Sohi, E. Krull, E. Lopez-Capel, R. Bol, Adv. Agronomy,
2010, 105, 47-82.

[47] P. Fu, S. Hu, L. Sun, J. Xiang, T. Yang, A. Zhang, J. Zhang,
Bioresour. Technol., 2009, 100, 4877-4883.

C. R. Chimie, 2020, 23, n 11-12, 589-606



Comptes Rendus
Chimie
2020, 23, n 11-12, p. 607-621
https://doi.org/10.5802/crchim.47

Sustainable Biomass Resources for Environmental, Agronomic, Biomaterials and Energy
Applications 1 / Ressources de biomasse durables pour des applications environnementales,
agronomiques, de biomatériaux et énergétiques 1

Hydrothermal carbonization as a preliminary step to

pine cone pyrolysis for bioenergy production

La carbonisation hydrothermale comme préalable étape à la

pyrolyse traditionnelle. Changements globaux sur le chemin du

processus et les charbons obtenus

Mouzaina Boutaieb∗, a, Monia Guizaa, Silvia Románb, Beatriz Ledesma Canob,
Sergio Nogalesc and Abdelmottaleb Ouedernia

a Laboratory of Process Engineering and Industrial Systems (LR11ES54), National
School of Engineering, University of Gabes, Medenine Street 6029, Tunisia

b Applied Physics Department, Industrial Engineering School, University of
Extremadura, Avda. Elvas, s/n, 06006, Badajoz, Spain

c Chemical Engineering and Physical Chemistry Department, Faculty of Sciences,
University of Extremadura, Avda. Elvas, s/n, 06006, Badajoz, Spain

E-mails: mouzainaboutaieb@gmail.com (M. Boutaieb), monia.guiza@enig.rnu.tn
(M. Guiza), sroman@unex.es (S. Román), beatrizlc@unex.es (B. Ledesma Cano),
senogalesd@unex.es (S. Nogales), mottaleb.ouederni@enig.rnu.tn (A. Ouederni)

Abstract. The main objective of this work was to elucidate the benefits associated with including
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cone (PC). The pyrolysis was performed in a fixed-bed reactor, while the HTC was carried out in an
autoclave plus the subsequent carbonization step in the former reactor. The comparison of the two
methods was based on the fraction yields, the molar composition of gas, the chemical composition,
the surface characteristics, and the higher heating value.

The pyrolysis of PC hydrochars (600 °C) was carried out using hydrochars prepared at various
HTC temperatures (180–240 °C) and times (30, 60, and 180 min). Results showed that increasing the
HTC temperature from 180 °C to 240 °C led to a decrease in the solid yield and an increase in the gas
yield while increasing the HTC time led to a decrease in both solid and gas yields. The optimum HTC
conditions (240 °C and 60 min) yielded a carbon content and a higher heating value of 92.5% and
34.28 MJ·kg−1, respectively, producing a material that might be utilized as a category-A briquette for
domestic use. Under these conditions, the gas production was also maximum.
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1. Introduction

Many investigations into the development of alter-
native resources and renewable energy are aimed at
addressing the growing demand for energy as well as
the continuing rise in energy prices and the persis-
tent shortage of hydrocarbon resources [1]. Switching
to a scenario with a greater share of renewable ener-
gies involves the use of biomass since this resource
is certainly effective in providing energy in diverse
forms such as heat, electricity, fuel for transportation,
and so on depending on the thermochemical pro-
cess used. Furthermore, zero carbon dioxide emis-
sions associated with biomass and its availability in
many areas of the world can be cited as an additional
advantage.

A variety of thermochemical or biological pro-
cesses can be used to convert biomass in the absence
of oxygen to products with higher degrees of carbon
content than the original biomass.

Traditional pyrolysis processes have been largely
used to convert biomass in the absence of oxygen to
products with a higher proportion of carbon content
than in the original biomass. Recently, hydrothermal
carbonization (HTC), also known as wet pyrolysis or
autohydrolysis or wet torrefaction [2], has attracted
much attention as a sustainable, eco-friendly, and
costless thermochemical process to convert organic
biomass, in the presence of water, into bio-oil and
a carbon-rich solid product (called hydrochar [HC])
[3] and, unlike traditional pyrolysis, to recover nutri-
ents from biomass [4]. The HTC temperature is much
lower, ranging from 180 °C to 300 °C compared to the
pyrolysis temperature (between 500 °C and 900 °C)
[5]. As a result of the hermeticism of the system and
the presence of liquid water under these conditions,
autogenous pressures in the range 2–6 MPa are asso-
ciated with HTC [6]. Besides, a variety of dwell times
have been reported from several minutes to hours [7]
although most of the reaction seems to occur within
the first 20 min [8]. The distributions of the final
products as well as its properties are strongly influ-
enced by the reaction temperature of hydrothermal
conversion processes [9,10].

During biomass pyrolysis, the organic matter is
thermochemically decomposed by heating in the ab-
sence of oxygen. Differently, during HTC processes,

the biomass is submerged in subcritical liquid water
and transformed into an HC; so prior costly drying
of high-moisture biomass is not an issue [11], mak-
ing the HTC process cheaper and more environment-
friendly as compared to the traditional pyrolysis pro-
cess [12]. As a result of HTC, the biomass structure is
broken down, and an energy-rich carbonaceous HC
is obtained, with a high calorific value, suitable as a
renewable solid fuel or for value-added material ap-
plications [13–15].

Waste materials such as lignocellulosic biomass
[16–18], algae [19], and food waste [20,21] have been
commonly used as starting materials for energy and
resource recovery by HTC. In addition, HTC has re-
cently attracted considerable interest from the re-
search field, but only few authors have analyzed the
HTC as a pretreatment stage and used HCs as a pre-
cursors for the traditional pyrolysis.

Aleppo pine (Pinus halepensis) forests cover a high
area along North Africa and the Mediterranean basin.
According to Ayari [22], pine forests cover more than
3.5 million ha with the highest surface area (2.5 mil-
lion ha in the Mediterranean region). In Tunisia, the
Aleppo pine forest is the most important woodland in
the country; it extends from its subhumid zone in the
north to the arid zone in the south [23]. Forests cover
1.1 million ha, where about 300 000 ha of Aleppo pine
is found [24]. In fact, more than 10% of the Tunisian
population live within the forest area, where they
earn a good part of their resources [25].

The multiple functions and products extracted
from Aleppo pine forests make this tree species one
of the most appreciated ones in the Mediterranean
basin. In Tunisia, their uses are related to different
types of industries: seed (zgougou/food) and wood
production, tannins (skin industry), soil protection,
biodiversity, programs for reforestation of degraded
areas, and as an anti-erosion species. Among these
applications, pine seed production is an economi-
cally important food subsector in Tunisia.

Pine cones (PCs) are one of the most important
products of Aleppo pine trees; these are mainly used
in decoration applications. According to Ayari et al.
[22], an average tree produces about 51 ± (7) cones
per tree weighing a total of 921.6 ± (151.2) g/tree.
After being emptied of seeds for food, the PCs are also
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used for decoration handcrafts.
Recently, a variety of thermochemical or biologi-

cal treatments of PCs have been investigated in sev-
eral studies such as pyrolysis [26,27] and combus-
tion [28], but they have been barely investigated dur-
ing the HTC process. The high degree of hetero-
geneity and complexity of the PC structure makes
its use as a raw material a tough challenge for HTC
treatment.

The previous research of Boutaieb et al. [27], on
the effect of the pyrolysis temperature on biochar
characteristics and gas production, showed that un-
der optimum conditions (at 600 °C for 30 min us-
ing 100 mL·min−1 of nitrogen flow rate) a high
heating value (HHV) as high as 30.95 MJ·kg−1 was
obtained, allowing its possible use as a briquette
biofuel.

To the best of our knowledge, the HTC of PCs has
been scarcely studied, and in particular, the influ-
ence of experimental conditions (temperature and
residence time) on the process have not been ana-
lyzed so far. Moreover, the pyrolysis of HCs produced
from PCs has not been reported in the literature.

The main objective of the present work is to pro-
vide deep insight into the HTC of PC, and to com-
pare it to fast pyrolysis, as well as to evaluate the syn-
ergies of combining both processes. The fast pyrol-
ysis was performed in a fixed-bed reactor and HTC
was performed in an autoclave, while two-step reac-
tions combined both processes. The comparison of
the two treatments was based on the fraction yields,
the molar composition of gases, the chemical com-
position, the surface characteristics, and the thermal
stability.

2. Experimental procedure

2.1. Materials

Mature PCs (P. halepensis) were collected from south-
ern Tunisia and then brushed to remove all seeds and
soil particles. After the separation of the cone scales
from the axis, the scales were sieved to obtain sam-
ples with particle size diameters ranging from 1.25 to
1.6 mm. The samples were then stored in sealed zi-
plock bags for further processing.

The PCs were investigated in terms of proximate
and elemental analyses following suitable technical
specifications as reported in Section 2.3. Their HHV

was determined using a bomb calorimeter (Parr).
These results are collected in Table 1.

2.2. Preparation of pyrochar

2.2.1. Pyrolysis process

Pyrolysis was carried out in a fixed-bed verti-
cal cylindrical stainless steel reactor equipped with
a heating system (electronic furnace). The experi-
mental setup was described in detail in our previ-
ous work [27]. At each run, 15 g of PC was filled in
the basket, which was then placed inside the pre-
heated electronic furnace. All experiments were car-
ried out isothermally in a fast pyrolysis regime at
600 °C, based on a previous optimization study [27].

Each experiment was carried out at least twice,
and the values reported in this study correspond to
their average.

2.2.2. Hydrothermal carbonization process

The HTC assays were performed in a 0.25 L stain-
less steel autoclave (Berghof Digestec DAB-3, Ger-
many) as shown in Figure 1. In a 0.2 L Teflon
vessel (unstirred), an appropriate amount of the
sample (15 g) and 0.120 L of deionized water at
room temperature were added to obtain the targeted
biomass/water ratio R (1:8) at the same time that the
biomass was completely submerged in water. Then,
the Teflon vessel was sealed and placed into the au-
toclave, and the system remained overnight at room
temperature. Thereafter, the system was heated in a
preheated electric furnace at the required tempera-
tures (180, 200, 220, and 240 °C). Based on previous
research, the authors determined the time it took for
the reactor to reach the target temperature using a
simulation model. The heating period was consid-
ered for each temperature, and then 30 min (proper
processing time) was added. After the reaction, the
heater was turned off. The autoclave was removed
from the oven and subsequently placed in a cold-
water bath and allowed to cool down to room tem-
perature (for about 15 min). After cooling, the re-
sulting solid was separated from the liquid by filtra-
tion, washed with abundant distilled water until the
filtrate was clean, and subsequently dried at 105 °C
overnight to remove residual moisture. The resulting
liquid was collected and stored in a glass beaker at
4 °C in a freezer. The dried HC was stored in a ziplock
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Figure 1. HTC Teflon vessel and stainless steel autoclave.

Table 1. Proximate and elemental analyses (wt%) and HHV (MJ·kg−1) of raw scales and Spanish PC [28]

Precursor Proximate analysis (wt%) Elemental composition (wt%) HHV
(MJ·kg−1)

Moisture Volatile matter Fixed carbon Ash C N H O∗

Raw-Sc 10 79.2 10.2 0.6 50.5 0.29 5.86 43.35 18.0563

Spanish PC [28] 8.9 - - 0.8 54.2 0.3 6.8 38.7 18.782
∗ The sulfur content in the hydrochars was not measured due to its negligible content in the raw biomass
(<0.01 wt%).
∗ Balanced (O% = 100− (%C+%N+%H)).

bag until the start of the analysis and pyrolysis pro-
cess.

The effectiveness of HTC as a pyrolysis pretreat-
ment was then tested. For this task, HC samples were
pyrolyzed in the same reactor used for the previ-
ously described pyrolysis process [27] at 600 °C for
30 min under nitrogen atmosphere. The biochar de-
rived from the pyrolysis of HCs is referred to as py-
rochar (PYC), and the solid yield values were deter-
mined as follows.

HCy (wt%) is the solid yield of HTC processes and
is calculated by (1), where mHC (g) is the mass of HC
and mi (g) is the mass of the initial feedstock (15 g of
raw scales):

HCy =
mHC

mi
∗100. (1)

PYCy (wt%) is the total solid yield (PYC) corre-
sponding to the pyrolysis of HC and is calculated
by (2):

PYCy =
mPYC

mi
∗100, (2)

where mPYC (g) is the final mass of the product PYC.

2.3. Solid characterization

2.3.1. Elemental analysis

Elemental analyses were carried out using a LECO
CHNS (EA 1108) elemental analyzer to quantify the
carbon (C), hydrogen (H), and nitrogen (N) contents
of raw PC scales (Raw-Sc), biochars, HCs, and PYCs,
following the corresponding technical specification
CEN/TS 15104 [29]. Specification CEN/TS 15289 [30]
was used to determine sulfur (S) content. Oxygen (O)
content was determined by difference using expres-
sion (3):

O% = 100%− (%C+%N+%H+%S). (3)

2.3.2. Textural characterization

Nitrogen adsorption isotherms at 77 K were per-
formed by AUTOSORB equipment (Quantachrome).
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Before analyses, the selected samples were out-
gassed at 250 °C for 12 h. Characteristic parameters
such as the apparent Brunauer–Emmet–Teller (BET)
surface SBET (m2·g−1), the micropore volume Vmi

(cm3·g−1), and the external surface SEXT (m2·g−1)
were estimated using the BET theory, the Dubinin–
Radushkevich method, and the α-method, respec-
tively.

2.3.3. Thermogravimetric analysis

The thermogravimetric behavior under inert
atmosphere was analyzed by a thermobalance
(TGA/DTG) (STA 449 F3 Jupiter–Netzsch) coupled
with mass spectrometry (QMS 403D Aëolos III—
Netzsch) using a flow rate of 100 mL·min−1 of ar-
gon and a heating rate of 20 °C·min−1 from 30 °C to
800 °C.

2.3.4. Surface chemistry

The surface chemistry of selected samples was
studied by means of Fourier transform infrared (FT-
IR) spectroscopy. The FT-IR spectra were recorded
by a PerkinElmer model (PerkinElmer, 1000 PC), and
bands were assigned according to suitable results
from the literature [8,12,27].

2.3.5. Surface morphology analysis

Surface morphology studies were carried out by
scanning electron microscopy (SEM, Quanta 3D FEG,
FEI). The samples were prepared by depositing about
50 mg of the sample on an aluminum stud cov-
ered with conductive adhesive carbon tape and then
coated with Rh–Pd for 1 min to prevent charging
during observations. Imaging was carried out under
high-vacuum conditions (<6× 10−4 Pa) at an accel-
erating voltage of 30 kV by using secondary electrons
for high vacuum (ETD).

3. Results

3.1. Precursors

Table 1 presents the proximate and elemental com-
position (wt%) of the Raw-Sc as well as their HHVs
(MJ·kg−1).

The results obtained here are similar to data pre-
sented by other authors [28] for Spanish PCs. As seen
in Table 1, PC has a high amount of volatile matter

content, greater than 79%, and a low moisture con-
tent <15%. This result is as expected for lignocellu-
losic materials [31] and most of the agricultural and
forest wastes [32].

The elemental analysis showed that the raw ma-
terial was mainly composed of carbon (>50%) and
oxygen (>40%) with a low percentage of nitrogen
(<0.29%) and a negligible amount of sulfur (<0.01%).
From an environmental point of view, a low N con-
tent (<1%) is advantageous for minimizing toxic NOx

emissions during combustion processes [33]. Be-
sides, a low content of S is also important to prevent
the formation of SO2 [32] and hence the corrosion of
equipment [33].

3.2. Fraction yield and gas production

The influence of different process conditions on both
Raw-Sc and HCs prepared at different temperature
and residence time conditions is observed from the
results in Table 2. It is noted that both variables influ-
ence the value of yields significantly.

First, compared to pyrolysis, HTC produces higher
solid yields, fewer liquid yields, and a smaller quan-
tity of gases. The HTC of raw feedstock under mild
conditions is associated with a solid yield of 84.07%;
the solid yield from pyrolysis is 27.07%. It may also
be inferred that the liquid yields follow an inverse
trend as compared to the solid yields—41.47% of liq-
uid produced from raw feedstock pyrolysis as com-
pared to 27.87% produced from HTC. This result is
consistent with a more pronounced thermal decom-
position of the feedstock during pyrolysis [34].

On the other hand, from Table 2, it can be ob-
served that the reaction temperature has a major ef-
fect on the HTC process. The HC yields decrease as
the reaction temperature increases from 84.07% at
180 °C to 76.13% at 240 °C. According to Lucian et
al. [34], this decline in HC yield with temperature is
due to the enhancement of a series of dehydration
and decarboxylation reactions, which at higher tem-
peratures become more effective and lead to an in-
crease in the gaseous phase with a decrease in solid
yield.

Moreover, it can be seen that different residence
times have the same effect as the reaction tempera-
ture. They decrease with increase in residence time,
from 76.13% for 30 min to 62.2% for 180 min (at the
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Table 2. Fraction yield of derived chars at different conditions

Samples HTC HTC Pyrolysis SY LY GY

T (°C) t (min) T (°C) (wt%) (wt%) (wt%)

HC-180-30 180 30 - 84.07 15.17 0.76

HC-200-30 200 30 - 80.13 9.87 10.00

HC-220-30 220 30 - 80.47 7.93 11.6

HC-240-30 240 30 - 76.13 11.00 12.87

HC-240-60 240 60 - 66.47 24.06 9.47

HC-240-180 240 180 - 62.20 27.87 9.93

PY-600 - - 600 27.07 41.47 31.46

PYC-180-30-600 180 30 600 23.93 43.58 32.49

PYC-200-30-600 200 30 600 23.53 43.34 33.13

PYC-220-30-600 220 30 600 22.00 43.20 34.80

PYC-240-30-600 240 30 600 21.67 42.39 35.94

PYC-240-60-600 240 60 600 20.47 50.8 28.73

PYC-240-180-600 240 180 600 20.20 57.87 21.93

HC = hydrochar; PYC = pyrochar; PY = biochar.
SY = solid yield; LY = liquid yield; GY = gas yield.

same temperature 240 °C). A larger amount of HCs
was obtained at shorter residence times.

This decrease in HC yields at longer reaction times
could be explained in terms of the formation of per-
manent gases and lighter organic compounds by pro-
longing the carbonization time [35].

As shown also in Table 2, the pyrochar yields
tend to decrease from 23.93% to 21.67% with rising
HTC temperature, while the gas yield increases from
32.49% to 35.94%. However, an increase in the HTC
time leads to a decrease in the pyrochar yield from
21.67% to 20.2% and a decrease in the gas yield from
35.94% to 21.93%. In addition, an increase in HTC
temperature has a negative effect on the formation
of liquid yield due to a more pronounced thermal de-
composition of the raw biomass and the liquid prod-
uct at a high amount of gas and solid yields.

The effect of the temperature process on pyrochar
production can be explained in terms of the decrease
in volatile matter during HTC, which leads to the
increase in carbon content after HTC and then after
pyrolysis [36]. These results are in agreement with the
results of thermogravimetric analysis in Section 3.3.

This decline in pyrochar yield and the increase in
gas yield with rising HTC temperature or time are
due to the previous decrease in volatile components

[32].

Figure 2 shows the molar accumulation of gases
with time. In general, at the beginning of the pyroly-
sis process, there is a negligible increase in the pro-
duction of all gases followed by a significant gas re-
lease during the first 15 min at the maximum de-
composition rate. However, after 20 min, cumulative
molar gas is produced at a relatively slower rate un-
til the end of the process to the end of the pyrolysis
reaction.

The composition of gas was mainly CO2, CH4,
which are the dominant components, H2, and a small
fraction of CO. Figure 2 indicates that the produc-
tion of gases is affected by the reaction time and
the temperature. The more severe the reaction con-
ditions, the greater the maximum gas yield. The fig-
ure also highlights the fact that under severe condi-
tions, HTC maximizes gas production almost twice
as that compared to conventional pyrolysis. A larger
amount of gases was obtained at a higher HTC
temperature 240 °C and pyrolysis temperature 600 °C
for 60 min (0.86 mol·kg−1 of H2, 0.58 mol·kg−1 of CO,
1.57 mol·kg−1 of CH4, and 3.52 mol·kg−1 of CO2 with
higher LHV = 562.46 kJ·L−1).

As shown in Figure 3, the CO and CO2 yields were
reduced with increase in time and temperature. This
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Figure 2. Effect of process conditions on gas molar cumulative.

could be related to the decomposition of the hemi-
cellulose with rise in temperature since CO2 (and CO)
was mainly produced as a consequence of the re-
arrangement of cellulose and hemicellulose during
the early stages of thermal degradation [37].

These results were confirmed later from the ther-
mogravimetric behavior of the chars.

In contrast to the release of CO and CO2, H2 emis-
sion increases with increase in process parameters.
This rise can be related to secondary reactions in the
liquid phase, which is greater in amount [38].

3.3. Thermogravimetric behavior of different
chars

An analysis of the thermal behavior of chars was car-
ried out from the thermogravimetric and dTG curves
that are plotted in Figure 3.

The Raw-Sc showed three mass-loss peaks in py-
rolysis. The first phase, ranging from 58.65 °C to
163.29 °C, corresponds to dehydration reaction and
a release of volatile products. The second mass-
loss peak (79.2%), between 160 °C and 400 °C, cor-
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Figure 3. Thermogravimetric analysis of raw material and different chars.

responds to the degradation of hemicellulose and
cellulose. A small shoulder peak was observed in
the dTG profile at approximately 290 °C due to the
decomposition of hemicellulose. Finally, the third
phase begins at a temperature of 400 °C, and it can
be associated with the degradation of lignin [39].

In contrast, the chars exhibited only two peaks.
The second mass loss and the small shoulder peak
in dTG at 290 °C disappeared, which indicates the
decomposition of hemicellulose in both processes.
These results are in agreement with the trends found
by other authors for the HTC process [16,40].

Moreover, the initial decomposition temperature
of both pyrochars and HCs was higher than that of
biochars and raw scales, respectively, which could be
related to the reduction in volatile matter during the
HTC step [35].

An interesting observation is that the rise in pyrol-
ysis and HTC temperatures resulted in a slight shift of
the loss peak to a higher temperature (up to 700 °C),

which explains the thermally stable structures in
chars (pyrochars). In turn, this means a significant
advantage in terms of subsequent combustion ap-
plications. Correa et al. [40] and Wang et al. [41] re-
lated the presence of inorganic content in the HC to
changes in the mass-loss velocity as a consequence
of inhibition of particular decomposition reactions.

This can promote the HTC step, which therefore
results in the stability of the char when used as a
combustible.

3.4. Elemental and proximate analyses

The process temperature and reaction time are
the main factors influencing the char composition.
Table 3 presents the elemental composition of chars
from pyrolysis, HTC, and HTC–pyrolysis as well as
their HHV values:

H

C
= 1.4265

O

C
+0.5845. (4)

C. R. Chimie, 2020, 23, n 11-12, 607-621



Mouzaina Boutaieb et al. 615

As compared to the HCs, the pyrochars and the
biochars showed higher carbon and nitrogen con-
tents and lower hydrogen and oxygen contents.
In general, carbon content is higher than 85%, nitro-
gen content is lower than 1%, hydrogen content is up
to 3%, and the oxygen content is close to 9%.

In addition, the carbon content of the pyrochar
treated under different HTC process conditions and
pyrolyzed at 600 °C (≈<92%) decreased by about 4%
compared to the corresponding biochar (91.4%).

The higher the HTC temperature (240 °C) and res-
idence time (180 min), the higher the carbon (66.6%)
and nitrogen (0.47%) contents and the lower the oxy-
gen (27.18%) and hydrogen (5.75%) contents of the
HCs produced. By comparison with the biochars pro-
duced from the raw material, it could be concluded
that the HTC step improves the elemental content of
the pyrochars except for carbon content.

The carbon enrichment was explained by Zhang
et al. [42], who related it to a greater degree of
aromatization and condensation during the HTC and
the reduction in the H and O contents to dehydration
and decarboxylation reactions. In addition, Chen et
al. [43] related this drop in H and O contents to
the cracking and decomposition of biomass, which
was coupled with gas emission. The fact that most
of the carbon in the biomass is retained in HC sug-
gests that the HTC is beneficial to the enrichment of
the pyrochar carbon content compared with that of
the conventional pyrolysis process. This is one of the
strengths of this work.

Using the elemental composition data (Table 3),
the H/C and O/C atomic ratios were calculated and
then plotted in Figure 4 (Van Krevelen diagram).
From this diagram, it can be clearly found that both
H/C and O/C atomic ratios of the HCs closely resem-
ble the initial raw material and biomass unlike py-
rochars and biochars, which both exhibit lower H/C
and O/C atomic ratios similar to those of natural coal.
These results could be explained by the higher rate
evolution of H2O and CO2 in the dehydration and de-
carboxylation reactions during HTC and then in py-
rolysis [15].

As illustrated in Figure 5, where the correlation be-
tween H/C and O/C atomic ratios of the HCs is given,
it can be clearly observed that the HC points lie al-
most on a straight line (R2 = 0.9951), with a slope
close to 1.4, showing that 1.4 atoms of H are lost for
each atom of O. In addition, the straight line corre-

Figure 4. Van Krevelen diagram of different
chars produced at different conditions.

Figure 5. Correlation between H/C and O/C
atomic ratios of hydrochar samples.

sponds to dehydration reactions. Therefore, it can be
concluded that decarboxylation and dehydration re-
actions are dominant in the PC HTC under different
experimental conditions.

Energy production is a crucial element in deter-
mining the feasibility of a biomass conversion pro-
cess. For this reason, the comparison of the HHVs
of solid products from both processes is necessary.
Both processes convert PC to a coal-like material that
has potential for energy production. The HHVs of
the HCs are in the range from 20.3 to 24.72 MJ·kg−1,
while 30.63 MJ·kg−1 is reported for pyrolysis. More-
over, similar measurements for the combined pro-
cess (pyrolysis with HTC) produced values up to
34.28 MJ·kg−1.

From these results, it can be observed that HTC
increases the HHV of pyrochars compared to that
of biochars. Furthermore, there is an optimum tem-
perature for which the HHV of char is maximum.
This occurs at the highest HTC temperature and
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Table 3. Elemental composition and higher heating value of different chars

Samples HTC HTC Pyrolysis C (%) N (%) H (%) O (%) H/C O/C HHV

T (°C) t (min) T (°C)

Raw-Sc - - - 50.5 0.29 5.86 43.35 1.38 0.64 18.06

HC-180-30 180 30 - -* -* -* -* -* -* 20.30

HC-200-30 200 30 - 53.7 0.27 6.19 39.84 1.37 0.56 21.79

HC-220-30 220 30 - 55.2 0.35 6.20 38.25 1.34 0.52 20.89

HC-240-30 240 30 - 56.2 0.33 6.14 37.33 1.30 0.50 20.99

HC-240-60 240 60 - 58.1 0.33 6.02 35.33 1.23 0.46 22.54

HC-240-180 240 180 - 66.6 0.47 5.75 27.18 1.03 0.31 24.72

Pyro-600 - - 600 91.4 0.88 2.65 5.07 0.35 0.04 30.63

PYC-180-30-600 180 30 600 90.7 1.01 2.64 5.65 0.35 0.05 29.77

PYC-200-30-600 200 30 600 86.0 0.85 2.74 10.41 0.38 0.091 31.99

PYC-220-30-600 220 30 600 91.4 0.96 2.80 4.84 0.36 0.040 31.85

PYC-240-30-600 240 30 600 87.0 0.99 2.71 9.30 0.37 0.080 32.81

PYC-240-60-600 240 60 600 92.5 0.98 2.81 3.71 0.36 0.030 34.28

PYC-240-180-600 240 180 600 87.1 0.89 2.84 9.17 0.39 0.080 34.17

time (240 °C for 60 min) and pyrolysis temperature
(600 °C).

In addition, the HHV of the final chars
(34.28 MJ·kg−1) is equivalent to the HHV of an-
thracite, indicating that the chars derived from hy-
drothermally treated PC have the potential to be
used as solid fuels for combustion applications [33].
According to French standards [44], this pyrochar,
with an HHV of 34.28 MJ·kg−1 and high fixed car-
bon content of 92.5% (>70%) could be utilized as
a category-A briquette for domestic use. Thus, it is
important to keep in mind that complex reaction
mechanisms are involved in the calorific nature of
the process reactions and highly dependent on reac-
tion conditions. In fact, although the overall reaction
is exothermic, the initial phases of both pyrolysis and
HTC are endothermic.

3.5. Characterizing pore structure of chars

The N2 adsorption isotherms of selected chars
(biochars prepared at 600 °C, HCs [HC-200-180,
HC-240-180, and HC-240-30], and pyrochars [PYC-
200-180-600, PYC-240-180-600, and PYC-240-30-
600]) are plotted in Figure 6. The N2-BET surface area
of the same biochars and pyrochars are also listed in
Table 4.

These samples were chosen to compare both the
effect of the HTC temperature (HC-200-180 and HC-
240-180) and the effect of HTC residence time (HC-
240-30 and HC-240-180) as well as to analyze the
effect of pyrolysis of the HCs produced.

As shown in Figure 6, where the N2 adsorption
isotherms of selected chars at −196 °C have been
plotted, the isotherms of HCs have the same shape,
indicating that the HTC temperature and time had
no significant influence on the pore-size distribution
[33]. The isotherms are of type II according to the IU-
PAC classification [45], indicating that the HCs have
a mesoporous structure [46] with weak adsorbate–
adsorbent interactions. Furthermore, the adsorbed
N molecules are clustered around the most favor-
able sites on the surface of the pores, which makes
the amount adsorbed at the saturation pressure finite
and reduces the BET surface area [36].

In contrast to HCs, pyrochar and biochar
isotherms exhibit a gradual increase in the adsorbed
volume, and most of the uptake of N2 adsorption
occurs in low relative pressure regions (P/P0 < 0.1),
indicating the presence of micropores [16]. This is
consistent with a rearrangement of carbon layers
during the creation of small pores, which is more evi-
dent for the sample obtained from one-step pyrolysis
and also for the pyrolysis of high-temperature HCs.
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Figure 6. Nitrogen adsorption isotherms of selected chars at −196 °C.

Table 4. Physical characteristics of selected chars

Samples SBET (m2·g−1) Vmi (cm3·g−1) Vme (cm3·g−1) SEXT (m2·g−1)

PY-600 123 0.077 0.027 154

PYC-200-180-600 135 0.009 0.01 65

PYC-240-180-600 237 0.152 0.024 227

PYC-240-30-600 64 0.052 0.024 207

These results confirm the observations made dur-
ing the SEM analysis, which is further described in
Section 3.6.

The results of physical characteristics listed in Ta-
ble 4 show that char samples have a moderate appar-
ent BET surface area, which in general is lower than
240 m2·g−1. Compared to biochars, pyrochars have a
significantly greater surface area.

Considering the pyrolysis process, there is a very
significant increase in the BET specific surface area of
both chars that are prepared with (PYC) and without
(PY) HTC.

A similar observation is made as follows. When the
HTC temperature is increased, the pyrochar sample
prepared at a higher HTC temperature (PYC-240-180-
600) has a surface area 1.75 times larger (237 m2·g−1)
than the pyrochar prepared at a lower HTC tempera-
ture (PYC-200-180-600).

Since pores can be formed by the loss of volatiles
[35], it can be suggested that the increase in pores on
the PYC surface compared to that on the biochars can
be caused by the loss of total volatiles during the HTC
process.

These results confirm the observations made dur-
ing the SEM analysis in Section 3.6.

3.6. External surface morphology of chars by SEM

The surface morphology of selected samples was
studied by SEM. Figures 7 and 8 show represen-
tative micrographs corresponding to the selected
biochar (PY-600) and the pyrochar (PYC-240-180-
600). First, it is important to note that the cellular
morphology of the feedstock is maintained after both
processes.

From these figures, it can be observed that the
surface structure of the pyrochar differs substantially
from that of the biochar.

In contrast to the biochar, the pyrochars are cov-
ered with carbon microspheres on the surface with
a distinctive size distribution. The carbon micro-
spheres are mainly produced by the breakup of cellu-
lose molecules [47] that might be decomposed dur-
ing the HTC process and then during the pyroly-
sis process as well as by the recombination of car-
bon products from decarboxylation reactions [2]. Az-

C. R. Chimie, 2020, 23, n 11-12, 607-621



618 Mouzaina Boutaieb et al.

Figure 7. SEM for biochar (PY-600).

Figure 8. SEM for pyrochar (PYC-240-180-600).

zaz et al. [12] also explained that these carbon mi-
crospheres are formed due to a change in the crys-
talline arrangement associated with the condensa-
tion of cellulose and hemicellulose in the carbon
content.

On the other hand, in all samples, the fibrous
structure of the starting material is maintained. The
distinctive differences in the char structures result
from a shift in the reaction mechanisms governing
the processes.

From the EDX surface composition analysis of the
two chars, it was reported that their outer surface
is mainly made up of carbon with very low oxygen
content [48]. These results confirm the observations
made during the elemental analysis (Section 3.4).

As a result of hydrolysis, cellulose breaks up into
small-chain polymers and monomers, which later
can polymerize as higher molecular weight com-
pounds (this is the second solid phase as was pre-
viously indicated by thermogravimetric profiles).
After hydrolysis, dehydration is assumed to take
place. This process can be both physical (rejection
of water from the solid precursor) and chemical (re-
moval of hydroxyl groups). The spherical configu-
ration is related to their limited solubility and hy-
drophobicity as it minimizes the interfacial surface
HC-solvent [8].
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3.7. FT-IR analysis

To study the surface chemistry transformations that
take place in both processes, only the IR spectra of se-
lected samples (PY-600, HC-240-30, PYC-240-30-600,
HC-240-180, and PYC-240-180-600) have been in-
cluded in this part. The spectra are shown in Figure 9.

From Figure 9, the FT-IR spectra indicate that the
biochars and HCs share similar functional groups.

In all cases, a large peak at 3454 cm−1 can be at-
tributed to O–H stretching vibration in the hydroxyl
and carboxyl groups, indicating the presence of a
large number of hydroxyl groups in the chars. The in-
tensity of this peak is gradually weakened as the HTC
and pyrolysis temperature and time increase, which
is due to the dehydration and decarboxylation reac-
tions in both processes [48,49]. These results are in
agreement with those from elemental analysis (Fig-
ure 5) in Section 3.4.

From the HC spectrum, it can be observed that
small peaks appear at 2920 cm−1, which represent
C–H stretching vibrations of aliphatic compounds.
This indicates the presence of aliphatic and aromatic
structures. These peaks present in the HC spectrum
disappear in the pyrochar and biochar spectra (after
pyrolysis). This implies the destruction of hemicellu-
lose and cellulose during pyrolysis.

Another peak is characteristic of cellulose and
lignin and is associated with different C–O–C (car-
bonyl) linkages and primary alcohols within the
structure of these materials. These bands are found in
the aromatic (1450–1650 cm−1) and nonconjugated
carbonyl (1730 cm−1) regions.

The peak at 1730 cm−1 can be attributed to the
C=O stretching vibration of acetyl in hemicellulose
[8,49]. It can be observed that with the rise in the
pyrolysis and HTC time and temperature, the peaks
are substantially diminished, indicating an increase
in the destruction of hemicellulose.

The peak at 1650 cm−1 is attributed to the stretch-
ing vibration of C=C in the aromatic structure [8,27].
The peak at 1386 cm−1 is assigned to the stretching
vibration of C–H bonds in cellulose or C–O bonds in
syringyl derivatives [8].

At the highest HTC and pyrolysis temperatures
(240 °C and 600 °C, respectively), the intensity of
peaks at 1030 cm−1 associated with the stretching vi-
brations of C–O and C–C in cellulose and hemicel-
lulose [27,36] is gradually weakened. This indicates

that the cellulose in biomass is degraded during both
processes, but there is still a fraction of it that did
not react [27]. On the other hand, [36] explained that
during the HTC process, aliphatic and aromatic hy-
drocarbons are formed and suggested that this in-
crease in aromaticity is confirmed by the decrease
in H/C atomic ratios. This result is in good agree-
ment with the elemental analysis result presented in
Table 3.

4. Conclusions

This work has focused on the study of pyrolysis and
HTC of PC for converting it into a carbon-rich ma-
terial. The resulting chars have been characterized
in terms of their composition, energetic power, and
morphology and surface chemistry. It can be con-
cluded that the HTC of PC leads to an increase in the
fixed carbon content of the material. This is accom-
panied by a reduction in volatile matter, compared
to the pyrolysis process, which results in an increase
in the calorific value of the material. This is one of
the strengths of this work. Especially influential is
the temperature variable followed by the HTC time.
Results show that increasing the HTC temperature
from 180 °C to 240 °C leads to a decrease in the solid
yield and an increase in the gas yield, while increas-
ing the HTC time leads to a decrease in both solid and
gas yields. The optimum HTC conditions (240 °C and
60 min) yield a carbon content and a higher heating
value of 92.5% and 34.28 MJ·kg−1, respectively, lead-
ing to a material that might be utilized as a category-
A briquette for domestic use.

Moreover, the adsorbed heat modified the surface
morphology of the HCs with the appearance of car-
bon microspheres related to the breakup of cellulose
and the condensation of hemicellulose in the carbon
content.

Finally, the chemical structure of pyrochars more
closely resembles natural coal than charcoal with re-
spect to the types of chemical bonds and their rela-
tive quantity as well as their elemental composition.

Highlights

• The pyrochar yield decreases and gas pro-
duction increases with increment in HTC
temperature.
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Figure 9. FT-IR spectra of chars prepared under different conditions.

• The HTC maximizes gas production almost
twice as much as conventional pyrolysis.

• A larger amount of gases is obtained at the
highest HTC temperature with a higher PCI
to produce heat and electricity.

• The pyrochar generated at the highest HTC
temperature and time has the highest HHV.

• The biomass is transformed into a coal-like
material to be utilized as briquettes for do-
mestic use.
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Abstract. A comparison of the thermal behaviours of different Mediterranean biomasses, based on
the evaluation of their pyrolysis characteristic temperatures, their reactivity and kinetic parameters
is presented. Parameters such as the activation energy and the pre-exponential factor of the py-
rolysis reactions are determined by different methods (Kissinger, Kissinger–Akahira–Sunose [KAS],
Coats–Redfern, nonlinear least-squares minimization [NLSM] and model distributed activation en-
ergy model [DAEM]). Furthermore, a sensitivity analysis of the kinetic parameters based on different
methods is conducted. The comparison of this work with the literature, showed that thermal charac-
teristic parameters determined using the thermogravimetric analysis (TGA) are often neglected and
not used in biomass pyrolysis at laboratory scale. The kinetic parameters seem to be highly sensitive
to the used kinetic methods. For a given biomass, such as the Aleppo pine husk residue, for example,
the activation energy can vary from 65.80 to 197.08 kJ·mol−1 depending on the used method. For this
biomass, the highest average activation energy (190 kJ·mol−1) was estimated by the KAS and DAEM
methods. The Kissinger method yields to an activation energy close to that of cellulose calculated by
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the NLSM method. For all biomasses, the activation energy remains between 150 and 200 kJ·mol−1

except for the Coats–Redfern method, where this value is in the range of 50–100 kJ·mol−1. Therefore,
it is important to have a means of recommending the most appropriate method for the determination
of kinetic parameters.

Keywords. Biomass, Pyrolysis, Thermogravimetric analysis, Kinetic parameters, Bio-oil.

1. Introduction

The incessant increase for energy demand and the
important widespread of environmental pollution in
relation with the depletion of fossil fuels has stressed
the need for a green transition to renewable energy
resources [1]. Green energy sources are considered
as the best alternative to fossil fuels use. Green en-
ergy can meet the world’s energy demands and re-
duce greenhouse gas emissions and air pollution. As
regards the utilization of alternative energy sources,
the use of agricultural residues and organic wastes
as biomass is a major challenge for the future and
has attracted much attention. Biomass is an inex-
haustible source and can exist over wide geograph-
ical regions in contrast to fossil fuels. Biomass has
also a low impact on the environment due to its
low sulphur and nitrogen contents [2,3]. By the year
2050, the the use of biofuel and green electricity from
biomass is expected to be approximately 38% and
17%, respectively [4].

Various agricultural residues are essentially com-
posed of holocellulose (cellulose and hemicellulose)
and lignin. These residues have high heating values
(HHV) [5–7]. The thermochemical conversion pro-
cess is one of the best and favoured methods for
the turning of biomass into biofuels due to their
high energy values under acceptable thermal condi-
tions [8,9]. Among these thermochemical conversion
processes, pyrolysis has received special attention
since it produces solid, liquid and gaseous products
that could be recovered by different techniques [10].
The selection of a suitable recovery strategy depends
strongly on the physical and chemical characteristics
of the feedstock [10].

The climate conditions in the Mediterranean
basin contribute to its diverse forests and natural
and agricultural resources and consequently affect
the variety of agricultural residues. Olive trees, palm
trees and wheat fields are the major agricultural
products in this region. Cistus monspeliensis and
Aleppo pine trees are two of the most abundant nat-
ural species in the Mediterranean basin. The olive

trees are essentially cultivated in the Mediterranean
region. They are present in all the regions border-
ing the Mediterranean area from Madeira and the
Canaries to Arabia and Mesopotamia. Spain is the
world’s leading producer and exporter of olive oil
and table olives. It also has the largest area of olive
groves and the largest number of olive trees. More-
over, it is estimated that the number of date palm
trees worldwide is about 105 million [11]. This num-
ber explains the global production of dates, which
has undergone considerable expansion over the
past decade, increasing from 6 million in 2004 to
approximately 7.5 million tons in 2009 [12]. Egypt
is the leading producer and Tunisia is the leading
exporter of dates [13]. Regarding Aleppo pine trees,
palaeogeography studies show that it is indeed North
Mediterranean. It remains mainly native to semi-arid
Mediterranean climate, and it is considered as a typ-
ical fruit in the French Mediterranean basin [14].
C. monspeliensis is mainly native to Spain and the
Mediterranean Rim; it has the characteristics of easy
regeneration and multiplying even after fires.

Several investigations have examined the char-
acterization and the pyrolysis of various lignocel-
lulosic materials such as palm kernel shells, corn
cob, peanut shell, coffee husk [15], spent coffee
grounds [16], Posidonia oceanica [17], kenaf stems
[18] and grape marc [19]. Although the energy val-
orization values of olive [20,21], date waste [4,22,23],
wheat straw [24,25] and Aleppo pine husks [26–28]
are found in the literature, no information is avail-
able about the determination of reaction kinetics of
C. monspeliensis using thermogravimetric analysis
(TGA).

The biomass reactivity is often dependent on the
content of holocellulose and lignin, the average size
of the pellet and the presence of minerals [13].

It is well known that the distribution of the prod-
uct of biomass pyrolysis varies according to operat-
ing conditions [29–33] and the nature of the biomass.
Imam and Capered [34] examined the effect of tem-
perature from 400 to 600 °C on the yield of pyrolytic
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products of switchgrass and found that an increase
in the pyrolysis temperature led to an increase in
the bio-oil and gas yields and a decrease in the the
biochar yield. The optimization of this process there-
fore requires a better knowledge of the thermal and
kinetic behaviour of biomass pyrolysis on the one
hand and the characteristics of pyrolysis products
on the other [22,35–37]. The chemical valorization
of bio-oil as a source of acids and sugars has been
applied in the chemical industry. Acetic acid can be
used in various industrial applications for the pro-
duction of drugs, dyes and textures, while levoglu-
cosan finds application in the pharmaceutical field
such as in the synthesis of antibiotics. Phenol has
various useful applications as an important chemi-
cal compound. Phenolic resins and caprolactam, for
example, are used in nylon and synthetic fibres, and
in the production of adhesives [38].

Several methods of biomass valorization can be
found in the literature. The present work aims to
study the production of a second-generation biofuel
that can replace a conventional fuel such as gasoline
or diesel by the pyrolysis of different biomasses.

The main objective of this study is to present a de-
tailed characterization of some important parame-
ters of pyrolysis reaction such as temperature, kinet-
ics and product composition, which are required for
the design of processes for thermochemical valoriza-
tion. The pyrolysis of five biomasses of different ori-
gin (C. monspeliensis, olive and date kernels, Aleppo
pine husks and wheat straw) was carried out in a ther-
mogravimetric analyser.

2. Materials and methods

2.1. Biomasses

Five different biomasses were used in this work:

• C. monspeliensis (CM): This wild shrub is of-
ten found in Mediterranean forests and espe-
cially in southern Europe and North Africa.
This plant can be a potential source of energy
in mountainous and remote areas.

• Olive and date kernels (OK and DK, respec-
tively): Olives are a typical Mediterranean
product. They grow especially in the south of
Europe and the north of Africa.

• Aleppo pine husks (APH) or Pinus halepensis:
This is a type of woody biomass available in

mountainous areas of Mediterranean coun-
tries.

• Wheat straw (WS): This is one of the
most abundant agricultural residues in the
Mediterranean region.

2.2. Sample preparation and characterization

After drying and crushing, the samples were sieved
to an average size of 200 µm to avoid any con-
straints in heat and mass transfer according to the
recommendations of Van de Velden et al. [39]. The
characterization of the different biomass samples
based on proximate and ultimate composition. For
all of the samples, humidity was evaluated to 4%. The
TGA was also used to conduct the proximate analy-
sis following the process given by Garcia et al. [40].
This process involved carrying out pyrolysis and then
a combustion of the sample (see Supporting Infor-
mation for protocol details). The ultimate analysis
was conducted using a CHNS analyser. A Parr bomb
calorimeter (model 1356) was used for the determi-
nation of the calorific values of biomasses (HHV).

2.3. Experimental methods and modelling

The TGA is a useful tool for a wide variety of studies,
including kinetic and thermal degradation of com-
plex chemicals [41,42]. An SDT/Q6000-TA analyser
was used for thermogravimetric experiments, which
were carried out at different heating rates ranging
from 2 to 40 °C·min−1 under a nitrogen flowrate of
50 mL·min−1 and at atmospheric pressure. This gas
flowrate allows a similar residence time of vapour py-
rolysis in the laboratory-scale reactor (approximately
10 min). The weight of the initial samples was in the
range of 5±0.5 mg. The samples were introduced into
the analyser at ambient temperature and then heated
to 600 °C.

2.4. Thermal and kinetic study

The thermal pyrolysis of the biomass is usually ex-
pressed by the general equation

dα

dt
= k(t ) f (α), (1)

where k is the kinetic rate constant and f is the kinetic
model function.
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Table 1. Ultimate and proximate analysis and HHV of the studied biomasses

Sample C (%) H (%) O (%)(1) VM (%)(2) FC (%)(3) Ash (%) HHV (MJ·kg−1)(4)

CM 46.46 5.87 47.67 72.38 26.17 1.45 19.20

OK 45.56 5.8 48.64 75.42 23.79 0.79 20.86

APH 47.6 5.75 46.65 72.10 26.90 1.00 20.34

WS 47.35 5.74 46.91 70.44 28.83 0.74 19.10

DK 45.22 6.47 48.31 70.22 28.64 1.13 20.64

(1) Oxygen content was calculated by difference; (2) volatile matter fraction; (3) fixed
carbon; (4) high heating value.

The conversion rate α is calculated based on the
mass loss of the sample:

α= 1−
mT −m f

m0 −m f
, (2)

where m0 and m f are the weights of the sample at the
beginning and the end of the experiments, respec-
tively, and mT is the mass at temperature T.

The Arrhenius equation shows the dependence of
the temperature and the rate constant as follows:

k(T ) = A·exp

(
− Ea

RT

)
, (3)

where A is the pre-exponential factor, Ea represents
the activation energy, and R denotes the ideal gas
constant.

The kinetic model function mostly used [43] for
biomass pyrolysis is

f (α) = (1−α)n , (4)

where n denotes the reaction kinetic order.
Combining Equations (1), (3) and (4), leads to

dα

dt
= A·exp

(
− Ea

RT

)
(1−α)n . (5)

It should be noted that the first order is usually
considered for the pyrolysis of biomass [44,45]. The
first order was considered in the present work, and
several methods were used to determine the pre-
exponential constants and the activation energies of
the pyrolysis of five biomasses.

2.4.1. Kissinger method

The Kissinger relation [46] is widely used for solid
and liquid decomposition under nonisothermal con-
ditions. For biomass decomposition, the pyrolysis re-
action is considered as a single reaction that pro-
duces bio-oil, gas and char. The Kissinger relation
can be simplified as follows:

ln

(
β

T 2
m

)
=− Ea

RTm
+ ln

(
AR

Ea

)
, (6)

whereβ represents the heating rate and Tmax denotes
the maximum temperature of the dα/dt curve re-
lated to the maximum reaction rate.

2.4.2. Kissinger–Akahira–Sunose method (KAS)

Isoconversional methods are widely used for
studying kinetic parameters [47] and are recognized
as the most appropriate approach for calculating
the activation energy of reactions. These methods
assume that the mechanism of biomass pyrolysis in-
volves infinitely independent and parallel reactions
with different kinetic rate constants and activation
energies [48]. The KAS method is the most widely
used approach for studying biomass pyrolysis kinet-
ics in the literature [49]. After rearrangement and
integration of (5), the KAS process can be written as:

ln

[
β

T 2
α

]
= ln

[
AαR

Eαg (α)

]
− Eα

RTα
, (7)

where Aα and Eα are the pre-exponential factor and
activation energy, respectively, for a given conversion
rate, R is the gas constant and g is a complex integral
function.

The plot of ln[βi /T 2
α,i ] versus 1/T for a given value

of the conversion rate (α) yields a straight line. The
slope of this line is used for determining the activa-
tion energy. Due to the complexity of the function g
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(relation (7)), the Kissinger relation is combined with
the KAS method to determine the pre-exponential
factor Aα.

2.4.3. Coats–Redfern method

This is a fitting method that is based on opti-
mization of the order of the reaction, pre-exponential
factor and activation energy. This method is well
described in the literature [50,51]. However, in the
present case, the first order was already assumed
for biomass pyrolysis as discussed above. The Coats–
Redfern relation [52] is:

ln

∣∣∣∣
ln(1−α)

T 2

∣∣∣∣= ln

[
AR

βEa

(
1− 2RT

Ea

)]
− Ea

RTa
. (8)

The ln | ln(1−α)/T 2| plot of (8) versus the inverse
of temperature gives a straight line whose slope is
−Ea/R. Equation (8) is applied in the temperature
range [Ti , T f ] for different heating rates. In the liter-
ature, the term 2RT /Ea is usually neglected in rela-
tion (8) [53]. The parameters Ea and A are calculated
as average values based on different heating rates.

2.4.4. Distributed activation energy model (DAEM)

DAEM is the most recent method. It is based on
the same principle as the KAS method: the distribu-
tion of activation energies. In general, a Gaussian-
type distribution function is considered. Miura [54]
developed a derivative equation that is simple to use
and gives the same results as the real DAEM. The re-
lation used by Miura is the following:

ln

∣∣∣∣
β

T 2

∣∣∣∣= ln

(
AR

Ea

)
+0.6075− Ea

RTa
. (9)

As described for the KAS method, this method re-
quires plotting a straight line and then calculating the
kinetic parameters.

2.4.5. Fitting method based on nonlinear least-
squares minimization (NLSM)

This method is based on the minimization of er-
ror between the differential thermogravimetry (DTG)
curves from the experiment and the curves estimated
and optimized from the kinetic parameters (Ea and
A). This method has also been compared to a method
based on genetic algorithms [55], which in turn is

based on the optimization of the following numeri-
cal system:



dα j

dt
= A j ·exp

(
−

Eα j

RT

)
(1−α j )n j , j = 1,2 and 3

dαtot

dt
=

3∑
j=1

x j
dα j

dt
,

t = 0, αtot = 0, α j = 0,
3∑

j=1
x j = 1.

(10)
Here, x j represents the evolution of the mass fraction
of three biopolymers.

The convergence criterion is defined as

S =
T f∑

T=T0

((
dαtot

dt

)

exp
−

(
dαtot

dt

)

sim

)2

. (11)

3. Results and discussion

3.1. Characterization of biomass products

Despite the different origins of biomasses, their ulti-
mate and proximate analyses and HHVs show close
values (Table 1). The analysis of mineral content in
each sample is carried out using inductively coupled
plasma atomic emission spectroscopy. According to
these analyses, the major minerals in biomasses are
K, Ca, Al, Na and Mg in different amounts (see Table
S.1, Supporting Information).

3.2. Evaluation of thermal degradation and ki-
netic parameters

3.2.1. Evaluation of thermal degradation parameters

The kinetic derivative (dα/dt ) for the five samples,
at a heating rate of 10 °C·min−1 is shown in Figure 1.
During pyrolysis, the weight loss associated with
moisture evaporation occurs between room temper-
ature and approximately 150 °C [56]. Above this tem-
perature, the thermal degradation of the biomass
samples shows three successive stages representing
the decomposition of three biopolymers: hemicellu-
lose, cellulose and lignin [57]. The temperature and
the intensity of each of these steps (the shoulder or
peak of the dα/dt curve) depend on the biomass and
its biopolymer composition.

At a medium heating rate of 10 °C·min−1, the de-
volatilization of CM, DK, APH, WS and OK starts at

C. R. Chimie, 2020, 23, n 11-12, 623-634



628 Nourelhouda Boukaous et al.

approximately 210 °C, 174 °C, 200 °C, 171 °C and
215 °C (Ti or Tonset) and ends at 395 °C, 463 °C,
405 °C, 375 °C and 400 °C (T f ), respectively. These
temperatures correspond to the initial temperature
(Ti or Tonset) and the final temperature (T f ) of the
pyrolysis reaction, respectively. The observed differ-
ences between these temperatures can be attributed
to the biomasses composition in terms of holocellu-
lose and lignin fractions as well as their mineral con-
tents [8,45].

The lowest initial temperature for biomass py-
rolysis is 160 °C, which is exhibited for the WS py-
rolysis at a heating rate of 2 °C·min−1. The highest
final temperature (T f ) is approximately 495 °C and
observed for the DK pyrolysis at a heating rate of
40 °C·min−1 (see Table S.2). It should be noted that
Ti and T f increase with the increase of the used
heating rate. The major phenomenon that occurs
at this temperature range is the pyrolysis of hemi-
cellulose, cellulose and lignin [58]. It can be ob-
served from the dα/dt curves in Figure 1 that in
this range, the thermal degradation of biomasses
consists of several overlapping steps. The first
overlapping shoulder in the dα/dt curve repre-
sents the devolatilization of hemicellulose, whereas
the second shoulder corresponds to cellulose de-
volatilization at Tmax [55]. The last shoulder, which
also overlaps, corresponds to the decomposition
of lignin at high temperatures. The temperature at
which the decomposition rate of biomass is max-
imum is denoted by Tmax. At a heating rate of
10 °C·min−1, it was determined to 359, 296, 344,
322 and 330 °C for the CM, DK, APH, WS and OK
samples, respectively, (see Table 2). The maximum
rates Rmax (expressed in %·min−1) of weight loss are
as follows—DK: 1.58 > APH: 1.42 > OK: 1.26 > CM:
0.98 > WS: 0.73. The differences in the maximum
rate and Tmax are usually due to the reactivity of the
biomass; the more volatile the matter, the more re-
active the biomass. The evolution of the above-cited
temperatures (Ti , T f and Tmax) and the maximum
pyrolysis rates with heating rate for the different sam-
ples based on principal component analysis (PCA) is
shown in Figure 2 [59].

As shown in Figure 2(a), a strong linear correlation
can be observed between the maximum rate Rmax

and the heating rate β on the one hand and between
Tmax and Ti on the other. Figure 2(b) shows a global
comparison of the different thermal parameters (Ti ,

Figure 1. Kinetic rate curves of the studied
biomasses (β= 10 °C·min−1).

T f and Tmax and Rmax) for the different biomasses.
This figure provides information about the similar-
ity of biomass behaviour with respect to the differ-
ent parameters depicted in Figure 2(a). The index be-
hind each biomass name in Figure 2(a) represents the
value of the heating rate (°C·min−1).

The parallel profiles show that globally the heat-
ing rate has the same influence on the behaviour
of all biomasses. By combining Figures 2(a) and (b),
a different behaviour can be observed between CM
and DK. This can be confirmed by a comparative
analysis of the different characteristics listed in Ta-
ble S.2 and more particularly in relation to Tmax and
Ti . On the other hand, the profiles of the APH and
OK biomasses almost overlie each other and their be-
haviours are almost similar. Finally, the WS biomass
exhibits an average behaviour between the different
biomasses. This difference in behaviour can signifi-
cantly influence the design of the pyrolysis process.

3.2.2. Evaluation of kinetic parameters

The Kissinger, KAS and Coats–Redfern methods
are used in this work in order to determine the kinetic
parameters. The linear correlation coefficients are
high for all the methods used. In fact, in the Kissinger
method, the coefficient of correlation varies between
0.995 and 0.999, confirming the existence of a strong
linearization of the experimental points as shown in
Figure 3.

Figure 4 shows a plot of the CM sample accord-
ing to the Coats–Redfern method at different heat-
ing rates. The correlation coefficient for the Coats–
Redfern method also remains high; it varies between
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Table 2. Temperatures and maximum pyrolysis conversion rates of the studied biomasses at a heating
rate of 10 °C·min−1

Biomass materials Ti (°C) Tmax (°C) T f (°C) Rmax (%·min−1)

CM 210 359 395 0.98

DK 174 296 463 1.58

APH 200 344 395 1.42

WS 171 322 375 0.73

OK 215 330 400 1.26

Rmax is the maximum rate of pyrolysis.

Figure 2. Behaviours of different characteristic temperatures and the maximum conversion rates of the
studied biomasses according to PCA.

0.926 and 0.990.

For the KAS method, the coefficient of correlation
varies between 0.955 and 0.986 for conversion rates
between 0.05 and 0.8. Above this conversion rate, lin-
earization cannot be ensured in the KAS method, and
the correlation coefficient drops to values between
0.4 and 0.8. Figure 5(a) shows a plot of the CM sample
according to the KAS relation.

The plot of the different biomass samples accord-
ing to the Coats–Redfern and KAS methods for differ-
ent heating rates are given in Supporting Information
(Figures S.1 and S.2 and Table S.4).

As reported in previous works, the Flynn–Wall–
Ozawa (FWO) approach, which is another isoconver-

sional method, can yield almost the same results as
the KAS method. Table 4 summarizes all kinetic pa-
rameters for the different biomasses using the four
methods mentioned above.

For the DAEM method, the biomasses have a close
distribution. Furthermore, the curve trend of this dis-
tribution is very similar to that of the one estimated
by the KAS method (Figure 6). However, the values of
the corresponding activation energies were different.
Moreover, at a high conversion rate, this method gen-
erates aberrant activation energy values similarly to
those calculated by the KAS method.

For the NLSM method, the determination of the
kinetics of the pyrolysis reaction is based on the eval-
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Table 3. Cellulose, hemicellulose and lignin kinetic parameters for the studied biomasses according to
the NLSM method

Cellulose Hemicellulose Lignin

OK
ln(A) (s−1) 15.15 10.46 1.84

Ea (kJ/mol) 195.98 132.96 60.34

CM
ln(A) (s−1) 11.25 10.14 2.16

Ea (kJ/mol) 165.20 135.69 65.65

APH
ln(A) (s−1) 10.99 8.79 2.31

Ea (kJ/mol) 154.50 118.60 68.15

WS
ln(A) (s−1) 10.99 7.73 1.90

Ea (kJ/mol) 148.10 101.48 60.86

DK
ln(A) (s−1) 11.02 15.89 1.06

Ea (kJ/mol) 154.85 193.85 53.87

Figure 3. Kinetic plots of the studied
biomasses by the Kissinger method.

Figure 4. Kinetic plots of the studied
biomasses by the Coats–Redfern method.

Figure 5. (a) Kinetic plots and (b) activation
energy evolution versus the conversion rates of
the studied biomasses according to the KAS
method.
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Figure 6. Activation energy evolution versus
the conversion rates of the studied biomasses
according to the DAEM method.

uation and optimization of the kinetic parameters of
the three biopolymers that constitute the biomass:
cellulose, hemicellulose and lignin. From the kinet-
ics of these three polymers, the overall biomass DTG
curve can be reconstructed, which represents the py-
rolysis reaction rate. The kinetic parameters are cal-
culated from the DTG curves of the different heating
rates and are presented in Table 3. Figure 7 shows ex-
perimental and modelled DTG curves superposed for
a heating rate of 2 °C/min. As shown in this figure, the
algorithm is able to reconstruct the DGT curve but
only with a certain gap especially at the level of tran-
sition from one biopolymer to another (particularly
for the biomasses CM and DK).

3.2.3. Discussion

Generally, the optimum temperature used for
biomass pyrolysis is in the range 450–550 °C for in-
creasing the bio-oil yield. As it can be seen from
Table 2, this temperature range is higher than the
characteristic temperatures estimated through TGA
measurements (Ti , T f and Tmax). Theoretically, the
Tmax obtained by TGA is useful and essential for the
design of pyrolysers. In fact, at this temperature (be-
tween 296 and 359 °C according to this work), the
kinetic rate of pyrolysis is the highest. This allows
better optimization of both the residence time of
the biomasses’ particles in the reactor and its energy
consumption. Nevertheless, this parameter is often
neglected in the biomass pyrolysis for the reasons
mentioned above (bio-oil yield). In the literature,
thermal characteristics are often used to compare

the reactivity of different biomasses or their chars.
Some authors have even defined new parameters
based on these temperatures to compare the reactiv-
ity of biomasses [8]. Besides this advantage, Ti and
T f are usually used to limit the temperature interval
for kinetic studies.

As shown in Table 4, the kinetic methods, espe-
cially the Coats–Redfern method, generate some dif-
ferences in the values of the activation energy and
the pre-exponential factor. According to the litera-
ture, the Kissinger method is the oldest and the most
widely used approach for kinetic determination by
TGA. It was initially developed for monomolecular
substances. However, as the biomass is composed of
three complex biopolymers (cellulose, hemicellulose
and lignin), the use of the Kissinger relation might
lead to errors.

The KAS and DAEM methods are very useful
methods for kinetic determination using TGA curves,
but they have some limitations particularly at high
temperatures, where the accuracy of the weight no-
tably decreases due to the low mass present in the
thermobalance. Above a conversion rate of 0.75, the
activation energy is either very high or very low, and
it has no physical significance (Table S.3). The aver-
age activation energy is therefore calculated based
on conversion rates between 0.05 and 0.75. Despite
the differences in the origins of the biomass samples
and their varying values of Ti , Tmax and T f , the KAS,
Kissinger and DAEM methods provide close activa-
tion energies for the different samples.

The Coats–Redfern method provides activation
energies in the range of 54.81–76.77 kJ·mol−1. They
are much lower than those ones given in the litera-
ture (Table 4).

Contrary to the NLSM method, it is difficult to
compare the kinetic parameters of the different
biopolymers directly with the estimated values ob-
tained when using the other four methods men-
tioned above. The advantage of this method is repro-
duction accuracy of the DTG curves and hence of the
conversion rates as a function of temperature.

Figure 8 shows the evolution of activation energies
calculated by different methods for the APH biomass.
The KAS and DAEM methods exhibit an activation
energy distribution almost overlying each other. The
average activation energy estimated by these two
methods is the highest (approximately 190 kJ·mol−1).
The Kissinger method produces an activation energy
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Figure 7. Experimental and modelling DTG curves of the studied biomasses according to the NLSM
method at heating rate of 2 °C·min−1.

Table 4. Comparison of the assessed kinetic parameters of the studied biomasses with the literature
(Ea in kJ·mol−1and A in s−1)

This work Literature

Biomass
Kissinger KAS (α= 0.05–0.75) Coats–Redfern DAEM Kinetic parameters

Method Ref.
Ea A Ea A Ea A Ea A Ea A

CM 169.62 7.37×108 194.16 1.02×1021 73.39 1.27×104 252.04 9.00×20 No data available (N.A.) for this biomass

OK 163.19 1.18×109 193.56 7.09×1020 74.08 1.43×104 184.85 2.68×1015 135.48 2.59×1014 FWO
[20]

130.03

(α= 0.1–0.6)

1.18×1010 KAS

APH 168.74 1.61×109 197.08 6.67×20 65.80 3.23×102 186.63 2.59×1016 253

(α= 0.3–0.9)

N.A. DAEM [60]

WS 159.10 8.64×108 197.27 1.03×1021 54.81 4.57×103 213.89 7.71×1023 130–175

(α= 0.15–0.85)

N.A. FWO [24]

DK 180.41 3.79×1011 190.17 3.48×1021 76.77 1.27×104 208.32 4.66×1019 20.24 1.64×103 Coats–Redfern [22]

192.12 1.12×1014 Kissinger [4]

close to that of cellulose by the NLSM method.
This may be reasonable because the Kissinger
method is dependent on the Tmax of the DTG curve.

In general, this temperature corresponds to cellulose
because it is the major component and the most re-
active biopolymer of the biomass. Moreover, this fig-
ure shows that at a global scale, the activation energy

remains essentially between 150 and 200 kJ·mol−1 ex-
cept for the Coats–Redfern method, where a value of
70 kJ·mol−1 is obtained. This value is close to that
of lignin determined by the NLSM method. Further-
more, hemicellulose generates an average activation
energy of 118 kJ·mol−1.
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Figure 8. Activation energy distribution versus
the conversion rate of the studied biomasses
according to the methods used in this work.

4. Conclusion

Thermal and kinetic studies are carried out for five
different biomasses of Mediterranean origin. Results
highlight the crucial problem of choosing the most
appropriate method for the determination of the cor-
responding kinetic parameters. In addition, differ-
ent temperatures from the TGA curves are usually
neglected in the case of biomass pyrolysis at labora-
tory scale. Despite the different origins of biomasses,
the initial and final ranges of pyrolysis temperatures
are globally 171–215 °C and 375–463 °C, respectively.

Except for the Coats–Redfern method, the esti-
mated values of the activation energy and the pre-
exponential factor are relatively close. It would be
better to validate all these methods by means of a
pilot-scale reactor. The idea is to design a device that
applies the same conditions in the TGA devices (con-
trolled heating rate, controlled residence time of solid
and vapours, etc.). In addition to the kinetic analy-
sis, extensive heat and mass transfer studies are also
required to better understand the biomass pyrolysis
reaction particularly when using biomass pellets. In
further work, a comparison study between the results
from a TGA and a laboratory-scale reactor will be at-
tempted in order to better understand the kinetics of
solid pyrolysis and the possible complementarity be-
tween the two devices.

Greek symbols

α conversion rate (–)

β heating rate (°C·min−1)

Supplementary data

Supporting information for this article is available on
the journal’s website under https://doi.org/10.5802/
crchim.56 or from the author.

Nomenclature

A pre-exponential factor (s−1)

APH Aleppo pine husk biomass

Aα pre-exponential factor at a given con-
version rate (s−1)

CM Ciste of Montpellier biomass

DAEM distributed activation energy model

DK date kernel biomass

DTG differential thermogravimetry

Ea activation energy (kJ·mol−1)

Eα activation energy at a given conver-
sion (kJ·mol−1)

f kinetic model function

FID flame ionization detector

FWO Flynn–Wall–Ozawa

g complex integral function

HHV high heating value (MJ·kg−1)

k rate constant (s−1)

KAS Kissinger–Akahira–Sunose model

m0 initial mass (kg)

m f final mass (kg)

mT mass at temperature T (kg)

n reaction order (–)

NLSM nonlinear least-squares minimization

OK olive kernel biomass

R gas constant (8.314 J·K−1·mol−1)

Rmax maximum reactivity (%·min−1)

T temperature (°C)

T f final temperature (°C)

TGA thermogravimetry analysis

Ti initial temperature (°C)

Tmax maximum temperature (°C)

Tα temperature at a given conversion

WS wheat straw biomass
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Abstract. In this study, we assessed the transformation of raw olive pomace into carbon-rich material
using olive mill wastewater (OMWW) as the liquid medium for the hydrothermal carbonization (HTC)
process. The findings were compared accordingly with the use of distilled water (DW), which is the
conventional practice. The use of OMWW as a liquid matrix enhanced the hydrochar yield, but volatile
matter, fixed carbon content, and O/C and H/C ratios followed a decreasing trend. Furthermore, for
an HTC temperature of 220 °C, the use of OMWW considerably increased the high heating value of the
hydrochars from approximately 24.2 MJ/kg to 31.6 MJ/kg. According to the van Krevelen diagram of
feedstock and derived hydrochars, dehydration was the predominant carbonization reaction for both
liquid sources. Morphological characterization of both sets of hydrochars indicated the generation
of specific carbon nuclei when using DW while OMWW led to the creation of hydrochar with a less
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homogeneous surface. Structural analysis revealed the heterogeneous aspect of the hydrochar surface
with an abundance of crystallized metal-based inorganic salts.

Keywords. Raw olive pomace, Olive mill wastewater, Hydrothermal carbonization, High heating value,
Solid characterization, Liquid characterization.

1. Introduction

Over the past few decades, lignocellulosic biomasses
have been valorized as precursor materials for energy
(heat production), environmental technology (pol-
lutant removal), and agronomic (nutrient recovery)
applications [1,2]. The selection of a suitable conver-
sion method for these biomasses depends strongly
on the properties of the raw feedstock, the avail-
able pretreatment techniques, and logistics and tar-
geted objectives. For instance, biological conversion
is very sensitive to feedstock composition since the
activity of microorganisms can be inhibited by toxic
substances [3]. In addition, these processes require
long residence times, resulting in higher volumes
and operating costs [4]. On the contrary, the resi-
dence time of thermochemical processes varies from
minutes to hours and does not rely on microorgan-
isms [5]. This constitutes a significant advantage for
the treatment of heterogeneous raw materials (e.g.,
organic wastes, sewage sludge, etc.).

Among thermochemical processes, slow pyrolysis
has the advantage of producing three fractions: liq-
uid (bio-oil) and gaseous (syngas) residues, which
can be upgraded to biofuels, and a solid residue
(biochar), which can be used in various applications
such as soil amendment [6]. However, this solid frac-
tion does not exceed 35%, limiting the economic vi-
ability of biochar production [7]. In addition, this
process can be energy-intensive when the feedstock
biomass has a high moisture content (greater than
70%). This property is common to industrial organic
wastes of interest such as agrifood, paper, and wood-
crafts. Therefore, a drying step is required [8].

As a consequence, hydrothermal carbonization
(HTC) is a promising alternative to the pyrolysis pro-
cess as it (i) avoids the costly drying step, (ii) re-
duces energy consumption due to the lower tem-
perature range (180–350 °C) used, and (iii) gener-
ates in pressurized water higher yields of carbon-
rich solid residue, namely, hydrochars (up to 60%
on dry basis (db, %)). These carbonaceous materi-
als are biologically and chemically more stable with

a high carbon sequestration potential over decades
compared to carbon products generated by slow
pyrolysis [9]. Additionally, HTC usually leads to the
formation of carbonaceous materials with significant
mineral content, interesting concentrations of sur-
face functional groups, and attractive morphologi-
cal aspects [10]. In fact, hydrochars produced from
lignocellulosic materials are characterized by a sig-
nificant concentration of surface functional groups,
which could be exploited either for pollutant uptake
by different media or as initial feedstock for the pro-
duction of high-rank carbonaceous materials. There-
fore, and owing to such interesting properties, the
use of hydrochars in multiple applications has been
considered in other studies. These applications in-
clude supercapacitors; synthesis of Li-, S-, and/or
Na-ion batteries [11]; CO2 and H2 gas storage [12];
soil amendment [13]; and wastewater treatment [9].

Olive oil by-products (raw olive pomace (ROP)
and olive mill wastewater (OMWW)) are generated
in significant amounts after the milling process. In
particular, the Mediterranean region contributes to
the annual generation of about 12.2 Mt solid ROP
and 30 Mm3 OMWW [14]. In various countries, these
wastes are usually discharged into natural water bod-
ies, causing severe damage and threat to the ecosys-
tem as well as being a source of social malaise [15,16].
The sustainable management of these wastes has
emerged as an urgent challenge for the purpose of
not only protecting the environment but also exploit-
ing the energetic, environmental, and agronomic po-
tential of these organic wastes [17–21].

The HTC of ROP wastes has been tested at the
laboratory scale under various experimental condi-
tions [22–25]. The main aims of these investigations
were to (i) understand the synthesis of valuable syn-
gas, (ii) test the pretreatment of biomasses leading
to carbon materials with high energetic properties,
and (iii) explore the generation of interesting surface
characteristics for application as adsorbents in liq-
uid or gaseous media. All these studies have used dis-
tilled water (DW) as the moisture source during the
HTC process. In the current paper, in a novel applica-
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tion, OMWW is used as the liquid source for the ROP
wastes. This new approach takes advantage of the
huge amount of organic matter as well as minerals
present in OMWW for a possible enhancement of
the physico-chemical properties of the derived hy-
drochars. Therefore, the main objective of this work
is to investigate OMWW as a liquid medium for the
carbonization of ROP and to analyze its effect on hy-
drochar properties. This study includes an in-depth
physico-chemical characterization comprising vari-
ous complementary analyses. Such an understand-
ing of the material properties is crucial to their ulti-
mate application in agriculture in the form of fertiliz-
ers as well as efficient adsorbents of organic and min-
eral pollutants.

2. Materials and methods

2.1. Raw feedstock: ROP and OMWW

In this study, the ROP and OMWW were collected
from a three-phase olive mill located in the city of
Touta in North East Tunisia. The ROP was placed in
airtight bags and aired periodically at ambient tem-
perature. The liquid waste was kept in glass bottles
during the experimental campaigns and was stored
at 4 °C.

2.2. HTC experiments

The HTC experiments were performed in the pres-
ence of DW and OMWW as liquid sources. In these
experiments, a solid–liquid mixture was prepared at
a 1:9 ratio, corresponding to 1 g of ROP and 9 mL of
the moisture source (DW or OMWW) and was placed
in a 100 mL bomb calorimeter (Top Industrie, Vaux-
le-Pénil, France). In accordance with typical experi-
mental conditions, the calorimeter vessel was sealed
hermetically, heated at a 10 °C/min rate using a pro-
grammable stove (Memmert, Schwabach, Germany),
and kept for an isotherm period of 24 h at the three
designated experimental temperatures of 180, 200,
and 220 °C. The experimental conditions were cho-
sen according to an optimization study presented in
our previous papers, where HTC was performed in
autogenous inner pressure atmosphere [9,10]. The
hydrochars produced were accordingly named as fol-
lows: T-ROP and T-ROP + OMWW when using DW
and OMWW as the moisture source, respectively,

where T is the process temperature (°C). After car-
bonization, the by-product was filtered using a vac-
uum pump through 0.45 µm Whatman® filter pa-
per (VWR, Leuven, Belgium). The recovered solid
fraction was dried overnight at 105 °C and then
weighed and stored in a glass flask for later charac-
terization. The liquid fractions were also recovered.
They were filtered twice using 0.2 µm polypropy-
lene syringe filters (VWR, Leuven, Belgium) and then
stored in 10 mL glass vials at 4 °C. All experiments
were performed in triplicate. Statistical analyses were
conducted using R v3.6.1 [26]. An analysis of vari-
ance (ANOVA) of each testable parameter was carried
out to establish differences between treatments, and
then Tukey multiple comparisons (post hoc) were
made using multcomp::glht.

2.3. Hydrochar characterization

2.3.1. Solid yield determination

To determine the solid yield (YHC, %), two meth-
ods were applied according to the liquid source used.
In the case where DW was used as the carbonization
medium, the final solid yield was calculated as fol-
lows:

YHC(%) = mHC/mFS ×100. (1)

On the other hand, the use of OMWW implies the
addition of further organic matter to the carboniza-
tion medium, which should be taken into account ac-
cording to (2):

YHC(%) = mHC/(mFS +mS,OMWW)×100, (2)

where mHC (g) is the dry solid mass recovered af-
ter carbonization, mF S is the initial feedstock mass
(g), and mS,OMWW is the solid fraction present in the
OMWW estimated as 7.9% (db, %) according to the
TAPPI/ANSI T 412 om-16 method [27]. The resulting
solid fraction is the subject of later solid-phase chem-
ical characterizations.

2.3.2. Proximate and ultimate analysis

Proximate analysis was performed to determine
fixed carbon, volatile matter, and ash contents of the
hydrochars. The thermogravimetric analysis (TGA)
procedure that was applied was described in our pre-
vious studies [10]. A Flash 2000 CHNS-O Elemen-
tal Analyzer (Thermo Fisher Scientific, Cambridge,

C. R. Chimie, 2020, 23, n 11-12, 635-652



638 Ahmed Amine Azzaz et al.

UK) was used to determine the elemental com-
position. Furthermore, the mineral composition of
ROP, OMWW, and the derived hydrochars was deter-
mined using multiple extraction methods. The total
nitrogen contents were determined according to the
modified Kjeldahl method (ISO 1995). Soluble con-
tents of K+, Na+, Mg2+, Ca2+, N-NH4

+, and soluble
phosphorus were assessed according to the analyti-
cal method described by Thomson and Leege [28].

2.3.3. Morphological and structural properties

A high-resolution scanning electron microscopy
(SEM) analysis was performed using a Philips XL30
microscope coupled with an energy-dispersive X-ray
spectroscope (EDS; Oxford Instruments, Oxfordshire,
UK) to determine the atomic composition of the hy-
drochars. Powder X-Ray diffraction (XRD) was em-
ployed to identify the crystalline phases in the pre-
pared hydrochars. It was carried out by a PANa-
lytical X’Pert powder diffractometer (Malvern, UK)
equipped with a copper anode. Phase identification
was conducted using the database from the Inter-
national Center for Diffraction data (Crystallography
Open Database; Graulis et al. [29]) on the PANalytical
HighScore software.

2.3.4. Bulk and surface chemistry

The bulk quantitative characterization of the hy-
drochars produced was performed by two meth-
ods. First, pH at zero-point charge (pHZPC) was
determined to gain an overall idea of the dom-
inating surface charge. Then, acidic groups were
quantified using the Boehm titration method. Both
methodologies are described thoroughly in the liter-
ature [30]. Second, the surface chemistry was ana-
lyzed using a spectroscopic method (Fourier trans-
form infrared (FTIR)). The FTIR spectra were ac-
quired by an Equinox 55 Bruker spectrometer (Et-
tlinger, Germany). For each sample, an exact biochar-
to-KBr mass ratio of 1/200 was ground in a mortar
and pressed into a 1 cm diameter disk at a pressure
of 3.5 tons. The disk-like sample was then analyzed at
a spectral resolution of 4 cm−1, which was measured
between 4000 and 400 cm−1.

2.3.5. Energy contents

The energy contents of the raw feedstock and the
derived hydrochars were assessed by determining

the higher heating value (HHV) and the lower heat-
ing value (HHV). The HHV (MJ/kg) is defined as the
amount of energy released by the complete combus-
tion of a fuel unit, where the water vapor is assumed
to be condensed and the heat recovered. The HHV
(MJ/kg) is related to the energy released during the
combustion of a solid without taking into account
the energy of water condensation [10]. Analyses were
performed using an IKA C 200 bomb calorimeter
(Staufen, Germany) according to DIN 51900 in the
isoperibolic reaction mode. The LHV was calculated
on the basis of the values of the HHV and the percent-
ages of moisture and hydrogen (at dry base).

2.4. Liquid characterization

The quality of the final liquid medium after HTC
was assessed by determining the chemical oxygen
demand (COD, g O2/L). The dichromate titrimetric
method was used according to the protocol given by
Moore et al. [31].

The organic composition of the process water af-
ter HTC was determined by gas chromatography cou-
pled with mass spectrometry (GC–MS). The equip-
ment used consists of a GC-2010 gas chromato-
graph coupled with a GC-QP2010 mass spectrom-
eter (Shimadzu, Tokyo, Japan). After filtration on
0.2 µm regenerated cellulose syringe filters, samples
were diluted 10 times in ultra-pure water (resistivity
18.0µΩ·cm). As internal standard, 50µL of 10µg/mL
phenoxyacetic acid aqueous solution was added to
30 µL of the diluted solution; then, the samples were
freeze-dried. Afterward, they were chemically deriva-
tized and immediately analyzed by GC–MS as stated
by Jeguirim et al. [17]. The peak assignment was car-
ried out using an internal compounds’ library as well
as by the mass spectral library NIST 17.

3. Results and discussion

3.1. Carbonization yield

The effect of temperature and variation in the car-
bonization medium on the final hydrochar yield is
presented in Figure 1. The carbonization of ROP
in water and in OMWW at increasing temperatures
led to a progressive decrease in the final yields of
hydrochars. In fact, the hydrochar percentage de-
creased from 54.90% to 37.50% and from 41.87%
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Figure 1. Final solid yields of the hydrochars
derived from ROP in the presence of distilled
water and OMWW as carbonization media at
different temperatures (reported error is stan-
dard deviation).

to 31.37% when the carbonization temperature in-
creased from 180 to 220 °C for ROP + DW and ROP
+ OMWW, respectively. This loss of solid mass with
increasing temperature is attributed to the degrada-
tion of the lignocellulosic matrix of both materials
as the temperature increases. Moreover, higher tem-
peratures induce major modifications in the mois-
ture state inside the reactor, favoring the conversion
of the biomass [32]. It is also seen that the type of
liquid matrix significantly affects the hydrochar pro-
duction yields. Here, at carbonization temperatures
between 180 and 220 °C, the degradation rate of ROP
in the solid fraction decreased from 17.5% to 10.5%
when using DW and OMWW as moisture sources,
respectively. Similar findings were reported by Li et
al. [33] when studying the impact of liquid wastes
on the HTC of different municipal wastes. In fact, re-
ported results suggest that the carbonization of yard
waste in the presence of landfill leachate containing
significant contents of organic matter as the mois-
ture source enhanced the dewaterability of solids as
a function of time and decreased the recovery of the
final solid fraction.

3.2. Proximate, ultimate, and elemental analyses

3.2.1. Proximate and ultimate analyses

Proximate analysis was performed for ROP and
the produced hydrochars in the presence of DW and
OMWW, respectively. The results depicted in Figure 2

Figure 2. Proximate analysis for ROP, OMWW’s
solid fraction, and derived hydrochars in the
presence of distilled water and OMWW as car-
bonization media at different temperatures (re-
ported error is standard deviation).

show that ROP is characterized by a high content of
volatile matter (66%) with relatively low percentages
of fixed carbon and ash of 20% and 14%, respectively.
On the other hand, OMWW contains volatile mat-
ter, fixed carbon, and ash of approximately 84%, 6%
and 10%, respectively [10]. When using DW, the pro-
duced hydrochars exhibit a decrease in volatile mat-
ter content from 64% to 49% for 180-ROP and 220-
ROP, respectively. On the other hand, a significant in-
crease in the fixed carbon content is observed, rang-
ing from 28% to 41% for the same samples. This ob-
servation is attributed to the effect of temperature
increase on the recombination and the polymeriza-
tion of the light volatile matter into more condensed
carbon content. Similar findings were reported by
Missaoui et al. [22] when investigating the HTC of
olive pomace at different temperatures. In this case,
the volatile matter content decreased from 71.6% to
61.0% and the fixed carbon increased from 23.6% to
36.2% at treatment temperatures between 180 and
250 °C, respectively.

Conversely, the addition of OMWW as the mois-
ture source for the carbonization of ROP did not en-
hance the quality of the final hydrochars. In fact, de-
spite the increase in fixed carbon content of approxi-
mately 8%, the volatile matter contents remained rel-
atively high and varied between 68% and 62% at car-
bonization temperatures between 180 and 220 °C, re-
spectively (Figure 2). These results confirm that the
slight decrease in the hydrochar yields when OMWW

C. R. Chimie, 2020, 23, n 11-12, 635-652



640 Ahmed Amine Azzaz et al.

is added instead of DW is due to the difference in
the volatile matter content (see Figure 1). The re-
sults suggest that the high content of volatile matter
in both ROP and OMWW led to a decrease in their
conversion rate into more stable carbon content. It
is worth mentioning that in both cases, when us-
ing either DW or OMWW, the ash contents decreased
with increasing temperature compared to that of the
solid feedstock (Figure 2). Indeed, compared to ROP,
these contents decreased by approximately 4% and
8% for an HTC temperature of 220 °C in the pres-
ence of DW and OMWW, respectively. Similar stud-
ies investigating the HTC of olive pomace suggested
that an increase in treatment temperature enhances
the ash content as minerals are more likely to be in-
corporated into the rearranged and more stable aro-
matic structure [22]. In our current study, it is pos-
sible that the degradation of the ROP as well as the
physico-chemical properties of OMWW resulted in
the production of highly scouring molecules, which
contributed to the degradation of the lignocellulosic
matrix and the release of minerals and organic con-
tents from the solid fraction.

To have a clearer idea about the significance of
the previous results, statistical tests were performed
on the reported parameters (Figure S1-b). Regarding
ash contents, there were generally no large or statis-
tically significant differences between the measured
samples. However, volatile matter—which was high-
est in the OMWW—showed a decreasing trend in val-
ues with increase in HTC temperature for both T-ROP
and T-ROP + OMWW samples (Table 1). As expected,
fixed carbon exhibited the exact opposite trends to
those of volatile matter. It was lowest in OMWW and
increased with treatment temperature (Figure S1-b).

Ultimate analysis was performed for ROP feed-
stock as well as the resulting hydrochars and the
solid fraction of OMWW. The results are shown in
Table 2. Initially, the ROP had percentages of car-
bon and oxygen of about 43% and 47%, respectively,
which are similar to the majority of lignocellulosic-
based feedstocks reported in the literature [34]. As for
the solid fraction of OMWW, carbon and oxygen con-
tents were 57% and 32%, respectively. When the car-
bonization temperature was increased for both mois-
ture sources, an increase in C and a decrease in O
percentages were observed. In fact, when using DW,
C% increased from 43% to 64% and O% decreased
from 47% to 27% for ROP and 220-ROP samples, re-

spectively. On the other hand, this modification was
further intensified when adding OMWW to the car-
bonization media as carbon and oxygen percentages
for 220-ROP + OMWW were 68% and 20%, respec-
tively. Nevertheless, the observed modifications in
the H and N contents of the raw and carbonized
materials were found to be low, with a maximum
variation of ±2.37% and ±1.02%, respectively. Such
behavior could be ascribed to two synergistic ef-
fects. (i) Owing to its high carbon (Table 2) content,
OMWW could have contributed to the impregnation
of a small fraction of volatile organic compounds into
the ROP. An increase in the carbonization tempera-
ture resulted in the condensation of the added car-
bon, which enhanced the final carbon content com-
pared to the use of DW. (ii) The high acidity of the
OMWW accelerated the defragmentation of cellulose
and hemicellulose, which resulted in a noticeable re-
duction in the oxygen percentage.

3.2.2. NPK analysis

One of the most important methods for the char-
acterization of hydrochars is the determination of
their content in macroelements for eventual appli-
cation in agriculture. As shown in Table 3, ROP is
characterized by a total nitrogen, soluble phospho-
rus, and potassium (NPK) content of approximately
13.2 g/kg. When the HTC is performed at increas-
ing treatment temperatures in the presence of DW,
different tendencies in mineral concentrations were
found. For instance, the potassium and sodium con-
tents decreased from 6100 to 950 mg/kg and from 580
to 136 mg/kg for ROP and 220-ROP, respectively. Sim-
ilarly, hydrochar contents of phosphorus and mag-
nesium reduced considerably from 118 to 9 mg/kg
and from 175 to 119 mg/kg for the same samples, re-
spectively. However, an opposite trend was detected
for the calcium content as it apparently increased
from 560 to 860 mg/kg for ROP and 220-ROP, respec-
tively. On the other hand, the hydrochars produced
with OMWW as the carbonization medium showed
the same global tendency in terms of mineral com-
position. Here, the global NPK soluble content de-
creased from 13.16 to 6.77 g/kg for ROP and 220-ROP
+ OMWW, respectively.

In contrast, a significant increase in the potassium
contents was observed from 6100 mg/kg for ROP to
8000 and 9000 mg/kg when carbonization was car-
ried out in the presence of OMWW at 180 and 200 °C,
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Table 1. ANOVA table for study parameters with degrees of freedom (DF), sum of squares, residuals, F -
test value, and significance

Parameter DF Sum sq. Resid. DF Resid. sum sq. F Sig.

Solid yield 5 1040 12 17 143.4 ***

Ash 7 113 16 71 3.6 *

Volatile matter 7 2086 16 42 111.2 ***

Fixed carbon 7 2235 16 130 39.2 ***

Phenolic 7 217088 16 76361 6.5 ***

Carboxylic 7 232293 16 39230 13.5 ***

Lactonic 7 681354 16 6403 243.2 ***

pHZPC 7 13.7 16 0.8 40.7 ***

Significance codes are as follows: p < 0.0001, “***”; p < 0.05, “*”.

Table 2. Ultimate analysis (wt.%) of the ROP,
OMWW’s solid fraction, and derived hy-
drochars in the presence of distilled water and
OMWW as carbonization media at different
temperatures

Samples C
(%)

O
(%)

H
(%)

N
(%)

S
(%)

ROP 42.80 46.51 5.65 2.01 0.23

OMWW* 56.75 31.74 7.90 2.72 0.22

180-ROP 56.13 34.91 5.91 0.99 0.12

200-ROP 62.58 28.00 5.89 1.37 0.13

220-ROP 64.37 26.76 5.47 1.27 0.14

180-ROP + OMWW 62.73 25.19 8.02 1.88 0.18

200-ROP + OMWW 64.98 23.86 7.26 1.63 0.16

220-ROP + OMWW 67.90 20.24 7.64 1.86 0.07

*Analysis performed on the solid fraction of OMWW.

respectively (Table 3). The highest mineral content
was found for the sample 200-ROP + OMWW with
an estimated total of 11.851 g/kg. Although all the
recovered hydrochars had a lower mineral content
compared to the solid fraction of OMWW (total min-
eral content of 70.5 g/kg), they are still characterized
by larger carbon contents and lower volatile matter.
These properties could be beneficial in both ener-
getic and agricultural applications [10].

When studying the fate of minerals in the solid
fraction after HTC, controversial explanations and
findings are encountered in the literature. The HTC
of biomass is characterized by a very complex pro-

cess that involves both synergistic and antagonistic
reactions, which depends mainly on the process tem-
perature as well as the pH of the medium. Although
the first parameter is permanently controllable, the
solution acidity is contingent on the highly variable
physico-chemical properties of the feedstock. There-
fore, the impact of tuning these two parameters on
the final mineral composition is relatively unpre-
dictable. For instance, Chen et al. [35] reported an in-
crease in nitrogen and phosphorus and a decrease
in potassium solid concentrations with increase in
carbonization temperature when the liquid pH varies
between 3.52 and 4.83. The increase in solids in acidic
media was ascribed to a possible deposition of solu-
ble minerals on the hydrochar during the recombi-
nation reaction. Similarly, Smith et al. [36] reported
an increase in the mineral composition of hydrochars
produced from willow wood at two different temper-
atures. When the HTC is increased from 200 to 250 °C,
they demonstrated an enhancement in magnesium,
phosphorus, and calcium concentrations of approx-
imately 11%, 31%, and 15%, respectively, while the
potassium content decreased by about 46%. Con-
versely, Huang et al. [37] reported that the increase in
the HTC temperature significantly reduced the pres-
ence of minerals in the final hydrochars produced
from the cocarbonization of pine sawdust and plastic
polymer granules. In fact, significant leaching of cal-
cium, magnesium, potassium, and sodium in the liq-
uid fraction was noted at the rates of 98.59%, 97.66%,
92.32%, and 87.43%, respectively, following the con-
version of raw sawdust to hydrochar at 260 °C. The
authors suggested that an increase in the carboniza-
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Table 3. Elemental composition (wt.%) of ROP and hydrochars produced from HTC in the presence of
distilled water and OMWW at different temperatures

Samples K
(mg/kg)

Na
(mg/kg)

Ca
(mg/kg)

Mg
(mg/kg)

P
(mg/kg)

NTotal

(mg/kg)
Sum of minerals

(mg/kg)

ROP 6100.00 580.00 560.00 175.00 118.00 6950.00 14483.00

OMWW* 44000.00 3700.00 1421.00 1744.00 2034.00 17600.00 70499.00

180-ROP 1350.00 148.00 606.00 116.00 81.30 7330.00 19901.30

200-ROP 1650.00 156.00 438.00 103.00 52.20 7930.00 10329.20

220-ROP 950.00 136.00 860.00 119.00 9.21 9260.00 11334.21

180-ROP + OMWW 8000.00 620.00 283.00 347.00 110.00 1370.00 10730.00

200-ROP + OMWW 9000.00 840.00 293.00 448.00 50.80 1220.00 11851.80

220-ROP + OMWW 1450.00 148.00 22.10 11.40 31.40 5290.00 6952.90

*Solid fraction of OMWW.

tion temperature led to an acceleration in the auto-
ionization of the water molecule toward an abun-
dance of hydronium (H3O+) concentration in the
media. It was presumed that H3O+ ions catalyzed the
solubilization of the salts embedded in the lignocel-
lulosic materials and their recovery in the liquid frac-
tion.

Another observation that must be highlighted is
the abrupt decrease in the contents of some min-
erals when the carbonization temperature increases
from 200 to 220 °C for both media. As an example, in
the case where OMWW is the moisture source, potas-
sium, sodium, and calcium decreased by about 84%,
82%, and 92%, respectively. These minerals are gen-
erally incorporated into the biomass as part of their
lignocellulosic matrix. According to the TGA results
(Supplementary material, Figure S2), the degradation
of cellulose and hemicellulose most likely started in
the temperature range between 200 and 230 °C. The
degradation of polymers led to the widening of ma-
trix pores and then the liberation of the minerals
from solid to liquid and gaseous phases.

3.3. Energy contents

Calorific measurements are considered as an im-
portant method for investigating the quality of
the hydrochars produced. According to the results
presented in Table 4, the ROP’s HHV and LHV are
14.73 and 13.39 MJ/kg, respectively, which are sim-
ilar to those of common biomasses such as euca-
lyptus wood (16.26 MJ/kg; Elaieb et al. [38]) and

chestnut shell (15.49 MJ/kg; Özçimen and Ersoy-
Meriçboyu [39]). The HHV of the OMWW solid
fraction is 26.55 MJ/kg. Increases in the process
temperature of the ROP HTC in the presence of ei-
ther DW or OMWW significantly increased its HHV
and LHV. Indeed, the highest HHV and LHV values
are shown for an HTC temperature of 220 °C (LHV
29.88 and HHV 31.62 MJ/kg) when DW and OMWW,
respectively, are used as the moisture media. Thus,
the use of OMWW instead of DW permits the produc-
tion of hydrochar with an improved HHV (about 6%
higher). The increase in calorific capacity is generally
attributed to the significant increase in the O/C ratio
for both liquid media [9]. Nevertheless, it has been
reported that the increase in moisture acidity en-
hanced the final HHV of hydrochars. In fact, cellulose
and hemicellulose are generally characterized by low
calorific capacities (17.28 MJ/kg and 16.81 MJ/kg, re-
spectively; Zhao et al. [40]). These were transformed
into more stable components with lower oxygen
contents when hydrothermally carbonized at low pH
values [41]. The condensation and the repolymeriza-
tion of the generated by-products lead to the forma-
tion of bitumen-like and humic-acid-like materials,
which end up readhering to the highly calorific lignin
matrix (25.51 MJ/kg; [40]). This hardly occurs at a
carbonization temperature of 220 °C.

According to the literature, various possible
mechanisms could be involved during the HTC
of biomasses into hydrochars such as deamination,
dehydrogenation, demethylation, deoxygenation,
dehydration and/or decarboxylation [42,43]. To pre-
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Table 4. Calorific quantities for ROP and derived hydrochars in the presence of distilled water and
OMWW as carbonization media produced at different temperatures

Samples ROP OMWW* 180-ROP 200-ROP 220-ROP 180-ROP +
OMWW

200-ROP +
OMWW

220-ROP +
OMWW

HHV (MJ/kg) 14.73 26.55 22.80 24.06 24.21 27.74 29.58 31.62

LHV (MJ/kg) 13.39 24.76 21.43 22.70 22.94 25.91 27.92 29.88

*Solid fraction of OMWW.

dict the possible mechanism, a van Krevelen diagram
depicting the O/C versus H/C atomic ratios is pre-
sented in Figure 3. The atomic ratios corresponding
to ROP suggest that long-chain polysaccharides such
as cellulose and hemicellulose are its major compo-
nents [44,45], which is further confirmed by its simi-
larity to a pure cellulose composition (Figure 3). The
increase in the carbonization temperature of ROP
from 180 to 220 °C in the presence of water caused
a decrease in both O/C and H/C ratios from 0.45 to
0.30 and from 1.26 to 1.02, respectively (Figure 3).
A similar tendency was observed when OMWW was
used as the moisture source since O/C and H/C ratios
decreased from 0.28 to 0.22 and from 1.52 to 1.35 for
the same carbonization temperatures, respectively.
Moreover, it could be remarked that in the presence
of OMWW, hydrochars exhibited higher H/C and
lower O/C ratios compared to those produced using
DW. It is possible that the addition of OMWW en-
hanced the organic charge as well as the acidity of
the media by increasing the proton concentrations in
the solution and subsequently on the surface of the
carbonaceous materials, which explains the differ-
ence in H/C ratios. According to the evolution of H/C
and O/C atomic ratios, it could be suggested that
dehydration is the dominating mechanism for the
HTC of ROP in the presence of DW or OMWW. This
indicates the cleavage of surface functional groups
of ROP in acid-catalyzed media, yielding water as the
main carbonization by-product [46].

3.4. Morphological and structural properties of
hydrochars

3.4.1. Morphological properties

The morphological structure of ROP after HTC
with different liquid media was assessed using SEM
imaging coupled with EDS analysis. Initially, ROP

presented a rough and kinky surface with no sig-
nificant porosity (Figure 4). After HTC, the result-
ing solids showed significantly different structural
characteristics. In fact, in the presence of DW, the
ROP-derived hydrochars were sphere-like carbon
structures of different diameters. According to SEM
images, the sphere diameter varies between 0.49 and
1.69 µm for 180-ROP; 57% of these particles have
a diameter between 0.67 and 0.84 µm (Figure 4). It
has been reported that these structures possess an
internal solid and porous morphology [50], where
their size depends mainly on the carbonization tem-
perature and time [51]. The formation mechanism
of these spheres could be attributed to the degrada-
tion of hexose and pentose present in the lignocel-
lulosic material at increasing temperatures through
a dehydration reaction. The degradation of these
two monosaccharides leads to the formation of 5-
hydroxymethylfurfural (5-HMF) and furfural, respec-
tively. Studies suggest that for an extended reaction
time where high temperatures are maintained, these
organic compounds are polymerized and highly aro-
matized, which eventually allows the carbon to con-
dense in the form of microspheres [49,52]. When the
carbonization temperature is increased, the spher-
ical structures become less obvious on the surface
of the hydrochar at 200 °C with a relatively lower
diameter varying between 0.14µm and 1.11µm until
disappearing at 220 °C. It is worth noting that the
hydrochar produced at 220 °C presented a similar
apparent characteristic compared to the ROP with
a very heterogeneous surface and without a porous
structure.

On the other hand, the carbonization of ROP at in-
creasing temperatures in the presence of OMWW re-
sulted in a very different hydrochar morphology. At
180 °C, the hydrochar produced was characterized
by deformed sphere-like particles. It appears that the
addition of OMWW, which is more acidic than DW
(pH = 4.86), affected the proper formation of the car-
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Figure 3. Van Krevelen diagram for ROP and derived hydrochar produced at various temperatures in the
presence of distilled water and OMWW versus carbonaceous materials present in the literature [47–49]
(reported error is standard deviation).

bon spheres as compared to the use of DW. Similar
results were described by Liang et al. [53] when per-
forming the HTC of starch at different pH values of
process water. They found that the carbonization of
starch at a pH of 1 reduced significantly the growth of
the carbon nanospheres compared to a solution pH
varying between 3 and 7.

According to the LaMer model related to the
nucleation-growth mechanism, the development of
these particles is achieved when soluble polymers
derived from the degradation of the cellulose and
hemicellulose reach a certain saturation point and
start segregating from the liquid medium [54]. The
diffusion of these species through the solid is mainly
ensured by the oxygen functional groups present on
the surface, leading to the growth of carbon nuclei
with a hydrophilic shell and a hydrophobic core [9].
However, the presence of strong acids at significant
concentrations in the process water could change the
dominating surface charge and composition and in-
hibit the diffusion of some oxygen functional groups
through the solid either by complexation or elec-
tronic repulsion, thereby stopping the growth of car-
bon nuclei (180-ROP + OMWW; Figure 4) [52]. This
could also explain the aspect of ROP and ROP +
OMWW produced at 200 and 220 °C, as an increase
in carbonization temperature has been known to
increase the production of organic acids that hin-
ders the diffusion of soluble free entities such as hy-
droxyl and carbonyl groups inside the hydrochar ma-
trix [53].

The modification of the moisture source and the
process temperature has an impact on the mineral
composition of the hydrochars as well. Initially, EDS
cartography related to ROP show a uniform partition
of carbon and oxygen (Figure S3-a). For both mois-
ture sources, EDS cartography suggest an increase in
the carbon partition with increasing carbonization
temperature (Figure S3). Moreover, a large variety of
minerals are detected in the form of a homogeneous
partition for the case of sodium, magnesium, potas-
sium, and phosphorus, while some other elements
such as silica, sulfur, and calcium exhibit a certain ag-
glomerative property. When the carbonization tem-
perature is increased and when the moisture source
is modified, the carbon contents increase while oxy-
gen constantly decreases due to the condensation of
organic matter driven by dehydration mechanisms
(Figure S3). Furthermore, mineral content appears to
be highly affected by the increase in carbonization
temperature as the general tendency suggests a sig-
nificant decrease until the disappearance of certain
minerals at an HTC process temperature of 220 °C.
Such behavior is attributed to the combined impact
of increasing temperature and solution acidity, which
contributes to the release of minerals from the solid
fraction [55]. These observations are in agreement
with the elementary and proximate analyses.

3.4.2. Structural properties

In the presence of DW or OMWW, the impact
of the HTC process on the structural properties of
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Figure 4. SEM images of (a) ROP and derived hydrochars using (b–d) distilled water and (e–g) OMWW
as carbonization media produced at 180, 200, and 220 °C, respectively, and the spherical particle size
distribution for (h) 180-ROP and (i) 200-ROP.

the hydrochars produced was examined using the
XRD technique. First, ROP showed a diffractogram
typical of a lignocellulosic material with an amor-
phous cellulose I broad peak at 22.6° (2θ) [30] as
well as the existence of some minerals in crys-
talline form such as SiO2, CaC2O4, CaCO3, and KCl.
After increasing the carbonization temperature up
to 200 °C, no major modifications in the organic
skeleton were noted. This suggests that the cellu-
losic structure was preserved (Figure 5). Moreover,
peaks related to calcite (CaCO3; at 32.35°, 36.40°, and
38.38° (2θ)) disappeared, while others correspond-
ing to calcium phosphate (Ca3[PO4]2) emerged. This
could be attributed to a rearrangement reaction as

calcium oxalate is usually found in lignocellulosic
materials as monohydrates and dihydrates in a rare
form [56]. It is presumed that H2O molecules co-
ordinate the crystalline structure between oxalate
and calcium ions [57]. Therefore, the attenuation
of calcium oxalate peaks along with other calcium-
based crystals could be related to the dehydration
reaction driving the carbonization process of ROP.
When the carbonization temperature is further in-
creased to 220 °C, the peak at 22.6° (2θ) disappears,
which suggests that the degradation of the cellulose
in ROP takes place between 200 and 220 °C, con-
firming the reported TGA findings (Figure S2). Sim-
ilar observations were made by Zhang et al. [58]
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Figure 5. XRD diffractograms for the ROP and
its derivative hydrochars in the presence of
(a) distilled water and (b) OMWW as moisture
sources at different hydrothermal carboniza-
tion temperatures.

when studying the HTC of corncob residues at differ-
ent temperatures. They suggested that the cellulosic
structure of the feedstock reached its integrity limit
at 230 °C.

On the other hand, the use of OMWW as a car-
bonization medium accelerates the degradation pro-
cess of the cellulose even at relatively low tempera-
tures (Figure 5). The OMWW has a structure similar
to that of the ROP with the exception of the charac-
teristic cellulose I peak, where a slight shift is seen
from 22.6° to 19.6° (2θ), respectively. Despite the fact
that this peak is attributed to the same amorphous
structure as that which is present for ROP, the OMWW
peak slightly precedes the ROP peak, which suggests
a possible alteration in the hemicellulose structure
related to the milling process. When the HTC is car-
ried out at 180 and 200 °C, a small decay is noted at

Figure 6. FTIR spectra for ROP and derived hy-
drochars when using (a) distilled water and (b)
OMWW as carbonization media produced at
different temperatures.

19.6° (2θ) related to the cellulosic fraction of OMWW.
Moreover, when OMWW is used instead of DW, it can
be clearly seen that the amorphous cellulose struc-
ture of ROP hydrochars becomes less relevant. Ow-
ing to its high acidity, the OMWW seems to acceler-
ate the decomposition of cellulose into more amor-
phous forms.

3.5. Surface chemistry of hydrochars

To assess the impact of modifying the carbonization
media on the surface chemistry of ROP and its de-
rived hydrochars produced at different temperatures,
a set of three characterization techniques were em-
ployed: FTIR, Boehm titration, and surface pHZPC.

The FTIR spectra of the feedstocks and their re-
spective hydrochars produced at different tempera-
tures are presented in Figure 6. The results suggest
that the initial biomass and derived hydrochars pos-
sess a rather heterogeneous surface with multiple
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Figure 7. Acidic functional groups and surface
pHZPC of the ROP and the hydrochars produced
from the HTC at different temperatures in the
presence of distilled water and OMWW (re-
ported error is standard deviation).

acidic and basic functional groups. For both cases,
when DW or OMWW is used as the carbonization
medium, common functional groups could be found:
hydroxyl (–OH; 3600–3200 cm−1), aliphatic (C–H;
3000–2700 cm−1), carbonyl and acetyl esters (C=O
and C–O stretching vibrations, respectively; 1650–
1600 and 1180–980 cm−1), methyl and methylene
aromatic groups (–CH2/–CH3; 1465–1320 cm−1), cel-
lulose carbonyl (C–O–C symmetric stretching; 1160–
1110 cm−1), and out-of-plane aromatic groups (C–
H; 896–809 cm−1). After carbonization, various differ-
ences were observed.

After DW was employed, peaks corresponding to
hydroxyl groups decreased in intensity with increase
in carbonization temperature. It has been reported
that this decrease indicates the tendency of the HTC
toward dehydration [49]. An increase in the peak
shift from −19 to −33 cm−1 was detected when the
carbonization temperature was increased between
180 and 220 °C, related to a vibration of the C=O
hemicellulosic aromatic structure. Similar behav-
ior was noted for aromatic C=C functional groups,
where the related peak shifted by −16 to −18 cm−1

for the same treatment temperatures. This could be
attributed to stretching in the aromatic skeleton of
the lignin matrix [59]. Some deformations could also
be ascribed to –CH2/CH3 and carbonyl C–O aromatic
groups as they shifted by +4 and +11 cm−1 for ROP
and 220-ROP, respectively.

In the case where OMWW was used as the mois-

ture source, similar tendencies were observed as the
peak intensity of the O–H hydroxyl group decreased
significantly until almost disappearing for the 220-
ROP + OMWW sample (Figure 6). However, careful
inspection of the peaks revealed a stabilization of the
location of C=O, C=C, and –CH2/–CH3 functional
groups. This result is in agreement with the out-
come of the nucleation reaction as in the presence
of OMWW, the ROP depolymerized structure fails to
form any carbon nuclei (Figure 6b). In fact, the for-
mation of carbon spheres is linked to a phenomenon
of dehydration of specific polymers, namely, hemi-
cellulose and polysaccharides, as this reaction im-
plies a reduction in O/C and H/C ratios [49]. The dif-
fusion of carbonization by-products with increasing
temperature rate induces the rearrangement of con-
densed carbon in the form of benzene rings, which
form stable groups with oxygen in the nucleus (e.g.,
ether, quinone, and pyrone). Moreover, the shell is
composed of reactive oxygen hydrophilic function-
alities (e.g., hydroxyl, carbonyl, carboxylic, and ester;
Li et al. [52]).

To further understand the modification kinetics of
the surface functional groups, Boehm titration and
pHZPC techniques were carried out for the raw and
carbonized solids. The results are shown in Figure 7.
ROP had significant contents of acidic functional
groups; a large content of phenolic and carboxylic
groups and a low content of lactonic groups were
present. When the HTC of ROP was conducted in the
presence of DW, a slight increase in the concentra-
tion of phenols was detected from 594 to 661µmol/g
for ROP and 180-ROP, respectively. Moreover, car-
boxylic functional group contents decreased from
394 to 313 µmol/g for the same samples, respec-
tively (Figure 7). When the carbonization tempera-
ture was increased, opposite trends were observed
as concentrations of phenolic groups decreased by
approximately 30% and carboxylic functionalities in-
creased by 67% for the carbonization reaction be-
tween 180 and 220 °C, respectively (Figure 7). On
the other hand, the content of lactonic groups in-
creased by more than sixfold when the raw material
was carbonized to 220 °C, which is attributed to the
effect of degradation of cellulose on the formation of
highly acidic functional groups. When OMWW was
added to the carbonization media, similar outcomes
were noted in terms of increase in the carboxylic
group concentrations and a decrease in the pheno-
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lic groups. However, the content of lactonic groups
increased remarkably from 190 to 556µmol/g.

From a statistical point of view, lactonic func-
tional groups were practically absent in the feed-
stocks, but increases in HTC temperature had the
strong effect of increasing these groups together with
a very significant increase in 220-ROP − OMWW (Ta-
ble 1; Figure S1-c). Carboxylic group density also ap-
peared to be increased with temperature, whereas
the highest densities were found not only in the
220 °C hydrochars but also in OMWW. Among phe-
nolic groups, there appeared to be a trend toward de-
creased densities with increase in carbonization tem-
perature (Table 1; Figure S1-c).

Such behavior could explain the tendency of the
solid pHZPC (Figure 7) where it constantly reduced
with increasing carbonization temperature. The ROP
had the highest value, which was statistically dif-
ferent from all other materials. The OMWW and
hydrochars all had lower and similar pHZPC val-
ues, whereas this decreased with temperature (Fig-
ure S1-d). In fact, it decreased from 5.84 to 3.98
for ROP and 220-ROP, respectively. When OMWW
was added, solid pHZPC varied from 5.84 to 3.32 for
these samples, respectively. Therefore, it could be
suggested that the enhancement of surface acidity
was driven by both the effect of the acidic mois-
ture source and the generation of highly proto-
nated entities that contributed to the modification
of the surface charge by adsorption, diffusion, or
ion-exchange reaction between the solid and liq-
uid fractions. In fact, a possible elimination of hy-
droxyl groups could be behind the relative stability of
the final liquid pH, whereas it changed from 4.53 to
4.77 for 180-ROP + OMWW and 220-ROP + OMWW,
respectively.

3.6. Liquid characterization

The characterization of the liquid fraction at the end
of the HTC could be considered as an important
parameter for understanding the ROP’s degradation
mechanism. This information is valuable when con-
sidering the possible application of ROP in agricul-
ture. Although the reuse of the final process water
in the irrigation of plants is economically very ad-
vantageous, it could pose some undesirable physico-
chemical hazards, leading to the irreversible alter-
ation of soils and crops.

Figure 8. Chemical oxygen demand of the final
liquid fraction (bio-oil) after the HTC of ROP
in the presence of distilled water and OMWW
at different temperatures (analysis performed
in duplicate: n = 2; reported error is standard
deviation).

The quality of the final process water has been
assessed by studying the evolution of COD. The
corresponding results are shown in Figure 8. When
the carbonization of ROP in DW is carried out, a re-
lease of organic molecules is observed with increas-
ing temperature since COD contents are 14.25, 17.85,
and 17.55 g O2/L for treatment temperatures of 180,
200, and 220 °C, respectively (Figure 8). This confirms
our previous suggestion regarding the migration of
soluble organic compounds such as fatty acids and
phenols from the solid phase to the liquid fraction at
increasing carbonization temperatures. These values
are noticeably higher in the presence of OMWW since
they reach 54.60, 64.05, and 64.20 g O2/L for the same
temperatures, respectively. Nevertheless, these COD
concentrations are approximately 53% to 62% of the
original OMWW content (103 g O2/L). It is possible
therefore that a significant fraction of the OMWW or-
ganic content has been incorporated into the ROP
lignocellulosic matrix. This content is involved in the
degradation mechanism during the HTC of the ROP.
A similar outcome was noted by Li et al. [33] when
studying municipal waste HTC in the presence land-
fill leachate.

To obtain proper information about the degra-
dation mechanism of the feedstock in the presence
of different moisture sources, a GC–MS analysis of
final liquids was carried out following the method
presented in Section 2.4. According to Table S4,
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Figure 9. (a) GC–MS profile of 200-ROP (in pink) and 200-ROP + OMWW (in black) and (b) the relative
Venn diagram representing the number of common and exclusive organic compounds for 200-ROP, 200-
OMWW, and 200-ROP + OMWW [60].

a large variety of chemical species are detected
such as phenolic and heteroaromatic compounds
in addition to a major quantity of carboxylic acids
and monosaccharides. The only types of compounds
characterized in the literature after the HTC of ROP
are generally furfural and 5-HMF obtained by lignin
and cellulose degradation, respectively, and some
phenolic compounds such as vanillin, 4-hydroxy-
3-methoxyphenylacetone (guaiacylacetone), 2,6-
dimethoxyphenol (syringol), syringaldehyde, gua-
iacol, acetosyringone, phenol, 1-(4-hydroxy-3-
methoxyphenyl)-ethanone (acetovanillone), creosol,
and 1-(2,4,6-trihydroxyphenyl)-2-pentanone [61,62].
In this paper, a comparison is performed for liquid
fractions from HTC experiments at 200 °C. Here, the
use of OMWW instead of DW for the HTC of ROP
leads to a significantly different GC–MS profile as
presented in Figure 9a. Moreover, as we compare
these results with the 200-OMWW profile (data pub-
lished previously [10]), we can note that among the
74 detected compounds, 30 are present in all three
modalities and thus emerge from both OMWW and
ROP after HTC (Figure 9b). Moreover, 29 compounds
are present in 200-ROP and 200-ROP + OMWW sam-
ples and are specific to ROP. The five compounds
found in 200-OMWW and 200-ROP + OMWW arise
from OMWW, while 10 compounds arise from ROP.
However, for these last compounds, we distinguish

seven molecules, which are observed only when
ROP HTC is conducted in the presence of OMWW.
The remaining three are lost or transformed in the
presence of OMWW.

The sum of relative areas for the 29 molecules
detected only in 200-ROP and 200-ROP + OMWW
is presented in Figure 10. Accordingly, higher con-
tents are obtained in the different chemical classes,
in particular for cyclic carboxylic acid and hete-
rocyclic compounds. Such results suggest that a
better HTC of ROP can be predicted in the pres-
ence of OMWW rather than DW. Similar outcomes
are obtained at the other temperatures of 180
and 220 °C.

Moreover, seven molecules are detected only
when HTC of ROP is performed in the presence
of OMWW and, notably, the putative compound
salidroside, which is a glucosylated form of tyrosol.
It is well known that tyrosol is a major component of
olive oil [63] and is abundant in OMWW-derived hy-
drochars [64]. We detected tyrosol in all T-ROP sam-
ples and in very higher proportions in raw OMWW,
T-OMWW, and T-ROP + OMWW [10]. On the other
hand, glucose is only identified in raw OMWW, sug-
gesting that glucose is degraded via the HTC pro-
cess. Therefore, the existence of salidroside can be
explained in terms of the coupling between glucose
and tyrosol when olive stones and raw OMWW are
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Figure 10. Sum of normalized areas of the different chemical compound classes detected after HTC of
ROP in the presence of distilled water and OMWW at 200 °C.

copresent. A similar explanation can be applied for
the formation of monoacetin (glycerol monoacetate)
since glycerol is much more abundant in OMWW
than in ROP.

4. Conclusions

This research has investigated the possible conver-
sion of hazardous OMWW to an environmental-
friendly substitute for water in the HTC of ROP
into carbon-rich materials. The utilization of OMWW
considerably enhanced some mineral contents, es-
pecially potassium and magnesium. Moreover, the
carbonization of ROP in the presence of OMWW in-
stead of DW at 220 °C enhanced the HHV by approx-
imately 31%. This could be related to the significant
increase in C contents and the decrease in O% owing
to the acidic nature of the liquid waste. Furthermore,
the coapplication of ROP and OMWW enhanced the
quality of the final liquid fraction with a significant
decrease in the COD value of approximately 53% to
62%. This feature, however, caused significant mod-
ifications of some chemical and morphological as-
pects of the hydrochars. In fact, the use of OMWW
instead of DW led to decreases in ash and fixed car-
bon percentages of 4% and 10%. An increase of 14%
in volatile matter contents was noted for 220-ROP

and 220-ROP + OMWW, respectively. Moreover, the
use of DW as the carbonization medium ensured the
formation of spherical carbon structures with mean
diameters varying between 1.09 and 0.62µm for 180-
ROP and 200-ROP, respectively. However, their for-
mation is not favored in the presence of OMWW due
to its low pH value. This work demonstrates a circular
and environmental-friendly approach to waste man-
agement, which may open the door to several possi-
ble applications of the solid fractions obtained. Hy-
drochars produced with DW could be applied as ad-
equate feedstock for the manufacture of high-value-
added carbon materials for energy storage applica-
tions or as adsorbents in liquid and gaseous media.
On the other hand, OMWW-derived hydrochars have
properties that make them not only apt for energy
generation but also an appropriate source of fixed
carbon content for agricultural applications.
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impregnated on these oxides and then the catalytic performances of the obtained catalysts were tested
in the dry reforming of methane as a model for biogas reforming. In our conditions, the catalyst
based on SBA-15 did not show any catalytic activity whereas good catalytic activities and high car-
bon balances were obtained for the samples prepared with the three surfactants. The effect of a sur-
factant is mainly the slight enhancement of the carbon balance due to higher nickel species disper-
sion. It is suggested to put into evidence this slight enhancement by time on stream studies, where the
formation of a lower amount of carbon and longer lifetime for catalysts elaborated with surfactants
is expected.

Résumé. Quatre oxydes mixtes de magnésium et d’aluminium ont été préparés par voie hydrotalcite,
avec introduction de surfactants (glucose, CTAB, P123) ou intercalation de SBA-15, et calcinés à 550 °C.
Des caractérisations physico-chimiques ont été menées avant et après calcination. La Diffraction de
Rayons X (DRX), les analyses thermiques différentielle et gravimétrique (ATD/ATG), la spectroscopie
infrarouge à transformée de Fourier (IRTF) ont montré que la structure hydrotalcite a été obtenue
même en présence de l’agent modifiant (surfactant ou SBA-15). Suite à la calcination, cette structure a
été convertie en oxydes mixtes avec une distribution des tailles de pores plus homogène en présence
du modifiant. Le nickel a été imprégné sur ces oxydes et les performances catalytiques ont été évaluées
vis-à-vis de la réaction du reformage à sec du méthane comme modèle pour le reformage du biogaz.
Le catalyseur contenant SBA-15 n’a pas montré d’activité catalytique dans nos conditions, alors que de
bonnes activités avec de meilleurs bilans carbone ont été obtenus sur les catalyseurs préparés avec des
surfactants. L’effet du surfactant est une légère amélioration du bilan carbone suite à une meilleure
dispersion du nickel. Il est proposé de mieux mettre en évidence cette légère amélioration par des
études de stabilité des catalyseurs sous flux réactionnel. Dans ce cas, il est prévu la formation d’une
plus faible quantité de carbone et une plus longue durée de vie pour les catalyseurs préparés à partir
de surfactants.

Keywords. Dry reforming, Mg–Al hydrotalcite, Methane, Nickel, SBA-15, Surfactants.

Mots-clés. Reformage à sec, Hydrotalcite Mg–Al, Méthane, Nickel, SBA-15, Surfactants.

1. Introduction

Our dependence on fossil fuels as energy sources
has caused global-energy crisis and serious environ-
mental problems. These energy sources take millions
of years to form naturally and are depleted much
faster than the rate at which they are being produced.
Moreover, the rapid growth in the world’s population
has increased further the demand for energy. It is ex-
pected that this demand will keep on increasing in
the future. This is why this limited resource is going
to run out eventually [1,2]. More importantly, the de-
pendence on fossil fuels as energy vector has created
environmental issues since their burning releases an-
thropogenic greenhouse gases to the atmosphere.
Indeed, climate problems and the need to reduce
greenhouse gas emissions has forced the politicians
and industries to rethink of future energy and to fa-
vor the research on clean and energy-rich fuel for the
future [1]. In this context, researches are being car-
ried out in the aim of developing alternative solutions
oriented toward minimizing the formation of pollut-
ing compounds and greenhouse gases. Hydrogen has
been suggested as a clean and energy-rich fuel for

the future. It can be produced from different meth-
ods, but lately studies are being conducted to de-
rive hydrogen from natural gas due to its availabil-
ity and low price. A good choice is dry reforming of
methane (DRM) [3], which involves the reaction of
the major component of natural gas, methane (CH4),
with carbon dioxide (CO2) to produce hydrogen (H2)
and carbon monoxide (CO) as given by the following
reaction [4]:

CH4 +CO2 → 2H2 +2CO ∆H◦
298 = 247 kJ·mol−1

The highly endothermic character of this reaction is
the main problem. For it to be feasible in areas of
temperature not too high, these reactions are car-
ried out in the presence of a catalyst. However, it is
important that the catalysts produced be cheap and
resistant to the causes of deactivation (carbon de-
position and sintering at high temperature) in order
to be affordable for industrial applications. Nickel-
based catalysts are not expensive, and were found
to be of excellent activity and selectivity in DRM,
but their stability to carbon deposition and sinter-
ing is poor [5]. Significant control can be achieved
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if well-defined structures (perovskites, spinels, ox-
ides derived from hydrotalcites, etc.) are used as cat-
alyst precursors or catalysts. Dedov et al. [6] found
conversion about 90–97% associated to a better re-
sistance to carbon formation on catalysts composed
of Ni impregnated on MgAl2O4 spinel (derived from
a hydrotalcite structure) pre-reduced with hydrogen
at 550 °C. Also, well-controlled structured catalysts
can be obtained by embedding the active phase into
the pore channels of mesostructured materials [7].
Moreover, reduction of the crystalline oxide precur-
sors (spinels, oxides derived from hydrotalcite, etc.)
that contain active metal species homogeneously
dispersed inside the bulk leads to the migration of
some of the metal atoms to the surface [8–10]. A
highly dispersed active phase could be obtained in
this way with increased resistance to carbon forma-
tion. A recent method that gives catalysts with ex-
tremely high values of specific surface area is to im-
mobilize the Ni nanoparticles in the pore channels
of ordered mesoporous silica materials such as SBA-
15, SBA-16, KIT-6, and MCM-41 [8,11–13]. Indeed,
Kaydouh et al. [14] found that Ni is well dispersed
in the pores of SBA-15 by a two-solvent deposition
method. Also, Ni/SBA-15 are highly active and selec-
tive in DRM, with almost 100% CH4 and CO2 conver-
sion at 600 °C.

For these reasons, in our work, nickel-based cat-
alysts will be synthesized where nickel is dispersed
on well-defined structures. These structures are com-
posed of four supports, magnesium–aluminum ox-
ides, prepared by a hydrotalcite route, where a sur-
factant (CTAB glucose, P123) or a mesoporous sil-
ica SBA-15 is introduced to enhance the hydrotalcite
textural properties (porosity, specific surface area,
etc . . . ). Indeed, the use of surfactants will affect the
morphology, particle size, and some properties of
hydrotalcites. This may help in improving its cat-
alytic properties. Some previous works were per-
formed on such structures [15–21] but did not con-
cern applications in reforming reactions and did not
use nickel as active phase. Some other works were
carried out in DRM where surfactants were used
with Ni–Mg–Al hydrotalcites. Tan et al. [22] prepared
oxides derived from Ni–Mg–Al hydrotalcite with the
use of the surfactants tetrapropylammonium hydrox-
ide (TPAOH), pluronic P123, poly(vinylpyrrolidone)
(PVP), and hexadecyltrimethylammonium bromide
(CTAB). They evaluated their catalysts in DRM. They

found that the different surfactants influence the
metal particle size and promote or inhibit specific
crystal planes of Ni, therefore affecting the catalytic
performance. Xu et al. [23] also prepared similar cata-
lysts with P123 as surfactant and obtained promising
results in DRM. In our work and in order to get more
active phase (Ni) on the surface, we chose to intro-
duce Ni by impregnation on different Mg–Al oxides
supports. Hydrotalcite Mg–Al was prepared conven-
tionally (no modifier) and with a modifier agent. After
calcination, the oxide obtained will be impregnated
by the active phase Ni. Ni is expected to be more dis-
persed on the supports prepared with a modifier than
on the support without a modifier. So our target is
to get more Ni on the surface with higher dispersion,
taking benefit from the properties of the well-defined
structure of Mg–Al oxides.

2. Experimental part

2.1. Preparation of catalysts

Three hydrotalcites were prepared using surfactants
(CTAB, glucose, P123), and composite hydrotalcite
was prepared by combining hydrotalcite (HT) with
SBA-15. For the sake of comparison, a conventional
hydrotalcite was synthesized as well. All these hydro-
talcites prepared were calcined to give oxides that will
be used as support for the active phase nickel.

2.1.1. Synthesis of conventional hydrotalcite by copre-
cipitation method

In order to combine several metals within the
same homogeneous phase, the coprecipitation
method at constant pH has been utilized [15,24,25].
A hydrotalcite with a molar ratio Mg2+/Al3+ = 3 was
synthesized. This sample is prepared by precipitating
50 mL aqueous solution containing the appropriate
dissolved amounts of magnesium (II) nitrate hexahy-
drate Mg(NO3)2·6H2O (UNI-CHEM, 98% purity) and
aluminum (III) nitrate nonahydrate Al(NO3)3·9H2O
(UNI-CHEM, 98% purity) with a basic solution of
1 mol·L−1 sodium carbonate Na2CO3 (UNI-CHEM,
99% purity) and 2 mol·L−1 sodium hydroxide NaOH
(MERCK, 99% purity) at a temperature of 60 °C and
a pH maintained between 9.5 and 10 with continu-
ous stirring. The precipitate obtained is stirred for
1 h at 60 °C and then placed in an oven at 60 °C for
24 h. The solution obtained is filtered and washed
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several times with deionized water until a neutral pH
is obtained. The washing step is made in the aim of
removing all soluble ions, such as excess of nitrates
and Na+, since they could have a negative effect on
the activity of the catalyst by blocking some pores or
active sites. After that, the solid is placed in an oven
at 60 °C for 48 h to dry and then ground to a fine
powder form. The as-synthesized sample obtained is
labeled HT-conventional.

2.1.2. Synthesis of hydrotalcites with surfactants

Three hydrotalcites were prepared with three
carbon-based surfactants: glucose, hexade-
cyltrimethylammonium bromide (CTAB), and the
copolymer triblock block-poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene
glycol) pluronic P123. In each case, the surfactant
was added to the basic precipitating solution as
described hereafter.

Hydrotalcite with glucose. 2 g of glucose (D(+) glu-
cose Sigma-Aldrich C6H12O6, MW = 180.6 g·mol−1,
purity > 99.5%) were dissolved in 10 mL deionized
water. The metal nitrate solution was added drop-
wise into a beaker containing the dissolved surfac-
tant, while heating at 60 °C and adjusting the pH be-
tween 9.5 and 10 using the basic solution of Na2CO3

and NaOH. The suspension obtained was stirred for
1 h at 60 °C. The slurry was then poured into a
teflon bottle and placed in an oven for hydrother-
mal treatment of 24 h at 100 °C. The mixture ob-
tained was then filtered and washed with deion-
ized water until a neutral pH of the filtrate was ob-
tained. The solid obtained was brown in color af-
ter washing with deionized water, suggesting that
glucose underwent aromatization and carbonization
under the employed hydrothermal conditions [15].
The solid was then placed in an oven at 60 °C
for 48 h to dry and after that it was ground to a
fine powder form. The sample obtained is noted
HT-glucose.

Hydrotalcite with CTAB. The same procedure de-
tailed above was followed for this sample, with the
following change: previous to the synthesis, 2 g of
CTAB (C19H42BrN, SIGMA-ALDRICH purity ≥ 96%,
MW = 364.45 g·mol−1) were dissolved in 60 mL
deionized water at 40 °C and stirred for 3 h. The solid

obtained after filtration was of white color. The pow-
der obtained after drying and grinding is labeled HT-
CTAB.

Hydrotalcite with Pluronic P123. For this sample, 2 g
of Pluronic P123 (PEG-PPG-PEG, SIGMA-ALDRICH,
MW ∼= 5800 g·mol−1) were dissolved in 60 mL deion-
ized water while stirring at 60 °C overnight. The solu-
tion obtained after precipitating the metal nitrate so-
lution was stirred for 20 h at 60 °C and then placed in
a teflon bottle at 100 °C for 24 h. The obtained mix-
ture was filtered, washed, then dried and ground as
mentioned above. The obtained white powder was
labeled HT-P123.

2.1.3. Synthesis of composite hydrotalcite-SBA-15

We followed the same procedure done by
Baskaran et al. [16] to have the intercalation of
SBA-15 molecular sieve in the interlayer of HT. The
molar gel composition they used was respected (HT
molar composition of Mg2+:Al3+:CO2−

3 :NH+
4 :H2O =

0.116:0.038:0.0769:0.379:30.6, the SBA-15 gel con-
taining 0.04 mol·L−1 of silica). What is important
during this synthesis is to make sure that the two
gels prepared separately are mixed together at room
temperature in order to avoid the formation of foam
resulting from the exothermicity of acid–base reac-
tion between SBA-15 gel and HT gel. This sample is
named HT-SBA-15.

All the above as-synthesized samples (also called
uncalcined or dried samples) were calcined at 550 °C
(5 °C·min−1, 5 h) under air flow. The choice of calci-
nation temperature was based on the thermal anal-
ysis results (presented later). After calcination, the
samples will be marked by a (C) next to their names
given above.

2.1.4. Nickel impregnation

The calcined samples were passed by porosimetry
in order to determine their pore volume (cm3·g−1).
Based on the value obtained, a corresponding so-
lution to lead to a final content of 5 wt% Ni was
prepared. A mass of calcined powder support was
weighed, and a volume of the prepared Ni solution
corresponding to this mass was added, then stirred
gently and introduced in a round flask. In order to
wash and wet the powder, 20–25 mL of deionized wa-
ter were added. The flask containing the solution was
then placed in a rotary evaporator (60 °C, 120 rpm) in
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order to homogenize well the catalyst and to evapo-
rate the water. After that, the solid was placed in an
oven to dry at 60 °C overnight. The obtained pow-
der was then ground and calcined at 550 °C. The
as-obtained samples will be denoted by “Ni-HT-X”
where X represents the surfactant used (CTAB, glu-
cose, or P123) or the SBA-15.

2.2. Physicochemical characterizations

Several physicochemical characterizations were per-
formed on the prepared catalysts.

2.2.1. X-ray diffraction (XRD)

XRD analysis was conducted for the uncalcined
samples as well as for the samples calcined after
Ni impregnation in order to be able to characterize
the different phases present in the structure. XRD
analysis was performed, at room temperature, on a
BRÜKER D8 advance diffractometer equipped with
a copper anticathode emitting Kα radiation (λ =
1.5406 Å), a goniometer θ/2θ, and a rotating sample
holder to avoid preferential orientations. The gen-
eral conditions of acquisition correspond to an an-
gular range in 2θ from 5 to 70° with a measure-
ment step of 0.02° for an integration time of 1 s. The
crystalline phases are identified by comparing the
diffractograms with those of reference compounds in
the Joint Committee on Powder Diffraction Database
Standards (JCPDS) established by the International
Center for Diffraction Data (ICCD). This comparison
is made by the EVA software.

2.2.2. Differential thermal and gravimetric analyses
(DTA/TGA)

DTA/TGA were performed on the uncalcined sam-
ples as well as on samples after DRM. The measure-
ments were carried out on a device SDT Q600 (TA in-
strument society) starting from ambient temperature
up to 800 °C (temperature rise of 5 °C·min−1) under
an air flow of 100 mL·min−1. For each analysis, the
mass of test sample was about 10 mg. The software
“Universal analysis” is used to process the results
obtained.

2.2.3. Brunauer, Emmett, Teller (BET)

The specific surface areas of the samples before
and after calcination were measured using a Q Surf

M1 (Thermo Electron) instrument (surface area anal-
yser apparatus). The measurement was performed by
the BET method by nitrogen adsorption, at its liq-
uefaction temperature (−196 °C), on the solid. The
BET method is based on the evaluation of the quan-
tity of inert gas physisorbed. A mass of sample of
20–75 mg (depending on the specific area expected)
is introduced into the BET cell. The sample, before
measurement, is degassed for 30 min at 100 °C un-
der nitrogen flow. The sample is weighed again after
degassing in order to determine the mass lost dur-
ing degasification. After this step, the measurement
is performed. It is automated and takes place in two
stages: adsorption and desorption, during which the
variation of the thermal conductivity of a gaseous
mixture consisting of 30% nitrogen (adsorbed gas)
and 70% helium (carrier gas) is measured. The des-
orbed nitrogen is quantified by a thermal conduc-
tivity detector (TCD). We used a single-point anal-
ysis. This apparatus was used for the uncalcined
samples.

2.2.4. Porosimetry

In order to examine the textural characteristic of
the mixed oxides, N2 adsorption/desorption and BET
calculation methods as well as Barrer, Joyner, and
Halenda (BJH) model were used to determine the
surface area as well as the pore volume and pore
size distributions. Porosimetry was carried out on
the calcined samples before and after Ni impregna-
tion. The apparatus used is a Sorptomatic 1990 in-
strument. The adsorption step was carried out at
−196 °C. Before measurement, the sample is heated
in vacuum at 300 °C with an increase in tempera-
ture of 5 °C·min−1, then kept for 5 h at 300 °C. Af-
ter treatment, the sample is weighed again in order
to determine the mass lost during degassing. After
this step, the measurement is performed. It is au-
tomated and takes place in two stages: adsorption
and desorption. When the analysis is done, the sys-
tem in the apparatus gives the specific surface area
(m2·g−1), pore volume (cm3·g−1), and pore distribu-
tion (nm) of the sample. By plotting the curve of pore
distribution, one can conclude the homogeneity of
formed pores in the sample: the more the pore dis-
tribution peak gets narrow, the more homogeneous
is the size of pores formed. This is a multi-point
analysis and therefore gives more accurate results
than BET single-point analysis.
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2.2.5. Temperature programmed reduction (TPR)

The reducibility of the calcined solids before and
after Ni impregnation was studied by the TPR. The
apparatus used is ZETON Altamira AMI 200 system.
About 20 mg of sample were deposited in a quartz
tube and pretreated under an argon flow of high pu-
rity. This argon (Ar) flow of 30 mL·min−1 circulates
under a temperature ranging from ambient to 150 °C
with a rise of 5 °C·min−1. The sample is then kept at
150 °C for 1 h to remove adsorbed moisture and air.
After that, it is heated to 900 °C at 5 °C·min−1 un-
der a H2 flow (5% H2 in Ar, 50 mL·min−1) followed
by naturally cooling down under an Ar flow. The hy-
drogen consumed during the reduction was detected
by a TCD.

2.3. Dry reforming of Methane (DRM)

2.3.1. Experimental conditions of test

Dynamic catalytic tests were carried out from
400 °C to 800 °C with an interval of 50 °C. For each
test, a mass of 100 mg catalyst is introduced into
a U-shaped quartz reactor (fixed bed). The reactor
is fed by a gaseous mixture of CH4/CO2/Ar having
20%/20%/60% proportions under an atmospheric
pressure with a CH4/CO2 molar ratio equal to 1. The
total flow is 100 mL·min−1 and the gas hourly space
velocity (GHSV) is 32,000 h−1. The effluent gas was
analyzed using a micro gas chromatography Varian
CP-4900 equipped with a Poraplot Q (PPQ) column,
a molecular sieve, and a TCD. Before starting the test,
the catalyst must undergo an activation step which
consists of treating the catalyst by a reducing mixture
5% H2 in Ar after an increase of the temperature from
ambient till 800 °C (10 °C·min−1). The latter temper-
ature is maintained for 2 h in order to activate the
catalyst. The reactor is then cooled at 400 °C under
Ar flow to start the test. Many injections were done at
each temperature studied. The analyses of the reac-
tor effluents are done by gas chromatography every
five minutes.

2.3.2. Calculation formulas

The general formulas given below are used to cal-
culate the conversions of the reactants, the carbon
balance, and H2/CO ratio.

Conversion of reactants R(XR )

XR = Rin −Rout

Rin
×100. (1)

Rin and Rout correspond to the respective reac-
tants amounts R at the inlet and the outlet of the re-
actor. In dry reforming, the reactants are methane
(CH4) and carbon dioxide (CO2).

Carbon balance (CB)

CB = CH4 out +CO2 out +COout

CH4 in +CO2 in
×100 (2)

H2/CO ratio

ratio = H2

CO
(3)

3. Results and discussions

3.1. Physicochemical characterization of uncal-
cined samples

3.1.1. X-ray diffraction

Figure 1 shows X-ray diffractograms of the dried
solids. The patterns of all the prepared solids show
the diffraction lines of the hydrotalcite structure
(JCPDS 22-0700).

The diffraction peaks are observed at 2θ of 11.5°,
23.5°, 35.0°, 38.0°, 46.2°, 60.5°, and 61.8° and are re-
spectively indexed to the lattice planes (003), (006),
(012), (015), (018), (110), and (113) [24,26,27]. The
inter-planar spacing (d) corresponding to these
peaks is deduced from Bragg’s law given by the rela-
tion:

2d sinθ = nλ. (4)

It is then concluded that the hydrotalcite structure
was obtained in all our solids. The diffraction lines
are less intense in the case of HT-SBA-15 due to the
presence of a significant weight percentage of SBA-
15 along with HT.

The different cell parameters are given in Table 1.
Two parameters “a” and “c” should be evaluated for
a hydrotalcite structure since it crystallizes in a 3R
rhombohedral reticular system [26], with a = b 6= c
and α=β= γ 6= 90°.

Knowing the lattice planes (hkl ) and the inter-
planar spacing d(hkl ), the following relation is used
to determine the cell parameters [28]:

d(hkl ) = a√
4

3
(h2 +k2 +hk)+ l 2

( a

c

)2
. (5)

The crystallographic parameter “a” representing half
of the cation–cation distance in a hydroxide sheet will
be determined by the lattice plane d(110) at 2θ =
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Figure 1. X-ray diffractograms of the uncalcined samples.∗: hydrotalcite (JCPDS 22-0700).

Table 1. Crystallographic parameters and free interlayer space of uncalcined samples

Samples 2θ (°) d(003) c (Å) 2θ (°) d(110) a (Å) Free interlayer space (Å)

HT-conventional 11.78 7.50 22.50 60.35 1.53 3.06 2.70

HT-CTAB 11.86 7.45 22.35 60.71 1.52 3.04 2.65

HT-glucose 11.78 7.50 22.50 60.35 1.53 3.06 2.70

HT-P123 11.92 7.42 22.26 60.71 1.52 3.04 2.62

HT-SBA-15 11.43 7.73 23.19 60.71 1.52 3.04 2.93

60.5° and calculated by the relation: a = 2× d(110).
Similarly, and according to the position of the two
most intense lines at 2θ◦ = 11.5◦ and 23.5°, the dis-
tances d(003) and d(006) can be used to determine
the crystallographic parameter “c” (c = 3×d(003) =
6×d(006)). The d-spacing of the (003) reflection cor-
responds to the thickness of one layer constituting
a brucite-like sheet and one interlayer, which is re-
lated to the electrostatic interactions between the
brucite-like sheet and the interlayer and is strongly
dependent on the ratio M2+/M3+ [26]. The theoreti-
cal thickness of a brucite layer [29] being 4.80 Å, the
length of the interlayer space could therefore be de-
duced from the following formula:

Free interlayer space = d(003)−4.80.

The values obtained for the parameter “a” are in
good agreement with the literature [15]. The basal
spacing values d(003) and d(110) and the reflection

position for all HT-surfactant samples (Table 1) are
the same as that of HT-conventional, indicating that
during synthesis, the use of either surfactant (CTAB,
glucose, or P123) has no significant effect on the basal
space of the prepared hydrotalcite and the cationic
composition of the sheets [15,20,21]. In addition, for
the uncalcined samples, crystalline carbon-related
diffraction lines are not detected, suggesting that the
carbon exists in its amorphous form [15] or its con-
tent is below the detection limit of XRD.

Moreover, the composite sample HT-SBA-15
shows, in Figure 1, a slight deviation in the first
peak at 2θ = 11.7◦ (in accordance with the litera-
ture) [16], resulting in a higher d(003) value due to
the fact that the free interlayer distance obtained for
this sample is slightly higher than that of the other
samples. This might be attributed to the intercalation
of SBA-15 in the interlayer space between two hy-
drotalcite brucite sheets to replace the CO2−

3 anions
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Figure 2. BET values for the samples before and after calcination at 550 °C.

present. It is worthy to note that the decrease of 2θ
value is more important in [16] than in our case. This
may suggest a less intercalation of SBA-15 in hydro-
talcite interlayers in our solid than in [16]. Further
characterization should be carried out to check the
extent of intercalation.

From XRD, based on the results obtained, we were
able to detect the crystalline structure and determine
the lattice cell parameters; therefore, we were ca-
pable of proving the formation of hydrotalcite lay-
ered structure even in the presence of surfactants or
SBA-15.

3.1.2. Thermal analysis (DTA/TGA)

DTA/TGA curves (Figure S1) resulting from the
calcination under air flow of dried samples exhibit
three endothermic peaks accompanied with mass
losses. According to the literature, these three peaks
appear in the thermal profile of hydrotalcite and are
ascribed to the loss of physisorbed and interlayer
water (around 150–200 °C), to the loss of hydroxyl
groups (HO−) in the brucite sheets (dehydroxylation
of brucite-like sheets) (about 310 °C), and to the de-
parture of interlayer CO2−

3 anions (around 410 °C)
and therefore the destruction of hydrotalcite struc-
ture and formation of mixed oxides [18,20,21,27,30–
33]. This observation confirms that the introduction
of a surfactant did not alter the hydrotalcite structure
and corroborates with the XRD results.

FTIR confirmed XRD and thermal analysis results
since all the IR spectra (Figure S2) showed bands due
to O–H, CO2−

3 , and M–O as well as M–O–M (M = Mg,

Al) of the brucite layer. These bands are character-
istic of the hydrotalcite structure [15,16,20,21,26,27,
33–38]. A new IR band appeared around 1014 cm−1

in the spectrum of HT-SBA-15, due to Si–O–Si vibra-
tional stretching originating from the mesoporous
silica present in the material [16,37].

3.2. Physicochemical characterization of the
samples calcined at 550 °C

3.2.1. BET analyses for uncalcined and calcined sam-
ples

The different specific surface areas (ssa) obtained
for the samples before and after calcination are given
in Figure 2. Before calcination, the value of ssa ob-
tained for the conventional HT did not change signif-
icantly with the introduction of the surfactants CTAB
and P123. Conversely, it increased from 84 m2·g−1 to
144 m2·g−1 when glucose was used. As for the HT-
SBA-15, it showed a surface area (378 m2·g−1) signifi-
cantly higher than that of conventional HT.

It is also noted that after calcination, a significant
increase in the specific surface area is observed for
all samples except for an SBA-15 based one. This in-
crease is due to passing from a crystallized structure
of hydrotalcite type to a mixed oxide type structure,
in agreement with X-ray diffractograms (not shown
for the calcined samples before Ni impregnation).
It seems that despite the heat treatment at 550 °C,
the mixed oxides retain an ssa greater than the hy-
drotalcite form. On the other hand, for the samples
that contained surfactants, an ssa higher than that of
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Figure 3. N2 adsorption/desorption curves for samples calcined at 550 °C: (a) HT-conventional (C),
(b) HT-CTAB (C), (c) HT-glucose (C), (d) HT-P123 (C), (e) HT-SBA-15 (C).

the oxide derived from conventional HT is obtained.
This was expected due to the presence of surfactants
whose role is to create more porous supports. As for
the sample HT-SBA-15 in which the SBA-15 should
be intercalated between the HT layers, a significant

higher value for ssa is obtained, both before and af-
ter calcination. Indeed, SBA-15 alone has a surface
area of 750–800 m2·g−1 [39]; therefore, its intercala-
tion within the HT interlayers will definitely lead to a
much higher value of ssa than HT alone.
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Table 2. Different textural properties of the supports, given by the porosimetry

Samples ssa (m2·g−1) Pore volume (cm3·g−1) Pore size distribution (nm)

HT-conventional (C) 76 0.40 —

HT-CTAB (C) 191 0.65 33

HT-glucose (C) 248 0.78 8

HT-P123 (C) 210 0.54 61

HT-SBA-15 (C) 281 1.05 7

3.2.2. Porosimetry for calcined samples

The N2 adsorption/desorption curves for calcined
samples are shown in Figure 3. The appearance of
a hysteresis loop in the samples is a sign of the
presence of some mesoporosity in the structure. HT-
conventional (C) (graph a) followed a class IV(a)
isotherm, with a H3 hysteresis loop. Isotherms with a
H3 hysteresis do not generally have a limiting adsorp-
tion at high P/P0 values which would imply that the
pores are non-rigid aggregates of plate-like particles
giving rise to slit-shaped pores [40]. Both HT-CTAB
(C) and HT-P123 (C) (graphs b and d) showed a type
IV(a) isotherm having H1 hysteresis loop. This type of
hysteresis loop has steep parallel adsorption and des-
orption isotherms. At these steps all pores are filled
(adsorption) and emptied (desorption). It is typical
for mesoporous materials with uniform pores [40].
The curves obtained with P123 and CTAB are simi-
lar to those obtained in literature [19,21]. As for the
sample HT-glucose (C) (graph c), the results obtained
are compatible with the literature [15], where the
isotherm is of type IV(a) and the hysteresis of type H2
(H2(b) in our case). However, in our case, the curve is
always increasing after the loop, and does not show a
saturation. The H2 hysteresis loop has a smooth ad-
sorption step and a sharp desorption step. It is typical
for materials with non-uniform pore shapes and/or
sizes, such as metal oxides [40]. For HT-SBA-15 (C)
sample (graph e), the isotherm is of type IV(a) and
the hysteresis is rather of type H3. Such type of hys-
teresis loop is associated with slit-shaped pores as
mentioned above, and might be due to the presence
of agglomerates of plate-like particles [40]. However,
in the literature, Baskaran et al. [16] obtained for
HT-SBA-15 a type IV isotherm with a hysteresis loop
that is a combination of H1 and H4 types, indicating
the presence of uniform mesoporous channels in the

interlayer.

In Table 2, the results obtained by porosimetry for
all samples are presented. All supports, except for HT-
P123 (C), are mesoporous since the pore diameters
of the samples are all distributed in the range of 2–
50 nm. Indeed, HT-P123 (C) contains mesopores and
macropores (Figure S3), in accordance with the work
of Petrolini et al. [21]. The HT-conventional (C) shows
a non-uniform pore size distribution (Figure S3) in-
dicating that the size of the pores of this HT structure
is not uniform. As for the samples in which a surfac-
tant was introduced, the pore distribution indicates
that the distribution of pores is more uniform. For
HT-glucose (C), in the literature [15] a pore size dis-
tribution around 7 nm was obtained. It is also to be
noted that the peak obtained was narrow [15]. Our re-
sult was similar to that of the literature. HT-CTAB (C)
has a porosity around 33 nm and HT-P123 (C) mainly
around 61 nm (Table 2). HT-CTAB (C) was also found
to be mesoporous by other authors [19]. For HT-SBA-
15 (C), a pore distribution around 7 nm is obtained,
which is in accordance with the literature [16]. It is
concluded therefore that the use of a surfactant in
the synthesis of a hydrotalcite will lead to the for-
mation of more regular pore structure in the sample.
It is also deduced from Table 2 that when a surfac-
tant is added, the ssa of a sample increases consider-
ably from 76 m2·g−1 to values around 200–250 m2·g−1

for all samples with a surfactant. Also, the pore vol-
ume increases from conventional HT to surfactant-
containing HT. HT-SBA-15 (C) shows a relatively high
ssa (281 m2·g−1) compared to HT-conventional (C).
This is expected, since as mentioned above, SBA-15
alone has a high ssa [39]. This sample also shows the
highest pore volume, which is also attributed to the
presence of SBA-15 in the interlayer of HT. Thus, due
to the higher ssa obtained for the calcined samples
modified by a surfactant or by SBA-15, it is expected
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Figure 4. X-ray diffractograms of Ni-impregnated samples calcined at 550 °C (N: MgO-like phase (JCPDS
N° 43-1022), •: MgAl2O4 spinel phase (JCPDS N° 75-1796), �: SiO2).

that after Ni impregnation, stronger interactions be-
tween Ni and Mg–Al oxides will take place improving
the dispersion of Ni and retarding the sintering of Ni
particles during reforming process [41].

3.3. Physicochemical characterization of Ni-
impregnated samples calcined at 550 °C

3.3.1. X-ray diffraction (XRD)

XRD study was carried out on the calcined sam-
ples before Ni impregnation (curves not shown). Af-
ter calcination at 550 °C, the hydrotalcite structure
was transformed into mixed metal oxides MgAlO-
spinel phase and MgO-like phase [15,21,42,43].

The X-ray diffractograms of the Ni-supported cat-
alysts are shown in Figure 4. After the impregnation
of Ni, the XRD patterns remained the same. No line
due to NiO diffraction was detected probably be-
cause of the overlapping between diffraction lines of
periclase MgO and those of NiO. The oxide phase
MgO periclase (JCPDS N° 43-1022) is present in all
samples at 2θ = 35, 44, and 64°. The spinel MgAl2O4

(JCPDS N° 075-1796) phase was present in Ni-HT-
glucose at 2θ = 46.5° and in Ni-HT-CTAB at 2θ =

40° [26,31]. As for Ni-HT-SBA-15 sample, the large in-
tense peak present at 2θ = 22.5° is due to the pres-
ence of SiO2 phase in the structure which comes from
the intercalation of SBA-15 in the hydrotalcite struc-
ture [31,44]. The presence of a slight peak at 2θ =
11.5° for Ni-HT-glucose, as well as a peak at 2θ = 22°
for Ni-HT-glucose (very slight), Ni-HT-P123, and Ni-
HT-CTAB should also be noted. Till now we were not
able to ascribe these peaks.

3.3.2. Porosimetry

Porosimetry for samples after Ni impregnation is
done in order to be able to know whether the pres-
ence of nickel will modify the textural properties of
the samples (will block some pores or decrease the
ssa of the sample). While comparing the N2-sorption
curves of the samples as given in Figures 3 and 5,
one observes a variation in the loop for some sam-
ples but always keeping type IV(a) isotherm. The
samples containing glucose as surfactant and SBA-
15 showed the same hysteresis type before and af-
ter nickel impregnation. After Ni impregnation, the
hysteresis loop for the samples containing CTAB and
P123 became type H3. This modification shows that
the cylindrical pores present before impregnation
became disordered lamellar with non-uniform (H3)

C. R. Chimie, 2020, 23, n 11-12, 653-670



664 Carole Tanios et al.

Figure 5. N2 adsorption/desorption for Ni-impregnated samples: (a) Ni-HT-CTAB, (b) Ni-HT-glucose,
(c) Ni-HT-P123, (d) Ni-HT-SBA-15.

Table 3. Different textural properties, given by the porosimetry, for the samples nickel impregnated on
the supports

Samples ssa (m2·g−1) Pore volume (cm3·g−1) Pore size distribution (nm)

Ni-HT-CTAB 192 0.40 5.4

Ni-HT-glucose 179 0.25 3.9

Ni-HT-P123 174 0.41 3.6

Ni-HT-SBA-15 218 0.66 3.6

slits’ size. Table 3 shows the ssa, pore volumes, and
pore diameter values for the samples after Ni im-
pregnation. The latter values decreased after nickel

impregnation, except for Ni-HT-CTAB where the ssa
remained the same. The decrease in the values of the
textural parameters in the presence of nickel indi-
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Figure 6. Temperature Programmed Reduction profiles of Ni-impregnated samples calcined at 550 °C.

cates some plugging of the pores by nickel species.

3.3.3. Temperature programmed reduction (TPR)

A TPR analysis was carried out to investigate
the reducibility of the catalysts and in order to es-
timate the interaction between nickel species and
the supports. TPR profiles of nickel impregnated on
magnesium- and aluminum-based solids calcined at
550 °C are shown in Figure 6. It is worthy to note
that no reduction peak is observed in the TPR pro-
files of the supports without nickel. Indeed, magne-
sium and aluminum oxides were not reduced in our
experimental conditions. Conversely, nickel impreg-
nated samples showed one or two reduction peaks,
ascribed to the reduction of different nickel species.
These peaks present low intensity probably due to
the low amount of nickel impregnated (5 wt%).

The TPR profile of Ni-HT-glucose presents two
peaks, indicating the presence of two different
species of nickel oxide. The first peak is located
at around 465 °C, and the second around 780 °C.
The second peak is broad and has a very low inten-
sity. The first peak is attributed to the reduction of
nickel oxide in weak interaction with the support and
the second one to the reduction of nickel species in
strong interaction with the support [45,46].

As for the sample Ni-HT-P123, it showed a peak of
higher intensity at temperatures within 450–550 °C.

This peak, as mentioned above, is related to the re-
duction of NiO in weak interaction with the sup-
port [4,46].

The absence of a reduction peak in the profile of
Ni-HT-CTAB could be attributed to two reasons:

• Very strong interaction between nickel
species and the support, and as a result
the reduction of nickel will take place at
temperatures above 900 °C.

• The low amount of nickel particles present
are highly dispersed and thus their reduc-
tion, not easily detectable, does not lead to
the appearance of a reduction peak.

In the profile of the sample Ni-HT-SBA-15, the graph
shows one asymmetric reduction peak centered
around 685 °C. This reduction peak is attributed to
the reduction of nickel oxide strongly bonded and
inserted in the structure [46,47].

3.4. Catalytic tests

The percentages of conversion of methane and car-
bon dioxide as a function of temperature, during the
dry reforming of methane process, are presented in
Figure 7. The increase of temperature will favor DRM
thermodynamically and kinetically due to the DRM
endothermic nature. As a result, an increase in the
conversions of the reactants CH4 and CO2 is ob-
served with the increase of the reaction temperature.
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Figure 7. Conversion percentage of CH4 and CO2 versus reaction temperature in dry reforming of
methane on the Ni-based catalysts.

It could be seen from Figure 7 that the catalysts show
similar behaviors in both conversions of CH4 and
CO2, except Ni-HT-SBA-15 which shows null con-
version of both methane and carbon dioxide. Based
on the conversion of CH4 and CO2, it appears that
the order of catalytic activity varies with the reaction
temperature. For the temperatures range 650–800 °C,
according to CH4 conversion, the order of catalytic
activity is:

Ni-HT-conventional > Ni-HT-P123 > Ni-HT-glucose

> Ni-HT-CTAB.

And according to CO2 conversion, in the same range
of temperature, this order is:

Ni-HT-conventional ∼ Ni-HT-P123 > Ni-HT-glucose

> Ni-HT-CTAB.

Furthermore, it is expected in our case, to have simi-
lar CO2 and CH4 conversions since the amounts used
are stoichiometric. However, especially at 400–750 °C,
a slight higher conversion for CO2 than for CH4 is
noted. This fact is in line with the occurrence of side
reactions that consume CO2 such as methanation
(CO2 + 4 H2 → CH4 + 2 H2O) at 400–550 °C, and re-
verse water gas shift (CO2 + H2 → CO + H2O) at 600–
750 °C.

Figure 8 shows the H2/CO ratio and the carbon
balance of the studied samples. H2/CO ratio in-
creases with the temperature increase and becomes

close to 1 at T = 800 °C. In fact, in our case, equimo-
lar amounts of the reactants CH4 and CO2 were used.
Therefore, according to the stoichiometry of DRM re-
action, the ratio H2/CO should be equal to 1. A ra-
tio lower than 1, as for our catalysts, suggests that
side reactions are taking place along with the DRM
such as reverse water gas shift reaction (CO2 + H2

→ CO + H2O) which consumes H2 and forms CO.
H2/CO ratio close to 1 reveals that almost only DRM
reaction is taking place (at about 800 °C). However,
in parallel, a carbon balance lower than 100% (at
800 °C) reveals that side reactions also take place,
some of them produce H2, some other CO, so that
the overall ratio H2/CO is slightly affected. Indeed, at
800 °C, the carbon balance is not 100% on our cata-
lysts. This reveals that side reactions such as reverse
water gas shift reaction and methane decomposition
(CH4 → C + 2 H2) could take place with different ex-
tents. The latter reaction leads to carbon deposition
and therefore to a deficit in carbon balance. Figure 8
also shows that the carbon balance is lower for Ni-
HT-conventional than for Ni-HT-glucose and Ni-HT-
P123. The higher carbon balance obtained for Ni-HT-
CTAB is explained by its significant lower activity. The
higher carbon balance for Ni-HT-glucose and Ni-HT-
P123 indicates that the catalysts prepared with these
surfactants have lower carbon deposition even if they
show similar (for CO2 conversion) or slightly lower
(for CH4 conversions) activities to those of Ni-HT-
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Figure 8. H2/CO ratio and carbon balance for the Ni-based catalysts in dry reforming of methane.

conventional. The higher carbon balance obtained
in all catalysts that contained a surfactant reveals
that the tendency to form carbon is less important
on these catalysts than on Ni-HT-conventional. It is
known that during DRM, the phenomenon of car-
bon deposition takes place and leads to the deacti-
vation of the catalyst. It should be recalled that this
carbon, in case present, comes from the decompo-
sition of methane (CH4 → C + 2 H2), Boudouard re-
action, and reverse carbon gasification reaction (CO
+ H2 → C + H2O), each of these reactions is favored
at a given range of temperature. In fact, the high car-
bon balance, along with relatively high CH4 and CO2

conversions could be attributed to the presence of
surfactants throughout synthesis, whose role is to in-
crease the specific surface area of the support [48],
therefore favoring the dispersion of the active phase
nickel (active phase), improving the catalyst activity,
and reducing carbon deposition as well as the cata-
lyst deactivation [41].

The catalytic behavior of the catalyst containing
SBA-15 could be explained by the fact that nickel
species on its surface required some time to become
active. Indeed, in the work of Tan et al. [22], differ-
ent surfactants, tetrapropylammoniun hydroxide
(TPAOH), P123, poly(vinylpyrrolidone) (PVP), and
cetyltrimethylammonium bromide (CTAB), were
used to prepare Ni–Mg–Al by hydrotalcite route. Af-
ter calcination, the oxides were evaluated in DRM

at 800 °C under time on stream. The results showed
that the oxides prepared with PVP and CTAB did
not show catalytic activity before many hours under
time on stream. Characterization studies showed
that these oxides required some induction time to
perform the growth of the plane Ni(200) that plays
a key role in CH4 activation for DRM. Conversely,
TPAOH promoted the growth of Ni(200) plane and
therefore, the corresponding oxide did not necessi-
tate an induction period to become active. In fact,
the crystallinity degree and the extent of exposure of
Ni(200) play a crucial role in the catalytic behavior
in DRM [22]. The effect of the surfactants was not
the same in the work of Tan et al. [22]. It is thought
that in our case, nickel species may necessitate some
time under stream to become active in the oxide
based on SBA-15, whereas in the other cases the
formation of active nickel species is favored. Further
characterization and catalytic tests studies should be
performed on the SBA-15 based oxide to confirm our
hypothesis.

3.5. Thermal analysis after test

DTA and TGA profiles of catalysts after DRM are
shown in Figure 9. TGA curves for Ni-HT-CTAB (T),
Ni-HT-glucose (T), and Ni-HT-P123 (T)—(T) desig-
nates the sample after test—showed weight losses
between 5 and 8%, at around 300 °C accompanied
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Figure 9. Thermal analysis after DRM for: (a) Ni-HT-CTAB (T), (b) Ni-HT-glucose (T), (c) Ni-HT-P123 (T).

by an exothermic peak in DTA corresponding to the
oxidation of carbon present on the surface of materi-
als. The results are in accordance with the carbon bal-
ance obtained in DRM (Figure 8) where the carbon
balance was lower than 100% during the reaction.

4. Conclusion

The use of surfactants (CTAB, glucose, P123) or the
intercalation of SBA-15 during the synthesis of MgAl
hydrotalcite (HT) does not alter the structure. The
oxides obtained after calcination evidenced more
homogeneous pore distribution and higher specific

surface area than the oxide derived from conven-
tional HT. These oxides were impregnated by 5 wt%
nickel.

In our conditions, no activity is obtained in DRM
on Ni-HT-SBA-15 (C), whereas good activities were
obtained for all the other samples. However, the
oxides derived from the surfactant-based samples
showed a slightly higher carbon balance than on the
oxide derived from conventional hydrotalcite reveal-
ing the formation of lower amount of carbon due to
side reactions. High dispersion of nickel is responsi-
ble for this lower amount of carbon formed.

Finally, it is interesting to perform studies on the
stability of the catalysts under time on stream. Such
a study will evidence whether intercalation of SBA-
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15 in Mg–Al hydrotalcite structure may show a cat-
alytic activity in DRM after a given induction period.
In addition, introduction of surfactants (CTAB, glu-
cose, P123) in hydrotalcite structure results in a slight
enhancement of the carbon balance. So, performing
tests under time on stream may put more into evi-
dence the stability with time of the catalysts with sur-
factants. Therefore, the longer time required to elab-
orate such catalysts and their higher cost will be jus-
tified by their significantly higher lifetime and lower
carbon formation with time.
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[10] R. Dębek, K. Zubek, M. Motak, M. E. Galvez, P. Da Costa,

T. Grzybek, C. R. Chim., 2015, 18, 1205-1210.
[11] O. W. Perez-Lopez, A. Senger, N. R. Marcilio, M. A. Lansarin,

Appl. Catal. A, 2006, 303, 234-244.
[12] D. Hu, J. Shan, L. Li, Y. H. Zhang, J. L. Li, J. Porous Mater., 2019,

26, 1593-1606.
[13] Z. Roosta, A. Izadbakhsh, A. M. Sanati, S. Osfouri, J. Porous

Mater., 2018, 25, 1135-1145.
[14] M. N. Kaydouh, N. El-Hassan, A. Davidson, S. Casale, H. El Za-

khem, P. Massiani, Micropor. Mesopor. Mat., 2016, 220, 99-109.
[15] X. Liu, B. Fan, S. Gao, R. Li, Fuel Process. Technol., 2013, 106,

761-768.
[16] T. Baskaran, J. Christopher, T. G. Ajithkummar, A. Sakthivel,

Appl. Catal. A, 2014, 488, 119-127.
[17] A. Pérez-Verdejo, A. Sampieri, H. Pfeiffer, M. Ruiz-Reyes, J.-

D. Santamaría, G. Fetter, Beilstein J. Nanotech., 2014, 5, 1226-
1234.

[18] J. Peng, D. Iruretagoyena, D. Chadwick, J. CO2 Util., 2018, 24,
73-80.

[19] H. K. D. Nguyen, H. V. Nguyen, V. A. Nguyen, J. Mol. Struct.,
2018, 1171, 25-32.

[20] P. Kurniawati, B. Wiyantoko, T. E. Purbaningtias, Muzdalifah,
International Conference on Chemistry, Chemical Process and
Engineering (IC3PE), AIP Conf. Proc., 2017, 1823, 020060-1-
020060-7.

[21] D. D. Petrolini, A. V. da Silva Neto, E. A. Urquieta-González,
S. H. Pulcinelli, C. V. Santilli, L. Martins, RCS Adv., 2018, 8,
6039-6046.

[22] P. Tan, Z. Gao, C. Shen, Y. Du, X. Li, W. Huang, Chin. J. Catal.,
2014, 35, 1955-1971.

[23] L. Xu, H. Song, L. Chou, Appl. Catal. B, 2011, 108–109, 177-
190.
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1. Introduction

Cationic or basic dyes are extensively used in tex-
tile industry processes [1,2]. The presence of dyes
in water, even at very low concentrations, makes
them unfit for human consumption [1]. The pres-
ence of small amounts of dyes in industrial waters
is highly visible, due to their high stability and sol-
ubility in aqueous solutions [3]. Moreover, dyes as
well as their degradation products could be toxic and
carcinogenic, leading to serious hazards to aquatic
organisms [4,5]. As for basic dyes, they are consid-
ered to be among the most toxic molecules due
to the presence of metals in their structures [1,
6]. The wastewater containing dye molecules must,
then, be treated before the discharge in the natural
medium in order to overcome their negative envi-
ronmental impacts [7]. Industrial wastewater treat-
ment involves various methods: advanced oxida-
tion processes, precipitation/coagulation, and bio-
logical treatment [8,9]. Such processes have some
drawbacks, including high-energy requirement, con-
sumption of chemicals, high operational cost, and
the possible generation of toxic materials [10].

Nowadays, adsorption is emerging as an efficient
method for dye removal from wastewaters [7,11,12].
Furthermore, adsorbents derived from agricultural
crop residues, industrial by-products, etc. have re-
ceived a particular attention due to their low cost
[12–16]. Different types of modified and raw biosor-
bents such as rice husk, peat, pinus Sylvestris, red
mud, sugarcane bagasse, etc. have been used for
the removal of cationic dyes from aqueous solu-
tions [9,17–21]. Date pits, which are agro-industrial
solid wastes largely produced in MENA countries, are
promising candidates as effective adsorbents [4,22].
Indeed, date stones are mainly composed of cellu-
lose, hemicellulose, and lignin. These components
are rich in hydroxyl and carbonyl groups which are
implied during the dye adsorption process [4].

It is important to study the adsorption of dyes
in a multi-component solution since industrial ef-
fluents are loaded with a mixture of numerous and
different dyes. Indeed, at laboratory scale, few stud-
ies had focused on multi-solute system adsorption
due to the complexity of wastewater composition
and the possible interferences and competition be-
tween molecules [9,23]. In fact, Debnath et al. [23]
studied the adsorption of safranine O (SO), brilliant

green (BG), and methylene blue (MB) in a ternary dye
system where the maximum adsorption capacities
were estimated to be 67.9, 78.6, and 61.3 mg/g for SO,
BG, and MB, respectively. Moreover, Mavinkattimath
et al. [9] studied the adsorption of Remazol brilliant
blue (RBB) and Disperse orange (DO) dyes by red
mud on mixed dye system. The adsorption capacities
were found to be 85 and 37 mg/g for DO and RBB,
respectively. The presence of several dyes in a solu-
tion may mutually enhance or inhibit the adsorbent
performance [9,24]. In general, a mixture of different
adsorbates exhibits three possible behaviors: syner-
gism (the effect of the mixture is more important than
the individual adsorbates in the blend), antagonism
(the effect of the individual solutes is greater than in
the mix), or non-interaction [9,25].

During adsorption studies, kinetics, equilibrium,
and thermodynamic data are necessary for the analy-
sis and design of complex adsorption systems [9,26].
Various competitive multi-component models have
been reported to describe the interaction, ranging
from relatively simple models related only to individ-
ual parameters (non-modified models) to more com-
plex ones with correction factors (modified mod-
els) [9].

As for date pits, there is presumably a lack of study
on adsorption of cationic dyes which may be present
simultaneously in a mixture solution. Thus, this re-
search paper aims to investigate the sorption capac-
ity of date pits in a bi-component system upon the
contact with a mixture solution containing BR2 and
BV3. The simultaneous adsorption is considered to
assess the performance of date pits in a complex
medium and to be near the conditions of real colored
wastewaters.

2. Materials and methods

2.1. Preparation of dye solution mixture

The cationic dyes studied in this work, basic red 2
(BR2) known as safranin O and basic violet 3 (BV3)
named also crystal violet, were provided by Sigma–
Aldrich, USA. Their main chemical characteristics are
summarized in Table 1. The stock solutions were pre-
pared by dissolving 1 g of each dye powder in a vol-
ume of 1 L of distilled water, and were then diluted
to get the desired concentration. Hydrochloric acid
(HCl) and sodium hydroxide (NaOH) were used to
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adjust the pH solutions to the optimum values of 7.28
and 7.7, respectively, for BV3 and BR2 allowing the
highest removal efficiency [27]. These solutions were
then mixed at one volumetric ratio 1:1 to obtain a bi-
component dye solution.

2.2. Preparation of date pit particles

Date pits were provided by a local industry of date
transformation located in the city of Beni Khalled
(North east of Tunisia). These wastes were washed,
placed in an oven at 40 °C for 24 h, grounded and
sieved to 125–250 µm size, and finally stored in a
hermetically sealed container for later use in the ad-
sorption experiments. The principal physicochemi-
cal properties of date stone particles were reported in
our previous studies [4,27]. In fact, the average parti-
cle diameter and the pH at zero charge point (pHpzc)
were found to be equal to 187.5 µm and 6.8, re-
spectively. Scanning electron microscopy (SEM) was
used to study the surface morphology and structure
of date pit particles. A rough surface with the pres-
ence of macropores was revealed. The amorphous
nature of date stone powder was revealed by X-Ray
Diffraction (XRD) analysis. Moreover, according to
Fourier Transform Infrared (FTIR) spectroscopy anal-
ysis, many bands were found ranging from 4000 to
400 cm−1. In fact, a broad band of the O–H stretching
vibration appears at 3396 cm−1 which corresponds to
hydroxyl groups and two adjacent bands were found
at 2922 and 2852 cm−1 and assigned to C–H stretch-
ing of aldehyde molecules. Moreover, a band of C=O
stretching vibration located at 1745 cm−1 was at-
tributed to carbonyl groups. Carbonyl and hydroxyl
groups are the main functional groups involved in
the adsorption of BR2 and BV3 dyes from aqueous so-
lutions [4,27].

2.3. Batch adsorption experiments

The adsorption measurements for binary systems
were carried out by mixing 100 mg of date pit par-
ticles with 100 mL of BR2/BV3 mixture dye solution
at a pH of 7.5. The samples of the reaction mixtures
were put in a conical pyrex glass vessel and were agi-
tated in batch experiments at a constant temperature
of 35 °C using a horizontal thermostatic shaker at a
speed of 125 rpm. After the stirring time, the liquid
phase was separated from the adsorbent particles by

a laboratory centrifuge type NÜVE® NF400 at a speed
of 4000 rpm for 15 min. The residual concentrations
were measured by using an ultraviolet-visible spec-
trometer at wavelengths (λ) of 518 and 584 nm for
BR2 and BV3, respectively.

To investigate the kinetic, thermodynamic, and
equilibrium uptake of BR2 and BV3 by date pits in the
bi-component system, different experiments were
carried out in which the contact time, the reaction
temperature, and the initial concentration of the dye
mixture were varied, respectively (Table 2).

The quantity of each adsorbed dye (qt at time
t and qe at equilibrium) as well as the percentage
adsorption (%) were calculated according to (1) to (4):

qt =
(C0 −Ct )V

W
(1)

Adsorption rate at a given time,

t (%)yt =
(C0 −Ct )100

C0
(%) (2)

qe =
(C0 −Ce )V

W
(3)

Adsorption rate at equilibrium

(%)y = (C0 −Ce )100

C0
(%), (4)

where C0, Ct , and Ce (mg/L) are the dye concentra-
tions in the mixture, initially, at time t , and when
equilibrium is reached, respectively; V (L) is the vol-
ume of the solution and W is the dry date pit mass (g).

The total adsorption capacity in the mixture solu-
tion was also calculated, using (5):

qT =
n∑

i=1
qi . (5)

The extent of the competition between the two
dyes was assessed by the competition factor (C F ), the
expression of which is given by (6):

C F = qmix

qsingle
, (6)

where qsingle is the retention capacity in a single-
solute system while qmix is that capacity in the
binary-solute system.

This is an important parameter allowing to reveal
the most affected component in the simultaneous
adsorption system [28–30]:

• C F > 1: Adsorption is enhanced by the pres-
ence of other molecules (positive competi-
tion)

• C F < 1: Adsorption is reduced in the pres-
ence of other molecules (negative competi-
tion)
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Table 1. BR2 and BV3 chemical properties

Characteristics Basic red 2 (BR2) Basic violet 3 (BV3)

Structural formula C20H19N4Cl C25H30N3Cl

Dye category Azine Triarylmethane

Color Index (CI) 50,240 42,555

Wavelength (nm) 518 584

Molecular weight (g/mol) 353 407

Solubility in water at 25 °C (g·L−1) 50 16

Table 2. Experimental conditions used for the kinetic, equilibrium, and thermodynamic studies in binary
system solutions

Kinetic Equilibrium Thermodynamic

Initial dye concentration mixture (mg/L) 60 10–400 60

Contact time (min) 5–240 120 120

Temperature (°C) 35 35 15–50

• C F = 1: Adsorption is kept constant in the
presence of other molecules (no competi-
tion).

2.4. Analytical procedure

Different concentrations of mixture solutions (BR2 +
BV3) were prepared and the absorbance (optical den-
sity) of each dye in the mixture was measured at the
same two wavelengths. The absorbance coefficients
(also known by calibration constants) of each dye
were obtained by plotting the absorbance against the
dye concentration for each dye at each wavelength.
The slope of the four linear regression lines gives the
value of the absorbance coefficient for one dye at
its wavelength of maximum absorption. These val-
ues are then used to calculate the dye concentrations
in binary mixtures according to the following equa-
tions:

C A = kB2d1 −kB1d2

kA1kB2 −kA2kB1
(7)

CB = kA1d2 −kA2d1

kA1kB2 −kA2kB1
, (8)

where, C A and CB (mg/L) are the concentrations of
BR2 (A) and BV3 (B), respectively, in a binary so-
lution. The absorbance coefficients are designated
by (k) while the optical densities are called (d). The
subscripts 1 and 2 are relative to λ1 (518 nm) and λ2

(584 nm), respectively.

2.5. Theoretical approach

2.5.1. Kinetic modeling

The simultaneous adsorption kinetics of BR2 and
BV3 was fitted to several models as pseudo-first-
order [31], pseudo-second-order [32], Elovich [33],
and Brouers–Sotolongo models [34,35] (Table 3).

The kinetic parameters gotten from the different
theoretical models for the biosorption of BR2 and
BV3 in the two-dye-component system were deter-
mined by non-linear fitting procedures using Excel
(Microsoft) as a data-solver software. The suitability
of kinetic models for describing the binary adsorp-
tion process was assessed by different error functions
(see Section 2.6).

To determine whether the diffusion occurs
through the pores of the adsorbent (pore flow diffu-
sion) or across a boundary layer formed on the ad-
sorbent (film diffusion), two diffusion kinetic models
were used: Boyd’s model, which determines if the
main resistance to mass transfer is in the thin film
(boundary layer) surrounding the adsorbent parti-
cle [36], while Webber’s model highlights the extent
of the resistance to diffusion inside the pores [37].

Boyd’s equation allows to determine the film mass
transfer constant (K f ) according to the following
equation [36]:

ln(1−F ) =−K f · t , (9)
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Table 3. Kinetic model equations

Model Equation

Pseudo-first-order model qt = qe [Exp(ln qe −k1t )]

Pseudo-second-order model qt =
q2

e k2t

qe k2t +1

Elovich model qt =
1

β
ln(αβt )

Brouers–Sotolongo model qt = qe

(
1−

(
1+ (n −1)

(
t

τ

)γ) −1
n−1

)

where, F the fractional approach to equilibrium, de-
fined as qt /qe , K f is the film diffusion constant
(min−1), and t the Contact time (min).

The F value can be determined by the following
equation

F = 1−6/π2
∞∑

n=1

1

n2 exp(−n2B t )
∞∑

n=1

1

n2 exp(−n2B t )

,(10)

where, B is the rate coefficient (s−1) and n is the
effective non-integer reaction order.

Based on the range of F value, B t can be deter-
mined as follows:

For F < 0.85 : B t =
(
p
π−

√
π−

(
π2F

3

))2

(11)

For F > 0.85 : B t =−0.498− ln(1−F ) (12)

The coefficients of film diffusion D f were esti-
mated according to the following equation:

D f =
Br 2

π2 . (13)

To identify the predominance of external intra-
particle diffusion against surface film diffusion for
both dyes in the binary adsorption system, the Biot
numbers were calculated according to (14) [38].

Bi =
k f ·d ·C0

2 ·ρp ·Dip ·qe
, (14)

where k f (cm/s) is the film diffusion constant, Dip

(cm2/s) the intraparticle diffusion coefficient, C0

(mg/L) the initial liquid-phase concentration, d (cm)
the mean particle diameter, ρp (g/cm3) the adsor-
bent density, and qe (mg/g) the solid-phase concen-
tration at equilibrium.

Different intervals of Biot number can be distin-
guished:

• When, Bi ¿ 1, film diffusion is the control-
ling step

• When Bi À 100, intraparticle diffusion is the
limiting phenomenon

• When 1 < Bi < 100, film and intraparticle
diffusion are the limiting steps.

2.5.2. Equilibrium modeling

Equilibrium during BR2 and BV3 simultaneous
adsorption was modeled using eight isotherms
including non-modified and modified Lang-
muir [17], Jain and Snoeyink (J–S) modified Lang-
muir [24], P-factor Langmuir [17,39], extended Fre-
undlich [1,40], SRS model [41,42], and non-modified
and modified Redlich–Peterson [43] (Table 4). The
predictive multi-component adsorption isotherms
were fed with mono-component parameters of the
corresponding models due to the difficulty to pre-
dict multi-component equilibrium data and to the
possible competitive effects [25]. The parameters
of the investigated models were estimated follow-
ing non-linear fitting procedures as indicated ear-
lier. The optimum isotherm parameters were set,
after calculating the error functions presented in
Section 2.6.

2.5.3. Thermodynamic study

In order to highlight the effect of medium com-
plexity on the thermodynamic parameters and espe-
cially on ∆H◦ and ∆S◦, the following equations were
used [44]:

lnKd = ∆S◦

R
− ∆H◦

RT
(15)

Kd = qe

Ce
. (16)

∆H◦ and ∆S◦ values are extracted from the slope and
the intercept of the Van’t Hoff plot of ln(Kd ) versus
1/T .
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Table 4. Equilibrium models used for BR2 and BV3 adsorption in bi-component systems

Model Equation

Non-modified Langmuir qe,i =
qmax,i KL,i Ce,i

1+
N∑

j=1
KL, j Ce, j

Modified Langmuir qe,i =
qmax,i KL,i (Ce,i /ηi )

1+
N∑

j=1
KL, j (Ce, j /η j )

J–S Modified Langmuir

qe,i =
(qmax,i −qmax, j )KL,i Ce,i

1+KL,i Ce,i
+ qmax, j bi Ce,i

1+KL,i Ce,i +KL, j Ce, j

qe, j =
qmax, j KL, j Ce, j

1+KL,i Ce,i +KL, j Ce, j

P-factor Langmuir qe,i =
1

Pi

(
k ′

L,i Ce,i

1+aL,i Ce,i

)

Extended Freundlich

qe,1 =
KF,1C (1/n1)+x1

e,1

C x1
e,1 + y1C z1

e,2

qe,2 =
KF,2C (1/n2)+x2

e,2

C x2
e,2 + y2C z2

e,1

Sheindorf–Rebuhn–Sheintuch (SRS) model qe,i = KF,i Ce,i (Ce,i +ai , j Ce, j )
( 1

ni
−1)

Non-modified Redlich–Peterson qe,i =
KR,i Ce,i

1+
N∑

j=1
αR, j CβR , j

e, j

Modified Redlich–Peterson qe,i =
KR,i (Ce,i /ηR,i )

1+
N∑

j=1
αR, j (Ce, j /ηR, j )βR , j

2.6. Error functions

Different error functions are usually used to test the
goodness of equilibrium and kinetic model param-
eters [45]. Table 5 lists the ones applied in this pa-
per: the sum of the squares of the errors (SSE) [46],
the hybrid fractional error function (HYBRID) [47],
Marquardt’s percent standard deviation (MPSD) [48],
and the correlation coefficient (R2) [49]. Models can
be considered in good agreement with experimental
data when R2 is close to unity and when SSE, Hybrid,
and MPSD values are as low as possible [50].

3. Results and discussion

3.1. Kinetic study and modeling

The experimental adsorption capacities of BR2 and
BV3 in the binary system as a function of time are
illustrated in Figure 1. For comparison reasons, the
adsorption kinetics of each single-dyed solution is
also presented; the initial concentration of this latter
is the same as that in the mixture solution.

As it can be seen in Figure 1, the initial adsorp-
tion of BR2 and BV3 onto the date pits was faster in
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Table 5. Applied error functions

Error function Equation

Sum of squares of the errors (SSE)
N∑

i=1
(qe,exp −qe,cal)

2
i

Hybrid fractional error function (HYBRID)
N∑

i=1

[
(qe,exp −qe,cal)

2

qe,exp

]

i

Marquardt’s percent standard deviation (MPSD)
N∑

i=1

[
(qe,exp −qe,cal)

qe,exp

]

i

2

Correlation coefficient (R2)

N∑
i=1

(qe,cal −qe,exp)2
i

N∑
i=1

(qe,cal −qe,exp)2
i +

N∑
i=1

(qe,cal −qe,exp)2
i

Figure 1. Kinetic uptake of BR2 and BV3 in
single-dye and two-dye solutions.

the one-dye component than in the two-dye com-
ponent systems. Thus, the adsorption kinetics of the
two dyes affect each other but at different degrees. In-
deed, the reduction of adsorption capacity was more
important for BR2 than for BV3. In fact, at the begin-
ning (t < 30 min), the difference between the uptake
capacity of both dyes in single and binary systems
could not be considered as negligible. However, at
the final stage (t > 60 min), when equilibrium was al-
most reached, the qt of BV3 was almost the same in
the two cases (single and mixture solutions). These
findings indicate that BV3 was not strongly affected
by the presence of BR2, but the opposite was true.

The total adsorption capacity increased in contact
with dye mixtures; its maximum was found to be
equal to 97.49 mg/g, which is higher than in both the

cases of BR2 and BV3 individual solutions. A possible
explanation is that more than one dye in solution
has increased the affinity of the date pits surface,
either by a reorientation of the adsorbed molecules
or through an alteration of the overall charge within
the system [51].

The removal percentage was also determined (Fig-
ure 2). This was higher in one-dye solutions than in
two-dyes’ one. Besides, the reduction in intensity de-
pended on the dye: only 66.58% of BR2 was removed
in binary system versus 93.3% in mono system while
the reduction was less significant for BV3 (from 98.85
to 95.90%). At the same time, the average adsorp-
tion percent of both dyes in the mixture solutions was
found to be 81.24%. As highlighted earlier, this result
can be explained by the antagonist effect of BV3 on
the uptake of BR2. However, the former dye was not
highly influenced by the presence of BR2.

In order to assess the extent of competition be-
tween BR2 and BV3, competition factors were cal-
culated for a different time t . According to Figure 3,
the competition factor varies during the adsorption
process: in the first 30 min, the competition factor for
both dyes increased exponentially with time. This re-
sult may be explained by the availability of adsorp-
tion sites in the date pit particles at the beginning of
the adsorption process. Then, sites became saturated
and the CF became almost constant (0.97 for BV3
and 0.71 for BR2). These values indicate that BR2 was
relatively highly affected (0.71 < 1) by the existence
of the BV3 in the same solution while the BV3 dye
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Figure 2. Removal percentage of BR2 and BV3
at equilibrium in mono-dye and bi-dye solu-
tions.

Figure 3. Competition factor variation as a
function of time for BR2 and BV3 in a binary
system.

was almost unaffected (0.97 ≈ 1) by the BR2. One can
therefore conclude two different competition mech-
anisms: negative competition for BR2 and almost no
competition for BV3.

A similar trend was reported by Issa et al. [29]
when they investigated the kinetic biosorption of Al-
lura Red (AR) and Sunset Yellow (SY) by activated
pine wood. Authors reported that SY (CF = 0.76) dye
manifested stable performance while AR (CF = 0.69)
negatively competed with the other dye molecules.
A reasonable explanation was attributed to the dif-
ferences in the dyes’ properties (solubility, molec-
ular weight) as well as their affinity for adsorption
sites.

Kinetics modeling
Table 6 gives the kinetic parameters extracted

from different models applied to the biosorption of
our two dyes on date stones in mixture solutions.

Experimental adsorption data showed a poor fit for
the Elovich model where R2 exhibited the lowest val-
ues, and SSE, Hybrid, and MPSD exhibited the high-
est values for both dyes. This finding indicates that
the chemisorption is not the mechanism that may
explain the dyes’ uptake and that the desorption re-
action of dyes cannot be neglected in this system [4].

At the same time, the calculated values of R2, SSE,
Hybrid, and MPSD indicated that the sorption of
the two dyes from mixture solutions was better de-
scribed by the pseudo-second order kinetics than by
the pseudo-first order kinetics especially for BV3, for
which R2 is equal to 0.993 with the former model
while it is equal to 0.967 with the latter model.

But, among the four investigated models, the
Brouers–Sotolongo model showed the best match,
based on all calculated error functions, for both
cationic dyes in simultaneous adsorption systems.

This finding is strengthened by the predicted val-
ues of adsorption capacity (39.8 mg/g for BR2 and
58.7 mg/g for BV3) according to Brouers–Sotolongo
model which were very close to the experimental qt

values (40.0 and 57.6 mg/g).
To visualize the different applied models dur-

ing the whole process, the theoretical plots of ki-
netic data were displayed in Figure 4. As expected,
Brouers–Sotolongo models follow perfectly the ex-
perimental uptake capacity upon all the studied
range time, contrarily to Elovich and order-based-
reaction models for both dyes.

Mechanistic study (mass transfer)
Boyd’s and Webber’s kinetic models were applied

to determine the main resistance to mass transfer.
The values of B t were calculated as indicated earlier
and then plotted against t (Figure not shown). The
obtained graph shows a linear trend-line not passing
through the origin and the slope is the mass transfer
parameter K f [52].

Mass transfer parameter (K f ) and coefficient of
film diffusion (D f ) values obtained in mixture solu-
tions were summarized in Table 7 and compared to
those obtained in our previous study dealing with the
adsorption of these dyes in mono-component dye
solutions [4].

According to Table 7, the comparison of D f val-
ues of BR2 in single (3.99× 10−9 cm2/s) and binary
(3.18×10−9 cm2/s) solution showed that the adsorp-
tion of this pigment slowed down in the mixture so-
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Table 6. Parameters of kinetic models for the adsorption of BR2 and BV3 on date stones on mixture
solution

Model Parameter Value SSE HYBRID MPSD R2

BR2

qe,exp (mg/g) 40.0

Pseudo-first order
K1 (min−1) 0.103

7.029 0.328 0.018 0.988
qe (mg/g) 39.131

Pseudo-second order
K2 (mg/g·min) 0.004

30.555 79.961 3.373 0.989
qe (mg/g) 41.994

Elovich
α (mg/g·min) 45.67

120.444 5.615 0.319 0.802
β (g/mg) 0.17

Brouers–Sotolongo

n 2.665

0.558 0.015 0.0004 0.999τ (min) 6.136

γ 2.242

qe (mg/g) 39.818

BV3

qe,exp (mg/g) 57.6

Pseudo-first order
K1 (min−1) 0.151

22.136 0.488 0.011 0.967
qe (mg/g) 55.888

Pseudo-second order
K2 (mg/g·min) 0.004

4.305 12.149 0.339 0.993
qe (mg/g) 58.810

Elovich
α (mg/g·min) 781.02

90.169 2.1711 0.0558 0.849
β (g/mg) 0.17

Brouers–Sotolongo

n 9.392

0.6839 0.0139 0.0003 0.999τ (min) 2.622

γ 6.859

qe (mg/g) 58.756

Table 7. Internal and external mass transfer
parameters in mono- and bi-component sys-
tem for BR2 and BV3

K f D f (cm2/s)

BR2
Single 4.48×10−4 3.99×10−9

Mix 3.57×10−4 3.18×10−9

BV3
Single 3.06×10−4 2.73×10−9

Mix 3.88×10−4 3.46×10−9

lution by a factor of 1.25 contrarily to BV3 where the
film diffusion coefficient was raised by almost the
same factor (1.27). The opposite trend of BR2 and
BV3 can be explained by the electrostatic coupling
effect where the faster molecule (BR2) was slowed
down by BV3 and vice-versa. This phenomenon was

reported during the adsorption of charged molecules
such as proteins.

On another note, since the diffusion film coeffi-
cients were not in the range of 10−6 and 10−8 cm2/s,
mass transfer mechanisms of BR2 and BV3 in mixture
solutions cannot be controlled by the sole phenome-
non of film diffusion [53]. These results are in accor-
dance with the plot of Boyd’s model which did not
pass through the origin. The BR2 and BV3 sorption
in this case was not governed only by external mass
transfer controlled film diffusion, but also by intra-
particle transport, i.e., pore diffusion.

To identify the importance of the intraparticle dif-
fusion step of BR2 and BV3 in the binary adsorption
process, the mathematical expression in the Weber
and Morris model was used:

qt = Kin · t
1
2 +C , (17)
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Figure 4. Experimental and fitted kinetic
curves describing the adsorption of BR2 (A)
and BV3 (B) by date pits from binary solution.

where Kin is the intraparticle diffusion constant and
the intercept C reflects the boundary layer effect [37].

The occurrence of intraparticle diffusion as the
rate limiting step requires that the plot of qe versus
t 1/2 should be linear with a nil intercept.

However, the BR2 and BV3 plots, shown in Fig-
ure 4, are not linear over the whole time range and,
instead, can be divided into three sections. The first
sharper portion is the slowly rising stage where the
external surface adsorption was implied. The second
portion is a straight line reflecting the gradual sorp-
tion stage where the intraparticle diffusion is rate
controlling. The final equilibrium stage is a plateau,
where the intraparticle diffusion slows down due to
the low solute concentration in the solution [54].

These non-linear sections indicate that surface
adsorption and intraparticle diffusion processes oc-
cur simultaneously. This finding is similar to that
reached in previous works [55,56].

The values of kin and C parameters were calcu-
lated by minimizing the SSE errors using Solver EX-
CEL and then compared to those obtained in single

solutions (Table 8).
The nonzero intercepts in each case indicate that

the rate controlling process was not only due to the
intraparticle diffusion but also due to some other
mechanisms involved [57].

Moreover, C values for both dyes were lower in
mixture solution revealing that less surface was avail-
able for the adsorption of BR2 and BV3 in the binary
system and, the extent of mass transfer resistance
due to boundary layers was reduced.

The diffusion coefficients (Dip) in the binary mix-
ture were obtained using the following equation
[52,58]:

Kin = 6qe

r

√
Dip

π
, (18)

where r is the radius of the spherical adsorbent
particle.

BR2 and BV3 have almost the same diffusion co-
efficients (Dip) in binary mixtures which were 1.13×
10−11 and 1.11× 10−11 cm2/s, respectively (Table 8).
But, when compared to mono systems, this parame-
ter dropped for both dyes, more significantly for BR2
by a factor of 11.0 than for BV3 (factor of 1.6). These
results indicate that the presence of BV3 dye affects
significantly the diffusion rate of BR2 dye inside date
pit particles. The competition between BR2 and BV3
to diffuse inside adsorbent and the possible pore-
blocking phenomena can be the cause of these ob-
servations.

Biot number was used to evaluate the predomi-
nance of film diffusion against intraparticle in binary
adsorption system. Biot numbers were found to be
greater than 100 for BR2 (389.77) and BV3 (300.26) in-
dicating that the biosorption in binary systems was
mainly controlled by internal diffusion mechanisms
for both dyes. This behavior was different in the
mono-component system for BR2 where the resis-
tance to intraparticle diffusion was negligible in front
of the resistance to film diffusion. This trend was re-
ported in the recent study of Sharma et al. [1] deal-
ing with the adsorption of Methylene blue (MB) and
Safranin O (SO) in binary system. In fact, it was found
that intraparticle diffusion was responsible for the
transportation of MB and SO from aqueous solution
to the adsorbent surface.

Thus, it can be concluded from this part that the
medium complexity affects the rate of sorption of
the diffusion coefficients and the controlling step on
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Table 8. Intraparticle diffusion model parameters and Biot numbers in mono- and bi-component sys-
tems for BR2 and BV3

Kin (mg/g·min0.5) C (mg/g) Dip (cm2/s) Dip Single/Dip Mix Bi

BR2
Single 1.74 35.68 1.24×10−10

10.99
31.92

Mix 0.38 34.92 1.13×10−11 389.77

BV3
Single 0.70 51.00 1.76×10−11

1.59
145.21

Mix 0.54 50.62 1.11×10−11 300.26

Figure 5. Experimental isotherms of BR2 and
BV3 in single and binary systems.

the kinetic adsorption reaction. In fact, it was found
that BR2 was more affected by the presence of BV3
since it was hindered by this later dye. BV3 showed
more affinity for adsorption sites compared to BR2.
Intraparticle diffusion was the controlling step in the
mass transfer of both dyes in a binary dye system.
The intraparticle diffusion coefficients dropped sig-
nificantly for BR2 in the mixture solution compared
to single solution contrarily to BV3.

3.2. Equilibrium study

Adsorption isotherms would describe how BR2 and
BV3 interact with the date pits and, therefore, help
to approach the adsorption mechanism and to deter-
mine the equilibrium adsorption capacity. Figure 5
depicts then the experimental adsorption capacity
(qe ) of BR2 and BV3 in single and binary systems as a
function of dye concentration (Ce ) when equilibrium
is reached.

One can see that, for the low equilibrium dyes
concentration, the concentrations of BV3 on the solid
phase (qe ) in the mixture were almost equal to those

when this dye was present individually in the solu-
tion. This behavior was different for BR2 where the
adsorption capacity was clearly lower in binary sys-
tems compared to the single ones even for low dye
concentrations. The uptake capacity of BV3 was more
disturbed at higher dye concentrations (Ce ). How-
ever, in higher solute concentrations, lower adsorp-
tion capacities were recorded for both dyes com-
pared to the individual sorption results.

A deeper examination of the BV3 isotherms brings
out that this latter is L-curve in the binary system,
which is a sign of high affinity. The BV3 adsorption
mechanism was not highly affected by the conditions
of competition contrarily to BR2 dye. For this latter, a
less regular shape of isotherm is noticed in the mix-
ture solution compared to the mono-dye solution.
Similar results were found by Al-Degs et al. [43] who
indicated that the concentration of the dye being ad-
sorbed increased before it decreased again. In our
case too, BV3 may have displaced and replaced the
BR2 dye which has less affinity to the adsorption date
pit sites.

Figure 6 gives a comparison of individual BR2 and
BV3 experimental adsorption capacities both in sin-
gle and binary component systems as well as the total
adsorption capacity.

It is clear that the adsorption capacity was reduced
for both dyes in the binary system, which suggests
a high competition between the dyes to occupy the
active sites.

It should also be indicated that BR2 was more
affected than BV3 in The mixture solution where the
reduction percentage was 54.4% and 34.6% for BR2
and BV3, respectively.

In both cases, the drop of the adsorption capaci-
ties in the binary solutions can be the consequence of
several factors including (i) interaction between dyes
in solution; (ii) change of the sorbent surface charge
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Figure 6. Experimental maximum adsorption
capacities of BR2 and BV3 in mono- and bi-
component solutions.

due to adsorption; (iii) displacement effects; and (iv)
non-functional groups of an adsorbed dye blocking
the active sites for the adsorption of other dyes [9].

The total adsorption capacity is apportioned as
follows: 67.94% for BV3 and 32.06% for BR2. Thus,
the available adsorption sites on date stones are
preferentially occupied by BV3. This finding can
be explained by the high molecular weight of BV3
(407 g/mol vs. 353 g/mol for BR2) and by its lower
solubility (16 g/L vs. 50 g/L for BR2) [51,59,60]. Simi-
lar results were reported by Fernandez et al. [60] who
studied the adsorption of Rhodamine B (RhB) and
Methylene Blue (MB) by orange peels in binary sys-
tem. In fact, it was showed that Rhodamine B exhib-
ited higher adsorption capacity compared to Methy-
lene Blue since the size of the former dye was higher
(373.91 and 479.0 g/mol for MB and RhB, respec-
tively).

Competition and separation factors
The extent of competition was assessed by the

magnitudes of the competition factors (CF). Figure 7
displays the variation of the competition factor as
a function of the initial dye concentration for both
dyes.

In all cases, the competition factors were inferior
to 1, demonstrating a negative competition between
the solutes. The least affected was BV3, due to its
high affinity toward the date pit particles. In all tests
too, the removal of each of BR2 and BV3 decreased
when these two solutes are both present in the solu-
tion. The serious inhibition of the adsorption of both
dyes when they coexisted implied an antagonistic
effect.

Figure 7. Competition factor variation as a
function of initial concentrations of BR2 and
BV3.

Moreover, besides the competition factor, the sep-
aration factor is generally adopted to assess the pref-
erence for the adsorption sites by mono- and bi-
component solutions [23]. The separation factor αA

B
is expressed by (19) and is calculated from the equi-
librium sorption data [23]:

αA
B = qACB

qB C A
. (19)

If αA
B > 1, then the ion A (BR2) is preferred and, if

αA
B < 1, then it is the ion B (BV3), which is preferred.

The separation factor (0.42) was found lower than
unity, which means that BR2 is not preferred and, BV3
had more affinity to the date pit particles, supporting
the conclusions reached earlier.

Equilibrium modeling
The parameters obtained by the different applied

models as well as the corresponding error functions
are provided in Table 9.

All of the non-modified Langmuir model, the
J–S modified Langmuir, the SRS model, and the
non-modified Redlich–Peterson model exhibited a
poor fit to the BR2 experimental data as indicated
by the low R2 values (0.441, 0.377, 0.251, and 0.442,
respectively). Therefore, the assumption of non-
competitive biosorption of BR2 was invalid. The
P-factor Langmuir and extended Freundlich models
could not fit the BR2 experimental data (R2 equal
to 0.872 and 0.803, respectively). Some previous re-
searches also reported that the P-factor model did
not account for competition nor for interactions
between the metal ions [61]. The best match for
BR2 was provided by the modified Langmuir and
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Table 9. Equilibrium parameters for BR2 and BV3 adsorption in mixture solution by date pits

Model Parameter Value SSE HYBRID MPSD R2

BR2

Non-modified Langmuir
qmax (mg/g) 97.893

4445.818 305.984 34.102 0.441
KL (L/mg) 0.1794

Modified Langmuir
qmax (mg/g) 97.893

33.358 2.523 0.319 0.975KL (L/mg) 0.179

η 8.190

J–S Modified Langmuir
qmax (mg/g) 97.893

4004.346 268.070 29.358 0.377
KL (L/mg) 0.179

P-factor Langmuir
P 2.240

165.638 10.691 1.302 0.872K ′
L (L/mg) 7.358

aL (L/mg) 0.070

Extended Freundlich

KF (L/mg) 38.912

285.839 59.841 0.678 0.803
n 5.791

x 1.315

y 20.212

z 0.854

SRS model
KF (L/mg) 38.912

1495.565 108.537 12.785 0.251n 5.791

a 3.740

Non-modified Redlich–Peterson
KR (L/mg) 14.353

7240.304 177.216 4.445 0.442αR 0.108

βR 1.060

Modified Redlich–Peterson

KR (L/mg) 14.353

35.077 2.513 0.303 0.973αR (L/mg) 0.108

βR 1.060

ηR 6.151

(continued on next page)

the modified Redlich–Peterson models which ex-
hibited the highest correlation coefficient R2 (0.975
and 0.973, respectively). Following SSE, Hybrid, and
MPSD values, we can conclude that the modified
Langmuir model described most accurately the ad-
sorption behavior of BR2 in the binary dyes system.
This finding may be due to the fact that this model
considers the surface heterogeneity of the adsorbent
and the mutual interaction effect of the different
dye molecules [52]. As a matter of fact, the modified
Langmuir model accounts for the influence of other
competing solutes by means of the interaction factor
(η). Similar previous results were explained by the
fact that one adsorption site cannot be simultane-

ously occupied by two solutes, and competitive sorp-
tion between pollutants occur when they coexisted
in wastewaters [29,51,62].

As for BV3, the P-factor model could match best
the equilibrium adsorption data. Previous works
have also successfully described binary adsorp-
tion by the P-factor model. This model is, in fact,
a major enhancement over the modified Langmuir
model [17,61], thanks to the lumped factor Pi , de-
fined as the ratio between qmax on mono- and multi-
component systems. The calculus of this factor for
BV 3 gives a P-value equal to 1.53 which is so close
to the P-factor (1.55) provided upon the fitting using
the P-factor model.
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Table 9. (continued)

Model Parameter Value SSE HYBRID MPSD R2

BV3

Non-modified Langmuir
qmax (mg/g) 117.357

6641.909 91.990 1.344 0.569
KL (L/mg) 0.300

Modified Langmuir
qmax (mg/g) 117.357

12,686.623 182.769 3.003 0.547KL (L/mg) 0.300

η 9.438

J–S Modified Langmuir
qmax (mg/g) 117.357

6641.909 91.990 1.344 0.569
KL (L/mg) 0.300

P-factor Langmuir
P 1.552

281.863 9.534 0.371 0.928K ′
L (L/mg) 42.795

aL (L/mg) 0.301

Extended Freundlich

KF (L/mg) 41.741

5304.276 59.841 0.676 0.727
n 4.701

x 12.455

y 17,281.474

z 0.001

SRS model
KF (L/mg) 41.741

3575.884 50.150 0.787 0.736n 4.701

a 0.176

Non-modified Redlich–Peterson
KR (L/mg) 347.391

7603.937 112.813 1.820 0.66αR 7.695

βR 0.803

Modified Redlich–Peterson

KR (L/mg) 347.391

43,136.427 548.898 7.709 0.476αR (L/mg) 7.695

βR 0.803

ηR 170.311

Among the eight tested models, the three equilib-
rium models fitting the best experimental data are
(Figure 8):

• For BR2: Modified Langmuir > Modified
Redlich–Peterson > P-factor Langmuir

• For BV3: P-factor Langmuir > SRS model >
Extended Freundlich.

According to this summary, it is clear that the mech-
anisms of adsorption are different for each dye since
they were represented by equilibrium models where
the assumptions are different.

3.3. Thermodynamic study

A series of experiments were conducted at 15, 25, 35,
45, and 50 °C to approach the temperature effect on
the equilibrium capacity of the date pits for the BR2
and BV3 cationic dyes in the binary system.

The quantities of BR2 and BV3 adsorbed on the
date pit particles in single and mixture solutions as
a function of solution temperature are depicted in
Figure 9.

The rise in solution temperature increases the ad-
sorbed quantities of BR2 and BV3 in bi-component
systems. This trend was also observed in the one-
component solutions and might be due to an in-
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Figure 8. Equilibrium models of BR2 (A) and
BV3 (B) in the binary adsorption system.

Figure 9. Variation of qe as a function of tem-
perature for BR2 and BV3 in mono- and bi-
component systems.

crease in dye mobility that may occur at higher tem-
peratures. Moreover, the effect of temperature was
more significant in the mono-component than in the
bi-component systems, especially for BR2 (Figure 9).

Thermodynamic parameters, enthalpy (∆H◦), and
entropy (∆S◦) values are given in Figure 10, together
with those calculated in mono-dye solutions.

Figure 10. Comparison of enthalpy (A) and en-
tropy (B) values for BR2 and BV3 in mono- and
bi-component systems.

Several conclusions can be outlined. The ad-
sorption in the mixture solution is endothermic
since the value of enthalpy ∆H◦ is positive for
BR2 (16.30 kJ/mol) and BV3 (30.26 kJ/mol) dyes
(Figure 10-A). This is the result of two simple mech-
anisms [63]: (i) desorption of the solvent molecules
previously adsorbed, and (ii) adsorption of the dye
molecules. Each molecule of the colorant displaces
more than one molecule of the solvent. The net re-
sult brings out an endothermic process. Compari-
son with the mono-component system showed that
∆H◦ was almost the same for BR2, contrarily to BV3,
where the enthalpy was greater in mixture solution
(30.26 against 24.98 kJ/mol). Similar results were re-
ported by Sharma et al. [1] indicating the endother-
mic nature of simultaneous adsorption of methylene
blue and Safranin O where the enthalpy values were
26.11 and 30.84 kJ/mol, respectively.

The positive values of ∆S◦ reflect the affin-
ity of date pits for BR2 (57.63 J/mol·K) and BV3
(125.78 J/mol·K) and show the increasing of random-
ness at the solid/liquid interface during the adsorp-
tion of dyes in the binary system (Figure 10-B). By
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Figure 11. Free enthalpy variation as function
of temperature for BR2 and BV3 in mono- and
bi-component systems.

comparison with the mono-dye solution, the en-
tropy value relative to BR2 was dropped, suggesting
that the randomness and the affinity also decreased.
Contrary to BR2, the adsorption of BV3 is associated
with a rise in entropy from 114.19 J/mol·K in mono
to 125.78 J/mol·K in bi-component systems, which
means that the adsorbed dye molecules are orga-
nized more randomly in this last case.

Debnath et al. [23] determined the entropy vari-
ation upon the simultaneous adsorption of dyes in
ternary system which was found to be 54.51, 57.01,
and 65.02 J/mol·K for Safranin O, brilliant green, and
methylene blue. The positive entropy change indi-
cate the increase in the number of species at the
solid–liquid interface.

The free enthalpy ∆G◦, the value of which is ex-
pressed by (20), is another calculated thermody-
namic parameter (Figure 11) that gives information
about the spontaneity of the adsorption reaction [44,
64]:

∆G◦ =∆H◦−T∆S◦. (20)

Similar to single-component systems, ∆G◦ was
negative which indicate that the overall adsorption
processes in the mixture solution are also sponta-
neous. This spontaneity decreases with the increase
of temperature in one hand and when adding a sec-
ond dye in the solution on the other hand. This is
truer for BR2 than for BV3.

Similar results were reported by Debnath et al. [23]
where the free enthalpy variation was negative for the
three studied dye in mixture solutions (Safranin O,
brilliant green, and methylene blue).

4. Conclusions

This study investigated the kinetics, equilibrium, and
thermodynamics of the biosorption of two cationic
dyes (basic red 2 and basic violet 3) on date pit par-
ticles in a two-dye-component solution. The overall
uptake capacity of the dyes in the binary system de-
creased due to the antagonistic interaction between
dyes. Indeed, BV3 inhibited the adsorption of BR2.
The comparison of different parameters between the
mono- and the bi-component system revealed that
the behavior of both dyes has changed.

Finally, based on the biosorption capacities of BR2
(41.95 mg/g) and BV3 (88.11 mg/g), the Tunisian an-
nual amounts of date pits could eliminate simultane-
ously about 34 T of BR2 and 72 T of BV3 from textile
industrial effluents.
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Abstract. In this work, four activated carbons were synthetized from natural olive stone (NOS) wastes
using ZnCl2 as an activating agent. These activated carbons (OSAC) were synthetized for a constant
mass ratio of ZnCl2: NOS of 2:1, a contact time of 2 h and four different heating temperatures (300, 400,
450 and 500 °C). The physicochemical characterization of these activated carbons by various analyses
including N2 adsorption–desorption measurements, surface charge evolution versus pH, Boehm
titration, Fourier transform (FTIR) and scanning electron microscopy (SEM) showed that the activated
carbon produced at a temperature of 400 °C (OSAC 400 °C) exhibited the best properties. Indeed,
it has the highest BET surface area, total pore and micropore volumes with values of 740 m2·g−1,
0.57 cm3·g−1 and 0.25 cm3·g−1, respectively. Moreover, it is rich in various acidic and basic functional
groups that could react with various common adsorbents.

The test of these activated carbons, for the adsorption of a cationic (methylene blue (MB)) and
anionic (methyl orange (MO)) dye under various experimental conditions, showed that OSAC 400 °C
could be considered as an effective, attractive and promising adsorbent for both the tested dyes. The
Langmuir’s adsorption capacities of this adsorbent were assessed to 303.0 and 277.8 mg·g−1 for MB
and MO, respectively, which are significantly high compared to other various activated carbons. The
retention of the pollutants is mainly chemical including hydrogen bond and electrostatic attraction
between the dyes and the activated carbon surface.
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1. Introduction

Dyes are among the most used substances in the
world with a total production of 700,000–1000,000
tons [1]. Because of their chemical stability and the
ease of their synthesis, dyes are widely used in a
broad range of fields: food industry, paper, cosmetic
and particularly in the textile industries [1]. They are
generally discharged into the environment as dis-
solved components in industrial waste waters. Their
excessive presence in water bodies could result in
an important decrease of dissolved oxygen contents
due to the reduction of sunlight penetration into
deep areas. This eutrophication phenomenon could
cause an important deterioration of the water bodies’
physicochemical and biological quality and therefore
a disturbance in the aquatic organisms’ life [2]. When
it comes in contact with humans, dyes can cause skin
irritation and/or allergic dermatitis and also possible
serious diseases for those considered as mutagenic
and/or carcinogenic compounds [3].

Methylene blue is a cationic synthetic dye that is
usually used in textile and pharmaceutical industries
and in the coloring of various materials including
wool, cotton, paper and silk. When discharged into
the environment, MB can cause damaging impacts
to fauna and flora. Exposure to these pollutants could
induce severe damage to eyes (humans and animals)
and even result in tissue necrosis, methemoglobine-
mia and mental confusion [4]. Methyl orange (MO)
is an anionic dye widely used in textile printing, food
and pharmaceutical industries. It can induce danger-
ous effects on flora and fauna, as well as human and
animal health in case of inhalation, ingestion, and
contact with eye and skin [5].

Given the confirmed negative impacts of dyes on
human health and in water resources, removal of
dyes from waste waters has become inevitable and
necessary in order to ensure the related industry sus-
tainable development [6]. Up to now, various tech-
nologies have been applied separately or as hybrid
systems for an efficient elimination of dyes from
industrial effluents. They include biological treat-
ment, coagulation/flocculation, membrane separa-
tion and advanced oxidation processes [7]. However,
these technologies have some drawbacks such as

huge sludge production that has to be appropriately
handled, low dye removal efficiency and high-energy
consumption [6].

Dye removal from discharged industrial efflu-
ents through retention by low cost and abundant
material-derived adsorbents has been recently
pointed out as an attractive and promising technique
[8,9]. The main advantages of this technique are its
low cost, handling simplicity and good cost effec-
tiveness [2]. Agricultural by-products, which are pro-
duced in huge quantities, have not only been tested
as raw materials but also as activated carbons for
the enhanced removal of dyes from industrial waste
waters. In fact, activated carbons usually dispose
of high specific surface area, have well-developed
microporosity and richness in specific functional
groups which favor the removal from aqueous so-
lutions of dyes and other organic and inorganic
pollutants [9]. Various agricultural precursors have
been tested for the synthesis of activated carbons for
dye removal from aqueous solutions. They include
coconut husk, bamboo, jute fibers, rattan sawdust,
orange sawdust and so on. [6,8,9]. In the Mediter-
ranean region, olive oil extraction is well developed.
This operation produces large amounts of solid olive
stone by-products and also waste waters with possi-
ble negative impacts on the environment. According
to Marks et al. [10], in 2017, the produced olive mill
solid wastes were evaluated to 4.336, 0.450 and 1.050
million tons in Spain, Tunisia and Greece, respec-
tively. The sustainable management of these wastes,
therefore, represents an important challenge. Vari-
ous management options have been tested and ap-
plied at laboratory scale for these by-products. They
include their adapted treatment [11], their thermal
conversion into biofuels and biochars for energetic,
environmental and agronomic purposes [11–15] and
also their turning into activated carbons for liquid
and gaseous effluent treatment [16–18]. The charac-
teristics of the olive stone derived activated carbons
(OSAC) depend mainly on the used activating agent
and concentration as well as the heating temperature
and residence time [16,18,19]. ZnCl2 represents one
of the best activating agents permitting the derived
activated carbon to have attractive physicochemical
characteristics [20,21]. OSAC have exhibited impor-
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tant adsorption capacities of dyes [16], pharmaceu-
ticals [18], heavy metals [20] and also gaseous pol-
lutants [22]. However, the majority of these studies
were realized in batch mode and generally focus on
a single dye removal without a precise assessment of
the involved mechanisms.

Therefore, the main aim of this work is to study,
under various experimental conditions, the valoriza-
tion of activated carbons generated from the activa-
tion of olive stones with an efficient impregnating
agent, ZnCl2, for the removal of cationic and anionic
dyes. Practically, the specific objectives of this exper-
imental investigation are: (i) assessment of the im-
pact of heating temperatures on the properties of the
generated activated carbons, (ii) investigation of the
efficiency of these OSAC in removing both anionic
and cationic dyes under different experimental con-
ditions and (iii) exploration of the possible involved
mechanisms for both cases.

2. Materials and methods

2.1. Adsorbent preparation

The natural olive stone (NOS) wastes used in this
study were collected from an olive oil industry in Ben
Guerdane city, south of Tunisia. They were washed
with distilled water and then dried in an oven for
24 h at 110 °C. Afterward, they were grounded and
sieved to obtain light brown particles with dimen-
sion between 0.05 and 0.25 mm. Four OSAC were
then prepared at four different temperatures (300,
400, 450 and 500 °C) by using a professional Muffle
Furnace (Nabertherm L24/11). They were baptized
OSAC 300 °C, OSAC 400 °C, OSAC 450 °C and OSAC
500 °C, respectively. Based on preliminary experi-
ments (data not shown), all these OSAC porous me-
dia were produced for a constant (ZnCl2:NOS) mass
ratio of 2:1 and a contact time of 2 h. The obtained ac-
tivated carbons were washed several times with dis-
tilled water until a constant pH of the washing solu-
tions. Finally, these samples were dried in a labora-
tory oven for 2 h at 80 °C.

2.2. Material characterization

The NOS as well as the generated OSAC were physic-
ochemically characterized by using various methods
and analyses with specific apparatus. They included

the assessment of the N2 adsorption–desorption pro-
files at 77 K according to the Brauner–Emmet–Teller
(BET) method by using a Quantachrome Autosorb
1-MP apparatus. For each material, the specific sur-
face area was assessed through the BET method and
the pore volume was determined from the volume
of nitrogen held at a relative pressure of P/Po =
0.99. Besides, the micropores’ surface and volume
were estimated from the t-plot method. The impact
of the NOS activation by ZnCl2 on its morphology
was assessed through scanning electron microscopy
(Philips Fei Quanta 200). Furthermore, the surface
chemistry of the materials was apprehended through
complementary analyses including the assessment
of: (i) the pH of zero-point-charge (pHzpc), and (ii)
the main surface functional groups through Boehm
titration and FTIR analysis. The pHzpc was deter-
mined according to the method given by Mohan et
al. [23]. During these assays, the material (0.15 g) was
mixed with 50 mL of distilled water containing 0.01 M
NaCl at different initial aqueous pH values (pHi) for
48 h. The used initial pH values were fixed to 2, 4,
6, 8, 10 and 12 by using 0.1 M HCl or NaOH solu-
tions. The pHzpc of the materials were determined
from the plateau of the curve of the measured final
pH (pHf) versus (pHi).

The Boehm titration method aims to determine
the oxygenic function contents in the studied materi-
als [24]. During this titration, 1 g of each tested mate-
rial was put in contact with 50 mL of sodium hydrox-
ide (NaOH), sodium carbonate (Na2CO3) and sodium
bicarbonate (NaHCO3) at 0.1 M for 24 h. This method
was based on the fact that the strongest base, NaOH,
neutralizes phenolic, lactonic and carboxylic groups.
The NaHCO3 neutralizes the lactonic and carboxylic
groups, while the weakest base, Na2CO3, neutralizes
only the carboxylic acids. The acidic and basic func-
tional groups were determined by titration of the fil-
trated aliquots against 0.05 M HCl and 0.05 NaOH so-
lutions, respectively.

Furthermore, the Fourier transform infrared
(FTIR) technique was used in order to identify the
main functional groups present on the NOS and the
derived activated carbon at different temperatures.
For this aim, infrared spectra of these materials were
assessed with a FTIR spectrometer (Perkin Elmer).
The spectra were recorded within a wave number
range of 4000–400 cm−1 for a spectral resolution of
2 cm−1.
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2.3. Preparation and analysis of dye solutions

The used MB (chemical formula (CF): C16H18ClN3S;
molar weight (MW) = 319.852 g·mol−1) and MO dyes
(CF: C14H14N3 O3S−Na+; MW = 327.34 g·mol−1) were
purchased from Sigma-Aldrich (Figure 1). They were
used during this adsorption study for the preparation
of synthetic solutions.

During the adsorption tests, two stock MB and MO
solutions of 1000 mg·L−1 were prepared and used
for the preparation of solutions at given concentra-
tions. MB and MO removal efficiencies were assessed
through the determination of their absorbance de-
cline versus time at 664 nm and 460 nm, respectively,
by using an UV spectrophotometer (Perkin Elmer,
Model UV Lambda 20).

2.4. Adsorption experiments

Batch adsorption experiments have been performed
in order to assess the efficiency of NOS and its de-
rived activated carbon in removing MB and MO from
aqueous solutions under various key experimental
conditions. All these experiments were carried out at
room temperature (25 ± 2 °C) in capped flasks. Dur-
ing these assays, a 0.1 g of the following materials was
shaken in 50 mL of MB or MO solutions during a fixed
time at 100 rpm by a magnetic shaker (Rotary agita-
tor Reax2 (Heidolph)). The residual dissolved MB or
MO concentrations were determined by using a UV-
visible spectroscopy apparatus after centrifugation at
2500 rpm for 5 min with a Centrifuge Hermle Z300
apparatus.

All the experiments cited below were performed
in triplicate and the mean values were given in this
study. The standard deviation for all assays was lower
than 5%.

2.4.1. Effect of contact time-kinetic study

The MB or MO removal kinetic by the NOS and
the derived activated carbon was assessed at various
times: 30, 60, 90, 120, 180, 240, 360, 480, 600, 720 and
1440 min. These assays were performed for constant
adsorbents dosage of 2 g·L−1 and a fixed pH of 8 and
5 for MB and MO, respectively.

The MB or MO adsorbed quantities at a given time
“t”, (qt ) and the related removal yield (Yt ) were as-
sessed as follows:

qt =
(C0 −Ct )

D
(1)

Yt (%) = (C0 −C t )

C0
×100, (2)

where C0 and Ct (mg·L−1) are the initial dye con-
centration and the dye concentration at a time “t”,
respectively, and D is the used adsorbent dosage
(g·L−1).

The MB and MO adsorption kinetics measured
data were fitted to three well-known models, namely
pseudo-first order (PFO), pseudo-second order
(PSO), and intraparticle and film diffusion mod-
els. The original as well as the linearized equation of
these models are widely cited in the literature [25,26].
The agreement between the measured and the calcu-
lated adsorbed amounts was determined according
to the estimated values of the determination coeffi-
cients as well as the calculated average percentage
errors (APEkinetic):

APEkinetic(%) = Σ|(qt ,exp −qt ,calc)/qt ,exp|
N

×100, (3)

where qt ,exp and qt ,calc (mg·g−1) are the measured
and the theoretical adsorbed amounts at the in-
stant “t”.

2.4.2. Impact of initial aqueous pH

The used initial pH values have a very impor-
tant impact on ionic dye removal efficiency by ad-
sorbents. In our case, MB and MO adsorption by the
NOS and its derived activated carbon was performed
for initial pH values of 2, 4, 5, 7, 8, 9, 10 and 12. The
used adsorbent dose and contact time were fixed to
2 g·L−1 and 6 h, respectively.

2.4.3. Effect of initial concentration-isotherm study

The effect of the initial dyes’ concentrations on
their removal efficiency by the NOS and OSAC were
assessed at an equilibrium state for a contact time
of 360 min, a pH = 9 for MB, a pH = 3.5 for MO
and adsorbents dose of 2 g·L−1. The tested dye con-
centrations were fixed to 30, 75, 125, 250, 500 and
1000 mg·L−1. The measured data were confronted
to famous models namely: Freundlich, Langmuir
and Dubinin–Radushkevich (D–R) models. These
model equations, assumptions and implications
were widely cited in the bibliography [21,26,27]. The
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Figure 1. Chemical structures of the used dyes: methylene blue and methyl orange.

Table 1. Textural properties of NOS and its derived ZnCl2 activated carbon at different temperatures

Adsorbents SBET (m2·g−1) Sµ (m2·g−1) VT (cm3·g−1) Vµ (cm3·g−1)

NOS 16 0 0.03 0

OSAC 300 °C 200 160 0.11 0.10

OSAC 400 °C 740 595 0.57 0.25

OSAC 450 °C 400 320 0.18 0.15

OSAC 500 °C 300 250 0.137 0.11

(SBET: total specific surface area; Sµ: micropores surface area; VT: total
pores volume; Vµ: micropores volume).

fitting goodness between the measured and theoret-
ical adsorbed amounts by the three used models and
the two tested dyes was calculated as follows:

APEisotherm(%) = Σ|(qe,exp −qe,calc)/qe,exp|
N

×100, (4)

where qe,exp and qe,calc (mg·g−1) are the measured
and the theoretical adsorbed dye quantities at equi-
librium.

3. Results and discussion

3.1. Adsorbents characterization

3.1.1. Textural and structural properties

N2 adsorption–desorption isotherms. The adsorp-
tion–desorption isotherms of N2 at −196 °C by the
NOS and its 4 derived activated carbons at 300, 400,
450 and 500 °C are shown in Figure 2. Based on the
classification adopted by the International Union of
Pure and Applied Chemistry (IUPAC), the activated
carbons exhibited the type I isotherms correspond-
ing to microporous materials. It is important to un-
derline that, by increasing the temperature up to

400 °C, the amount of N2 adsorbed increases (this in-
dicates the gradual development of the porous struc-
ture), then it decreases (which is explained by the de-
terioration of porous structure). A similar trend was
found by Mojoudi et al. [28] when studying phenol
adsorption onto activated carbons generated from
oily sludge. Moreover, the activated carbons prepared
with different temperatures present hysteresis loops
indicating the existence of mesopores [29].

The textural characteristics of the tested materials
are given in Table 1. Compared to the raw biomass,
activation with ZnCl2 has an important effect on the
textural characteristics of the NOS-derived activated
carbons. Indeed, this operation has significantly de-
veloped the pores structure. It appears that the values
of the BET surface area, the surface area of the micro-
porous pores, the total porous and microporous vol-
umes significantly rise with the increase of the used
heating temperature until a temperature of 400 °C,
then, decrease even if the temperature increases. The
highest values of these parameters (obtained at a
temperature of 400 °C) were assessed to 740 m2·g−1,
595 m2·g−1, 0.57 cm3·g−1 and 0.25 cm3·g−1 for the
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Figure 2. N2 adsorption isotherms of NOS and its derived ZnCl2 activated carbon at different heating
temperatures.

SBET, the surface microporous area, the total porous
and microporous volumes, respectively. These val-
ues were about 270%, 271%, 418%, 150% and “146%”,
“85%”, “216%”, “66%” higher than the values ob-
tained at temperatures of 300 °C and “500 °C”,
respectively. This outcome might be attributed to
the contraction of the porous structure, destruction
of micropores and the decrease of the surface area
for used temperatures higher than 400 °C [28].

Similar findings have been reported by Mojoudi
et al. [28] and Mahmoudi et al. [21] when they stud-
ied the activation of oily sludge and lignite by potas-
sium hydroxide and zinc chloride, respectively. For
instance, when activating oily sludge by KOH (im-
pregnation ratio of 1:1), the highest values of specific
surface area, total porous volume and micropores
were obtained at a heating temperature of 800 °C;
these parameters then decreased when rising the
used temperatures [28].

SEM analyses. The olive stones and its derived acti-
vated carbon at 400 °C surface morphology were in-
vestigated by SEM. The related images at different
scales are presented in Figure 3. It can be deduced
that the activation with ZnCl2 has favored the de-
velopment of cavities and micropores on the OSAC
400 °C. This activated carbon has cavities and cracks

on their external surfaces. Similar findings were reg-
istered by Ibn Ferjani et al. [30], Limousy et al. [18]
and Eren et al. [31] for raw marc grapes pyrolyzed at
various temperatures and olive stones activated by
phosphoric acid and zinc chloride, respectively.

3.1.2. Surface chemistry

The point of zero charge. The determination of the
pHzpc of the NOS and OSAC 400 °C was carried out
with respect to the experimental protocol presented
in Section 2.2. The ZnCl2 activation of the NOS has
decreased its pHzpc from 5.5 to 4.6. This decrease
could be imputed to the acidification of the adsor-
bent surface. Similar behavior has been reported by
Erdem et al. [32] and Uner et al. [33] when activating
by zinc chloride vine shoots and waste watermelon
rind, respectively. They found pHzpc values for their
activated materials of 4.8 and 4.5, respectively. It is
worth mentioning that for aqueous pH higher than
pHzpc, adsorbent surfaces will be negatively charged
and consequently adsorption of cationic dyes should
be favored and vice versa [34].

Boehm titration. The functional groups existing on
the surface of the NOS and the ZnCl2-derived acti-
vated carbon at a heating temperature of 400 °C (hav-
ing the best textural properties) were determined ac-
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Figure 3. SEM images of NOS (a,b) and the derived ZnCl2-activated carbon at a heating temperature of
400 °C (c,d).

cording to the explained protocol in Section 2.2. Ex-
perimental results (Table 2) showed that for natural
olive stones, the total acidic and basic group con-
tents were assessed to 3.30 and 2.03 mmol·g−1, re-
spectively.

The use of zinc chloride in the activation process
provides supplementary amounts of acidic groups
on the OSAC 400 °C surface (especially carboxylic
groups). After activation, the acidic functional groups
increase by 12.1%, whereas the total basic sites de-
crease the OSAC by 50.7%. The formation of acidic
surface groups is due to the reactions between zinc
chloride and oxygen with the raw material [35].
Indeed, the ZnCl2 oxidation can occur at a temper-
ature range of 400–600 °C as follows:

ZnCl2(s)+0.5O2(g)� ZnO(s)+Cl2(g)

A similar trend was registered by Bohli et al. [36]
when studying date pits activation by zinc chlo-
ride. They found that the total acidic groups have
increased from 2.5 to 5.9 mmol·g−1 and the total ba-
sic contents decreased from 1.82 to 0.72 mmol·g−1.

FTIR spectroscopy. The FTIR spectra of NOS and
the generated ZnCl2 activated carbons at different
heating temperatures are given in Figure 4. For all the
analyzed samples, the stretching vibrations of the OH
groups (alcohols, phenols and carboxylic acids) ob-
served at around 3430 cm−1 was partly attributed to
the residual presence of adsorbed water in the car-
bons [19]. The C–H stretching bands at about 2920
and 2850 cm−1 were observed for all the samples [21,
37]. However, their intensities decrease with the in-
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Table 2. Acidic and basic functional groups of NOS and its derived ZnCl2 activated carbon at a tempera-
ture of 400 °C

Adsorbents Acidic functions (mmol·g−1) Basic functions (mmol·g−1)

Carboxylic groups Phenolic groups Lactonic groups Total acid

NOS 0.60 2.00 0.70 3.30 2.03

OSAC 400 °C 1.90 1.00 0.80 3.70 1.00

Figure 4. FTIR spectra of NOS and its derived ZnCl2-activated carbon at different heating temperatures.

crease of the heating temperature [29,38]. This be-
havior could be imputed to the volatilization, min-
eralization or degradation of the readily available
molecules and metabolites [39]. The absorption band
observed at 1650 cm−1 correspond to C=O stretch-
ing vibration of carbonyl groups [37] and the ones at
3430 and 1060 cm−1 are associated to O–H stretch-
ing vibration of hydroxyl groups [21,38] and C–O
stretching vibrations in phenols, alcohols, ester or
ether groups [37], respectively. For all the studied ac-
tivated carbons, a band occurring at 1600 cm−1 was
observed; it corresponds to axial deformation of car-
bonyl groups [17]. Moreover, the bands observed at
1400 cm−1 correspond to C=O stretching and C–O
stretching in carboxylic groups [17,21]. The absorp-
tion band observed at 584 cm−1 corresponds to in-

plane ring deformation [40]. These functional groups
can significantly influence the adsorption of both the
tested dyes. It is important to underline that the FTIR
analyses confirm the abundance of acidic groups
that were already highlighted by the Boehm titration
analysis.

3.2. Dye adsorption

3.2.1. Kinetic studies of MB and MO removal

The effect of contact time on the adsorption of
both dyes (MB and MO) by the NOS and its de-
rived ZnCl2-activated carbon at a temperature of
400 °C was determined for the experimental condi-
tions cited in Section 2.4.1. The experimental results
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Figure 5. MB (a) and MO (b) kinetic removal by NOS (C0,MB = 125 mg·L−1; C0,MO = 75 mg·L−1) and OSAC
400 °C (C0,MB = 500 mg·L−1; C0,MO = 500 mg·L−1) and their fitting with PFO and PSO (adsorbent dose =
2 g·L−1; T = 25±2 °C).

(Figure 5a,b) showed that it is a time-dependent pro-
cess. Indeed, MB and MO adsorption was very fast at
the beginning of the experiments since about 90.3%
and 91.3% of the totally adsorbed amounts of MB and
MO by OSAC 400 °C were removed after a duration of
only 2 h, respectively. This step is generally imputed
to diffusion through the boundary layer. Then, MB
and MO continue to be adsorbed by the used mate-
rials but with a slower rate. This phase could be at-
tributed to intraparticle diffusion of the dyes inside

the porous structure of the used adsorbents [41,42].
The equilibrium state which corresponds to quasi-
constant adsorbed dye amounts was registered after
about 6 h. This time is relatively higher than those de-
termined by Gong et al. [43] when studying BM and
MO removal by activated carbons derived from finger
citron residue. It is, however, lower than the ones re-
ported for the adsorption of MO and MB by activated
carbons modified with silver nanoparticles [44]. It is
worth mentioning that low equilibrium contact times
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Table 3. Estimated kinetic model parameters during the adsorption of MB and MO onto NOS and derived
activated carbon

Adsorbent Dyes PFO model PSO model Diffusion model

qe,exp

(mg·g−1)

k1
(h−1)

R2 APE
(%)

k2
(g·mg−1·h−1)

qe,calc
(mg·g−1)

R2 APE
(%)

Df
(×10−14

m2·s−1)

R2 Dip

(×10−14

m2·s−1)

R2

NOS MB 50.0 0.242 0.804 33.5 0.040 51.6 0.948 10.9 7.789 0.999 35.060 0.991

MO 25.0 0.173 0.665 44.1 0.106 25.6 0.978 5.7 10.560 0.989 17.880 0.993

OSAC MB 249.2 0.499 0.844 18.2 0.014 254.8 0.941 7.5 4.385 0.997 9.104 0.973

400 °C MO 158.9 0.319 0.593 31.1 0.037 161.2 0.993 2.0 4.872 0.998 6.322 0.955

(C0,MB = 125 mg·L−1; C0,MO = 75 mg·L−1) and OSAC 400 °C (C0,MB = 500 mg·L−1; C0,MO = 500 mg·L−1; adsorbent
dose = 2 g·L−1; T = 25±2 °C).

is particularly important for the economic viability of
the process when up-scaled to field conditions.

At equilibrium, the adsorbed MB and MO by OSAC
400 °C were determined to 249 and 158 mg·g−1,
which are about 5.0 and 6.3 higher than the ones
determined for NOS. This is attributed to the more
interesting physicochemical characteristics of the
OSAC compared to the NOS, especially its texture
(see Table 1) and surface chemistry (see Table 2 and
Figure 3). On the other hand, for both NOS and OSAC
400 °C, MB adsorbed amounts were higher than the
ones for MO. This behavior will be discussed later in
Section 3.2.3.

Table 3 gives the parameters of the three used
kinetic models: PFO, PSO and diffusion models. It
can be clearly deduced that the PFO model does not
adequately fit to the experimental data. Indeed, the
corresponding determination coefficients (R2) are
relatively low and the calculated APE between the
experimental and the theoretical adsorbed amounts
was very high. For instance, for OSAC 400 °C, the cor-
responding R2 and APE were assessed to 0.844 and
“0.593” and 18.2% and 31.1% for MB and “MO”, re-
spectively.

On the contrary, the PSO model fits very well the
kinetic experimental data (Figure 5a,b). Indeed, the
R2 obtained for NOS or OSAC 400 °C and for the both
studied dyes were higher than those obtained for PSO
(Table 3). Moreover, the calculated APE values were
relatively lower than the assessed ones for the case
of PFO model. The worst case (APE = 10.9%) was ob-
served for MB adsorption onto NOS but remains very
low compared to the PFO model. This finding con-
firms the good concordance between the experimen-

tal data and the calculated ones by the PSO model
(Figure 5). Besides the calculated adsorbed amounts
of MB and MO at equilibrium for both NOS and OSAC
400 °C were close to the experimental values (Ta-
ble 3). For instance, for OSAC 400 °C, these differ-
ence percentages between the experimental and the
theoretical adsorbed amounts were determined to
2.3% and 1.5% for MB and MO, respectively. There-
fore, under the tested experimental conditions, the
PSO model is more suitable in fitting the MB and
MO removal by NOS and the derived ZnCl2-activated
carbon. This model suggests that the rate limiting
step might be chemical adsorption including valency
forces through sharing or exchange of electrons be-
tween these two tested dyes and olive stone derived
adsorbents [41,45].

The adsorption of MB and MO by the NOS and
OSAC 400 °C was analyzed through the application
of film and intraparticle diffusion models. Results in-
dicated that the dye adsorption process proceeds by
surface interactions for times lower than 90 min for
NOS and 120 min for OSAC 400 °C and by intraparti-
cle diffusion at later stages (Figure 5a,b). According
to the calculated film and intraparticle diffusion co-
efficients, it can be deduced that the intraparticle dif-
fusion process might be the limiting factor during
both MB and MO adsorption onto the two adsor-
bents (Table 3). A similar finding was reported by Wu
et al. [46] when studying methylene blue, phenol and
4-chlorophenol removal by activated carbons from
oil-palm shells. On the other hand, the activation of
the OS has significantly reduced the film and intra-
particle diffusion coefficients for MB and MO (Ta-
ble 3). The values of film diffusion coefficient, Df
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Figure 6. Impact of the initial aqueous pH on MB (a) and MO (b) removal efficiency by NOS (C0,MB =
30 mg·L−1; C0,MO = 30 mg·L−1) and OSAC 400 °C (C0,MB = 250 mg·L−1; C0,MO = 250 mg·L−1, adsorbent
dose = 2 g·L−1; contact time = 6 h; T = 25±2 °C).

were higher for NOS than for OSAC indicating that
film diffusion was faster for NOS than for OSAC [47].
The calculus of the intraparticle diffusion coefficients
showed that OSAC was a more favored medium than
NOS for internal transfer of both the studied dyes.

3.2.2. Impact of initial aqueous pH

The impact of initial aqueous pH on MB and MO
adsorption onto NOS and its derived ZnCl2-activated

carbon at a temperature of 400 °C (OSAC 400 °C)
was investigated under the experimental conditions
presented in Section 2.4.2. The experimental results
(Figure 6) indicated that the two used dyes exhib-
ited opposite behaviors. Indeed, for example, for
OSAC 400 °C the MB pollutant, which is a cationic
dye, was preferentially adsorbed at higher used pH
values. In fact, the adsorbed MB amount increased
from 18 mg·g−1 for an initial pH of 2 to more than

C. R. Chimie, 2020, 23, n 11-12, 689-704



700 Khaled Mahmoudi et al.

Table 4. Calculated parameters of Langmuir, Freundlich and D–R models corresponding to MO and MB
removal by natural olive stones and its ZnCl2-derived activated carbon at a temperature of 400 °C

Adsorbents Dye Langmuir isotherm Freundlich isotherm D–R isotherm

KL

(L·mg−1)
qm

(mg·g−1)
R2 APE

(%)
n KF R2 APE

(%)
qm,D–R

(mg·g−1)
E

(kJ·mol−1)
R2 APE

(%)

NOS MB 0.219 59.2 0.998 9.7 1.9 9.1 0.892 23.9 390.3 11.4 0.991 12.3

MO 0.338 34.2 0.955 12.3 3.7 12.2 0.893 20.1 91.4 15.4 0.862 14.3

OSAC MB 0.081 303.0 0.970 31.9 2.5 44.8 0.963 14.4 963.5 12.4 0.986 9.0

400 °C MO 0.092 277.8 0.999 9.2 2.0 28.7 0.847 28.7 1380.0 11.1 0.993 16.9

120 mg·g−1 for an aqueous pH of 9. This finding
could be explained by the fact that for aqueous pH
higher than the pHzpc, which were determined to 5.5
and 4.6 for NOS and OSAC 400 °C, these materials
should be negatively charged. Therefore, adsorption
through electrostatic attraction of positively charged
ions will be favored. A similar trend was reported for
MB removal by activated carbons from globe arti-
choke leaves [48] and reed-derived biochar by tannic
acid [49].

For the reason cited above, the opposite behav-
ior was registered for the negatively charged MO dye.
The MO adsorbed amount decrease from about 15
and 120 mg·g−1 for NOS and OSAC 400 °C at an aque-
ous pH of 4 to about 3.3 and 26.4 mg·g−1 at a pH
of 12, respectively. Similar findings were reported for
anionic dye removal by natural or modified adsor-
bents [50,51].

3.2.3. Impact of initial concentration-isotherm mod-
eling

The impact of the initial concentrations on MB
and MO removal efficiency by NOS and OSAC 400 °C
has been determined under the experimental con-
ditions presented in Section 2.4.3. The used pH for
MB and MO solutions were fixed to 9.0 and 3.5,
respectively. They correspond to their highest ad-
sorbed amount during the kinetic study (see Fig-
ure 5). The obtained measured data were fitted to
Freundlich, Langmuir and D–R models as explained
in Section 2.4.3. Figures 7(a,b) give the comparison
between the experimental and theoretical data re-
garding MB and MO adsorption by both adsorbents,
respectively. The calculated constants of these three
models are given in Table 4.

On the basis of Figure 7 and Table 4, it can be
deduced that Langmuir isotherm fits the best to the

experimental data compared to the Freundlich and
D–R results. Indeed, this model has the most inter-
esting determination coefficients and APE. For in-
stance, for MO onto OSAC 400 °C, the highest R2

(R2 = 0.999) and the lowest APE (9.2%) were obtained
for Langmuir isotherm. Even if the D–R isotherm’s
R2 and APE are also satisfactory (Table 4), the cor-
responding predicted maximum adsorbed MB and
MO amounts were very high compared to the cal-
culated ones using the Langmuir model (Table 4).
These unrealistic theoretical capacities could be im-
puted to the hypotheses taken into account by this
model especially the presence of homogenous and
uniform microporous structures in the studied ma-
terial [2]. Besides, the highest Langmuir’s parameter
values “RL = 1/(1+KL+C0 )” were estimated to 0.072
and 0.055 for MB and MO, respectively. All these val-
ues are less than 1 indicating a favorable adsorp-
tion of both dyes by the used adsorbents. This result
suggests that dyes adsorption onto NOS and OSAC
400 °C occurs on uniform monolayer coverage at the
outer surface of the adsorbents [52]. On the other
hand, Freundlich parameter “n” was assessed to 2.5
and 2.0 for MB and MO adsorption onto OSAC 400 °C.
They are in the range of 1–10, indicating that the ad-
sorption of these two dyes by the used activated car-
bon is a favorable process. Values in the same range
were determined by Tseng and Wu [53] when study-
ing methylene removal by activated carbon from
bamboo.

Concerning the D–R isotherm application, it is
very important to mention that all the calculated free
energy values (E = 1/

p
2β) for both dyes and the two

adsorbents were higher than 8 kJ·mol−1. This indi-
cates that MB and MO removal process might occur
mainly through cation exchange (Table 4). Compa-
rable outcomes have been stated by Valliammai et
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Figure 7. Isothermal experimental and fitted data with Freundlich, Langmuir and D–R models for MB (a)
and MO (b) removal by NOS and OSAC 400 °C (initial pH for MB solutions = 9; initial pH for MO solutions
= 3.5; adsorbent dose = 2 g·L−1; contact time = 6 h; T = 25±2 °C).

al. [54] when investigating MB removal by activated
carbons derived from agricultural by-products.

The Langmuir’s maximum adsorption capacities
of MB and MO by OSAC 400 °C were assessed to 303.0
and 277.8 mg·g−1, which are about 5.2 and 8.1 times
higher than the ones determined for NOS. This be-
havior is attributed to the improved structural and
textural properties of the ZnCl2-generated activated
carbon, especially its specific surface area, micropor-
sity volume as well as functional group richness.

Table 5 compares the determined adsorption ca-
pacities (Langmuir’s qm) of MB and MO on NOS and

OSAC 400 °C with other activated carbons. It can be
clearly seen that OSAC 400 °C can be considered as a
promising material for dye removal from waste wa-
ters. Indeed, its MB adsorption capacity was about
28.5, 3.5 and 2.9 times higher than activated car-
bons generated from Macore fruit shells [55], cola nut
shells [56] and cellulose biocomposite films [57]. Be-
sides, MO adsorption capacity by OSAC 400 °C was
about 2.5, 2.3 and 1.7 higher than those reported for
activated carbons generated from Vitis vinifera [58],
a copper sulfide nanoparticle-loaded activated car-
bon [59], and an activated carbon synthetized from
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boiler residue [60].

Figure 8. Probable adsorption mechanisms for MB and MO dyes onto olive stone activated carbon.

Table 5. Comparison of MB and MO adsorption onto NOS and OSAC 400 °C with other activated carbons

Adsorbent Dye Langmuir’s adsorption
capacity, qm (mg·g−1)

Reference

Activated carbon from boiler residue MO 161.81 [60]

Activated carbon prepared from Vitis vinifera L. MO 111.11 [58]

Sisal activated carbon/cellulose biocomposite films MB 103.7 [57]

Cola nut shells derived activated carbon MB 87.12 [56]

Macore fruit shells derived activated carbon MB 10.61 [55]

MO 3.42

Copper sulfide nanoparticles loaded activated carbon MO 122 [59]

Activated carbon modified by three surfactants MB 232.5 [61]

Activated carbon from olive stones MB 303.0 Present work

MO 277.8

3.2.4. Adsorption mechanism exploration

As illustrated in Figure 8, the adsorption mecha-
nism is mainly attributed to hydrogen bonding and
electrostatic interaction between dyes and oxygen-
containing functional groups on the activated car-
bon surface [59,62]. For MB, the maximum adsorp-
tion occurs for alkaline pH values when the surface
sites of the adsorbent become negatively charged.
MB adsorption includes the electrostatic attraction
between the positively charged amino groups and
the negative charges available on the activated car-
bon surface, and the π–π interactions which occur
between the localized π electrons in the conjugated

aromatic rings of activated carbon and the aromatic
rings of MB dye [63]. On the contrary, the adsorp-
tion capacity of methyl orange was maximum for
acidic medium (pH = 3.5). At this pH range, the sur-
face of the activated carbon is positively charged and
that of MO is negatively charged. The electrostatic in-
teractions between the methyl orange deprotonated
groups (sulfonate (−SO−

3 )) and oxygen-containing
groups on the activated carbon surface promote the
adsorption of methyl orange [62]. Also, the hydrogen
bonding and the π–π interactions in the structure
of activated carbon are important factors in this dye
adsorption process [63]. It is important to underline
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that given the fact that MB and MO adsorption was
best fitted with Langmuir model, each active adsorp-
tion site will interact with only one dye molecule.
Furthermore, all the adsorption sites are energeti-
cally equivalent and there were no interactions be-
tween adjacent adsorbed molecules [25,26].

4. Conclusions

This study investigated the synthesis of activated car-
bons from an abundant waste (olive stones) and
its use as adsorbent for cationic and anionic dyes.
Results indicated that this raw material activation
with ZnCl2 at a temperature of 400 °C produces
an activated carbon with attractive structural, textu-
ral and surface chemistry characteristics. These im-
proved properties allowed the activated carbon to
efficiently remove both cationic and anionic dyes
under wide experimental conditions. Kinetic and
isothermal data indicated that MB and MO adsorp-
tion onto the raw olive stone and its derived ac-
tivated carbon occurs through chemical processes
including mainly electrostatic attraction, hydrogen
bonding and π–π interactions. Besides, the Lang-
muir’s adsorption capacities of MB and MO onto the
synthetized activated carbon were assessed to 303.0
and 277.8 mg·g−1, for aqueous pH values of 9.0 and
3.5, respectively. These adsorption capacities are rel-
atively higher than various activated carbons which
indicates that our synthetized material could be con-
sidered as an efficient and promising material for
dyes and probably other organic/mineral pollutants
removal from industrial effluents. Further investiga-
tions are required in order to assess these dyes re-
moval abilities under dynamic conditions by using
laboratory column or continuous stirring tank reac-
tors. The optimization of these dyes’ desorption and
if possible, recovery for reuse, is also an important
task to be undertaken.
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threat, respectively.
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1. Introduction

Sustainable management of olive mill waste (OMW)
in Mediterranean countries is a challenging issue [1].
A great deal of research has been devoted to study-
ing the impact of various practices and methods for
managing this type of waste worldwide [2,3].

Olive oil production is considered one of the
oldest agricultural industries in the Mediterranean
countries. Spain, Italy, Greece, and Tunisia are the
largest oil producers worldwide, representing 73.5%
of the overall olive oil production globally [4]. Fur-
thermore, almost 98% of the world’s olive tree culti-
vation involving approximately 900 million trees in
10 million hectares of land is concentrated in the
Mediterranean Basin [5–8].

The production of olive oil from different types
of olive mills (three-phase, two-phase, and tradi-
tional) is a seasonal process, which results in very
large quantities of waste that must be managed in
a short time. In ideal operating conditions, an oil
production unit has its own waste management sys-
tem (e.g., chemical or biological treatment) [9]. In
most cases, however, mainly due to the small capac-
ity of oil mills and the high cost of various waste
treatment technologies, oil mills discharge untreated
OMW into the environment. The main recipients are
soils, surface water, and groundwater in addition to
seas.

Untreated OMW can cause severe environmental
degradation due to its very high organic and inor-
ganic load, foul odour, and intense dark black/brown
color [6,7,10–12]. Furthermore, landspreading and
disposal into evaporation ponds without taking pro-
tective measures are practices that are observed in
many olive producing areas and mainly small mills
due to the low cost of these practices and also lenient
control measures by competent authorities. Research
works published so far report that discharge into soils
(in ponds or directly on soil surfaces) degrades soils
gradually [13] and may cause groundwater contami-
nation through leaching [8].

As soil formation is an extremely slow process,
the soil is considered a nonrenewable resource. Al-
though, until recently, soil was the “poor relation”
of air and water, its importance is now beginning
to be recognized worldwide [14]. Significant strate-
gies have been designed and implemented to pro-
tect soil [15,16]. Soil is now included directly and

indirectly in the Sustainable Development Goals
(Goal numbers 2, 3, 6, 11–13, and 15) [17].

Without ignoring the importance and contribu-
tion of various organic waste treatment technolo-
gies in maintaining environmental quality, the cur-
rent approach focuses on the utilization of organic
waste and moving to a more cyclic way of im-
plementation as regards the management of ma-
terials and resources [3,18]. In light of these facts,
many researchers and policy makers promote the
reuse of OMW for irrigation and fertilization pur-
poses [19]. Experiments with controlled addition of
OMW to soils for usually a few years (1–3 years) have
shown that a severe impact on soil electrical con-
ductivity (EC), polyphenol content and pH is not ex-
pected although a significant increase is observed in
potassium, phosphorus, nitrogen, and organic mat-
ter (OM) concentrations in soil [13,20]. Even though
in most of these cases and after a sufficient time pe-
riod, usually 4–6 months, or after harvesting of cul-
tivated plants, the soil was restored in terms of in-
creased value of its constituents, this is not the case
for soils where untreated OMW is disposed of in
an uncontrolled manner and for many years [10,11,
21]. Another important difference between these two
cases is soil quality. In the case of field experiments,
soils on experimental plots were healthy without
prior waste disposal, while in the second case, soils
had been receiving large amounts of waste for many
years. Therefore, it is obvious that soil behaviour in
these two cases does not have much in common, es-
pecially in terms of persistence, resilience, and the
degradation level of pollutants. Studies carried out
in the framework of the European LIFE PROSODOL
Project “Strategies to protect and improve soil quality
from the disposal of olive mill waste in the Mediter-
ranean region” have shown that in areas where un-
treated waste is disposed of, there are changes in soil
properties, which are not reverted to normal con-
ditions even after a 10-year cessation of waste dis-
posal [10,11,21–23]. Although most of the soil prop-
erties were found to be affected to a greater or lesser
degree, it was also found that some soil properties
could be used as indicators for the assessment of soil
quality at OMW disposal areas. These include soil
pH, OM, EC, total nitrogen, polyphenols, exchange-
able potassium, available phosphorus, and available
iron [21]. This study aims to confirm the validity
of these proposed soil indicators by evaluating the
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Figure 1. Location of the five ponds studied in the LIFE PROSODOL project (blue markers) and the nine
randomly selected ponds of this study in Crete (red markers).

results obtained after visiting and studying nine
OMW disposal sites in Greece, which were randomly
selected and without any knowledge of their his-
tory. Therefore, the importance and innovation of
this study lie in verifying the ability of soil OMW indi-
cators as proposed by Doula et al. [21]. This approach
can be used as a framework for assessing soil quality
not only in areas where the disposal of OMW is com-
mon practice but also in areas where OMW is applied
for fertigation in accordance with current legislation.

2. Materials and methods

The study was based on the research work of Doula
et al. [21] in the framework of the LIFE PROSODOL
project [24], in which the authors reported their
results regarding the definition of soil indicators
specific to OMW disposal areas. In brief, the LIFE
PROSODOL project was implemented in Rethymno,
Crete, Greece, where a well-designed soil monitor-
ing system was implemented to assess the impact of
OMW disposal on soil properties.

The monitoring strategy was applied for almost
two years. The process included bimonthly soil sam-
pling and analysis of 23 soil parameters from five
OMW disposal areas (blue markers in Figure 1),
which were located in the prefecture of Rethymno,

Crete. More than 16,200 samples were collected
and analyzed. After processing the collected soil
data, eight soil-quality indicators were defined and
proposed.

2.1. Areas understudy

Nine OMW disposal areas were selected from Crete
(red markers in Figure 1; Table 1). Soil and waste sam-
ples were collected once in June 2017 when evap-
oration ponds were full of OMW (after the oil pro-
duction period, which ends in January, and before
the hot Mediterranean summer when OMW partly
evaporates). In all cases, OMW was produced from
three-phase mills by the continuous centrifuge ex-
traction process. The OMW management practice
was the same for all sites, that is, disposal in evapora-
tion ponds. The ponds were deep (up to 1.5–2 m) and
were poorly constructed by using simple soil excava-
tion methods (Figure 2) and without using any pro-
tective medium to prevent leaching to aquifers (e.g.,
geotextiles).

Soil and waste samples were collected by follow-
ing the method of composite samples. Composite
samples were prepared from discrete, equal quanti-
ties of specimens were taken from several locations
at a constant depth (spatial composite). This type of
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Figure 2. Typical OMW evaporation pond in Crete, Greece.

Table 1. Coordinates, percentage of clay content, and texture of the nine OMW disposal areas in this
study

Disposal area Latitude Longitude Clay (%) Texture

Episkopi, Rethymno 35° 19′ 34.68′′ N 24° 20′ 21.47′′ E 28 Silty clay loam

Sellia, Rethymno 35° 12′ 08.21′′ N 24° 22′ 39.64′′ E 28 Silty clay loam

Akoumia, Rethymno 35° 10′ 8.72′′ N 24° 34′ 48.99′′ E 27 Silty clay loam

Agouseliana, Rethymno 35° 14′ 7.72′′ N 24° 26′ 36.62′′ E 14 Sandy loam

Koxare, Rethymno 35° 13′ 39.28′′ N 24° 28′ 20.95′′ E 10 Sandy loam

Asomatos, Rethymno 35° 11′ 26.00.′′ N 24° 26′ 23.39′′ E 29 Silty clay loam

Spili, Rethymno 35° 12′ 22.02′′ N 24° 32′ 6.98′′ E 16 Sandy loam

Adele, Rethymno 35° 21′ 57.17′′ N 24° 33′ 39.70′′ E 48 Clay

Achlada, Heraklion 35° 23′ 38.65′′ N 24° 59′ 49.07′′ E 20 Loam

sampling is considered as being representative of the
mean composition of an area because in general it re-
duces the intrinsic variability of the final sample and
allows the mean concentration of an area to be esti-
mated with better accuracy [25].

Soil samples were collected from the inner area of
the ponds and also from the surrounding area (con-
trol samples). The sampling interval was 25 cm, start-
ing from the surface and ending at a depth of 1 m.
However, in areas with shallow soils, samples were

collected to a depth where it was possible for the
auger to penetrate the soil. From inside the evapo-
ration ponds, samples were collected from different
points on the walls and the bottom (five points in
each pond) and at different depths. Then, the sam-
ples of the same depth were mixed to form a sin-
gle composite sample. As the soil inside the ponds
was disturbed due to the excavation, the soil tex-
ture was determined from the undisturbed samples,
which were the controls (Table 1).
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Table 2. Chemical analysis results of the OMW collected from the nine ponds

Parameter Value range Mean SD

pH 4.91–5.45 5.10 0.18

Electrical conductivity (mS/cm) 7.62–8.15 7.93 0.17

Total organic carbon (g/L) 34–37 35 1

BOD (g/L) 35–42 38 3

COD (g/L) 55–74 65 7

Total Kjeldahl nitrogen (mg/L) 750–790 775 15

Total polyphenols (g/L) 8.5–9.2 8.8 0.2

Potassium (g/L) 4.2–4.7 4.5 0.2

Phosphorus (mg/L) 430–480 463 17

Calcium (mg/L) 430–500 466 24

Sodium (mg/L) 106–118 111 4

Magnesium (mg/L) 152–170 162 6

Boron (mg/L) 5.1–5.4 5.3 0.1

Copper (mg/L) 30–33 32 1

Iron (mg/L) 210–260 238 14

Zinc (mg/L) 17–21 19 1

Manganese (mg/L) 9–13 11 1

2.2. Soil and OMW analysis

The collected soil samples were analyzed not only for
the eight indicators defined by Doula et al. [21] but
also for multiple parameters to determine whether
other properties were affected by waste disposal. In
particular, soil samples, after air drying and siev-
ing, were analyzed for particle size distribution tex-
ture (only the control soils) by using the Bouy-
oucos method [26]; pH and EC in paste extract us-
ing a pH/EC meter [27,28]; OM by dichromate ox-
idation [29,30]; carbonates by using a Bernard cal-
cimeter [27]; total N by the Kjeldahl method [31];
available P by sodium hydrogen carbonate extrac-
tion [32] and measured using a HITACHI U3010
Spectrophotometer; and exchangeable K+, Ca2+, and
Mg2+ by BaCl2 extraction [33] and measured using
a Varian SpectrAA 220 Atomic Absorption Spectrom-
eter. Methanol-extractable phenol compounds were
quantified by means of the Folin–Ciocalteu colori-
metric method [34]. Available Mn, Fe, Cu, and Zn
were determined using extraction with diethylenetri-
aminepentaacetic acid according to the standard ISO
14870:2001 [35] and measured by a Varian SpectrAA
220 Atomic Absorption Spectrometer. Boron was

extracted using boiling water and quantified by ap-
plying the azomethine-H method [36].

Moreover, nine mixed waste samples were col-
lected from inside the nine ponds and analyzed for
several parameters (Table 2) using accredited meth-
ods [6]. The initial digestion of the waste samples was
carried out by using the EPA 3052 method with HNO3

digestion in a microwave oven. The total phenol
content was determined using the Folin–Ciocalteu
method [34]. As can be seen in Table 2, the collected
samples are characterized by low pH, high EC, and a
high content of nutrients and polyphenols.

3. Results and discussion

3.1. Carbonate content and pH of pond soils

Regarding the effect on soil pH, as can be seen in Fig-
ure 3, the high percentage of carbonates acts protec-
tively against the acidity of OMW. Thus, in soils with
a low carbonate content, the reduction in pH is more
probable (Achlada, Spili, and Akoumia). However, in
some cases, there is an increase in the pH of pond
soils in comparison to the controls (Sellia, Episkopi,
Adele, and Asomatos). The common denominator of
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Figure 3. pH values and CaCO3 content of soil samples collected from the nine disposal areas in Crete.

the later cases appears to be the clay content of the
soil, which in all these cases is higher than 28%. This
is in agreement with the results by Regni et al. [20],
who reported that soils with a high percentage of clay
appear to be the best choice for fertigation with olive
mill wastewater, while the carbonate content is im-
portant for providing efficient buffering power and
avoiding extreme changes in the pH value. This is in
line with the results from the main sampling cam-
paign of the PROSODOL project, which indicate that
for alkaline soils rich in CaCO3, seasonal surface ap-
plication of OMW does not markedly affect the soil
pH in the long term since most of the acidity of OMW
is neutralized by the CaCO3 [23] in the soil. However,
this study also reveals that OMW disposal may grad-
ually reduce the CaCO3 content in the soil as can
be observed for Episkopi and Adele ponds. This is

in agreement with the results of previous work [37],
which reported that the low pH of OMW results in the
long-term loss of carbonate from the topsoil.

Another interesting finding is that for some cases,
the pH was found to increase (Sellia, Episkopi, Adele,
and Asomatos). However, this result should not be
considered unusual on the basis that because OMW
has a low pH value, the expected effect on the soil
pH is its reduction. As Tang and Yu reported [38],
the direction and the magnitude of pH change de-
pending on the concentration of organic anions in
the residues, on the initial pH of the soil, and on
the degree of residue decomposition. This sugges-
tion was based on the findings of Yan et al. [39], who
mentioned that the magnitude of change in soil pH
involves the glycolytic pathway and the citric acid
cycle. In particular, the decomposition of carbohy-
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Figure 4. Electrical conductivity of soil sam-
ples collected from the nine disposal areas in
Crete. Values in the red area are above the
threshold of 4 mS/cm [21,23].

drates in the glycolytic pathway produces carboxylic
groups, which after dissociation may decrease the
soil pH. When these groups are decarboxylated in the
citrate cycle, an equivalent number of protons is re-
quired, thereby inducing a rise in soil pH.

Apart from the above explanation, the pH increase
has also been attributed to the production of ammo-
nia from the microbial degradation of OMW [40].

3.2. Electrical conductivity of pond soils

In general, the ECs of all pond soils were significantly
higher than the ECs of the respective control soils
not only for the upper soil layers but also for the
deeper layers (Figure 4). However, two of the nine
cases had ECs lower than the threshold value for
salinity (4 mS/cm) [21,23]. Moreover, for eight cases,

there was a substantial increase in EC in comparison
to the control soils. It should, however, be noted that
the selected areas had not been monitored in the past
and no further information such as years of disposal,
pretreatment of wastes, and so on was available.
Therefore it is not possible to correlate the results
with the ponds’ history. Nevertheless, the general
conclusion drawn by Kavvadias et al. [23] after study-
ing ponds where OMW disposal ceased for more than
8 years was that the increase in salinity appears to be
irreversible when excessive amounts of OMWs were
applied on soils, especially in the upper soil layers.

3.3. Organic matter and nitrogen in pond soils

High concentrations of OM were measured to a depth
of 1 m in many areas (Figure 5), indicating a signif-
icant quantity of organic carbon as was also found
for the five ponds in the main pilot area of the
PROSODOL project [23]. For topsoils (0–25 cm), in
all cases, the OM content was higher than 2%, while
there were also cases of very high OM (up to 17%).
Although the increase in OM content could be very
beneficial to soils (increases fertility, sequesters car-
bon, provides nutrients, improves physical proper-
ties, protects against erosion, etc.), its extensive in-
crease does not translate to more benefits. In fact,
the addition of labile OM (not well stabilized) may
decrease stocks of soil organic carbon. This happens
because unstabilized OM decomposes quickly, which
enhances the decomposition of native soil OM [41].
Saviozzi et al. [42] reported variable decomposition
rates in soils amended with OMW, which are dis-
tinguished by a fast primary phase, in which the
decomposable fraction is rapidly degraded, and a
slower secondary phase, in which the more stable
fraction is degraded. In addition, Pezzolla et al. [43]
demonstrated that the application of organic fertil-
izer that is not well stabilized on the soil causes a
significant increase in dissolved organic carbon and
consequently CO2 emissions. This is due to the rapid
rise in microbial respiration resulting from the pres-
ence of available labile carbon. Therefore, this ex-
plains the small increase in OM observed in some of
the ponds and a large increase in others. In addition,
the excessive increase in OM is not necessarily bene-
ficial to the soil system.

In general, OM and total nitrogen are well corre-
lated (Figure 5). This is because the total nitrogen
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Figure 5. Organic matter and total Kjeldahl nitrogen content in soil samples collected from the nine
disposal areas in Crete. The upper threshold values for the parameters are circled in red [21,23].

content in the upper soil layer was very high (higher
than the value considered as the upper threshold,
which is 3 mgN/g [23]) for the majority of the exam-
ined cases (except two). Moreover, high values were
also measured to a depth of 1 m. High levels of OM
and residual N were also found in the control soils of
some areas (e.g., Sellia) possibly due to sheep grazing
since livestock farming is one of the main activities in
the area of central Crete. Increased nitrogen concen-
tration was detected also by Chartzoulakis et al. [13]
after a controlled application of OMW in a plot ex-
periment. This result was attributed to the increase
in nitrogen-fixing microflora.

Evaluating the data from Figure 5, it can be ob-
served that for the cases of a small increase in OM
at Sellia, Episkopi, Asomatos, and Agouseliana ponds

(probably for the reasons mentioned above), the
nitrogen content is also low as compared to the other
ponds. This could be due to the fact that OM is
the main source of organic nitrogen. Therefore, low
OM concentrations lead to low nitrogen concentra-
tions in the soil. However, this effect may also be
due to quick nitrogen mineralization and loss in soils
amended with unstabilized OM [40].

3.4. Phosphorus, polyphenols, potassium, mag-
nesium, boron, and calcium in pond soils

The available P (Figure 6) ranged between 0.4
and 13 mg/kg for control soils, while high val-
ues were measured in pond soils, ranging from
2.4 to 297 mg/kg across the soil profile. Different
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Figure 6. Phosphorus and total polyphenol content in soil samples collected from the nine disposal areas
in Crete. The upper threshold values for the parameters are circled in red [21,23].

thresholds for available phosphorus (Olsen P) have
been proposed for soils to evaluate the P mobiliza-
tion risk as, for example, the value of 50 mg/kg, above
which phosphorus mobility increases considerably
although the soil pH has an important role in this
behavior [21,23]. In any case, phosphorus is a pa-
rameter that is significantly affected by the disposal
of OMW, which was also reported in the survey of the
PROSODOL project [21,23].

In general, the assessment of polyphenol con-
centration in soils is considered difficult and has a
high degree of uncertainty due to the lack of gener-
ally accepted thresholds [21,23]. Thus, local and site-
specific thresholds are often adopted as in the case of
the study by Sierra et al. [44]. These authors decided

to consider as guideline values the concentrations
of phenolic substances in the control soils of their
study, which varied from 14 to 25 mg/kg. Other values
have been proposed as thresholds such as the value
of 10.0 mg/kg as a threshold concentration of phe-
nols in paddy soil or the value of 40 mg/kg, which
has been adopted by the Netherlands [10,11,21,23].
In the present study, a high percentage of the control
samples (45%) had polyphenol values between 41
and 108 mg/kg, which are considered high, although
the reason for that is unknown. This could be due to
leakages during OMW transportation, the emptying
of the solid residue from the ponds after the evap-
oration of wastewater, the discharge of other types
of waste, or even the deposition of manure owing
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Figure 7. Exchangeable potassium and available boron content in soil samples collected from the nine
disposal areas in Crete. The upper threshold values for the parameters are circled in red [21,23].

to the presence of animals in these areas. Neverthe-
less, in most of the areas, pond soils have polyphe-
nol concentrations higher than those in the control
samples.

Figure 5 indicates also that high polyphenol con-
centrations can be detected in deeper soil layers,
which is in line with the results obtained by Mekki et
al. [45], who reported that phenolic compounds mi-
grate in soil according to their molecular mass. Thus
polyphenols are adsorbed in the upper layers of the
soil, while phenolic monomers can be detected at a
depth of 1.2 m 1 year after irrigation with untreated
OMW.

The increase in potassium concentration in
soils that accept OMW has been reported by many
researchers [10,11,13,20]. The very high exchange-
able K content of the pond soils (Figure 7), especially
in the upper soil layer, confirms also the observations
about the main pilot area of the PROSODOL project.
Namely, the 89% of K data in pond soils had values
from >2 cmol(+)/kg up to 26 cmol(+)/kg, which were
found throughout the soil profile.

Potassium in the control soils of the nine dis-
posal areas of this study ranged below the thresh-
old value of 2.0 cmol(+)/kg [23]. On the con-
trary, potassium accumulation was high in pond
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Figure 8. Exchangeable magnesium and calcium in soil samples collected from the nine disposal areas
in Crete. The upper threshold value is numbered red for Mg and is circled in red for Ca [21,23].

soils, and more than 80% of K data had values
>2 cmol(+)/kg up to 12 cmol(+)/kg throughout
the soil profile.

Therefore, the potential for accumulation of K
in soils due to OMW disposal is high and can ad-
versely impact soil properties. Furthermore, since
excessive concentrations of the element were also
found in deeper soil layers, the uncontrolled dis-
posal of OMW in evaporation ponds may cause K
leaching to groundwater, especially in soils with a
high sand content. As is the case for potassium, the
available boron was significantly higher in pond soils

compared to control samples (Figure 7). However,
to assess the potential risk from boron increase,
one has to note that hot-water-soluble B levels
higher than 5.0 mg/kg should be considered toxic for
plants [10,11]. Furthermore, the phytotoxic threshold
values above 2–3 mg/kg−1 were given by Kelling [45]
and Alloway [46].

For all the soils monitored, the exchangeable Mg
content was determined to be in higher concentra-
tions than those in the control samples (Figure 8).
Approximately 25% of Mg data in pond soils ranged
from 2.3 to 11 mg/kg throughout the soil profile;
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Figure 9. Available iron and copper in soil samples collected from the nine disposal areas in Crete. The
upper threshold values for the parameters are circled in red. [21,23].

the concentrations >2.2 mg/kg are characterized as
high [10,11,21,23].

Regarding the presence of exchangeable Ca in
pond soils, there is a decreasing tendency in rela-
tion to control soils. Soils with a high CaCO3 content
underwent a decrease in calcium (Episkopi, Adele,
and Asomatos; Figure 3) because of CaCO3 disso-
lution. Similarly, a decrease in Ca was observed for
soils with a low carbonate content (Achlada, Spili,
Koxare, Akoumia, and Agouseliana; Figure 3) for the
same reason. Namely, carbonate dissolution buffers
soil pH, which however does not appear to be suc-
cessful since for these areas, the pH values of ponds
finally decreased.

3.5. Iron, copper, zinc, and manganese in pond
soils

Very high concentrations of available Fe and Cu
were measured in soil samples collected from in-
side the disposal ponds (Figure 9), confirming the
threat of severe soil degradation due to overloading
of metals. According to the literature [21,23,47], nor-
mal available-Fe concentration is below 50 mg/kg,
while the concentration values between 50 and
100 mg/kg are considered very high. Values higher
than 100 mg/kg are considered excessive and toxic
to plants. In addition, the release of other soil el-
ements such as As and Al is possible [48]. In this
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Figure 10. Available manganese and zinc in soil samples collected from the nine disposal areas in Crete.
The upper threshold value for the metals are circled in red for Mn and numbered red for Zn [21,23].

study, it was found that the Fe concentrations of all
pond samples were above 100 mg/kg, while most of
the Fe data for control soils had values lower than
50 mg/kg.

Copper in control soils ranged from 0.3 to
4.7 mg/kg (Figure 9). A high accumulation of avail-
able Cu was recorded in pond soils, where the val-
ues ranged from 3 to 15 mg/kg across the soil pro-
file, which are slightly lower than the toxicity limit
(>15–16 mg/kg) [21,23].

Regarding Mn (Figure 10), there were two cases
among the nine ponds for which the metal had a

measured value higher than the threshold value of
50 mg/kg [49]. There were also cases of Mn decrease
in comparison to the control soils after OMW dis-
posal, potentially due to waste acidity, which caused
the dissolution of naturally occurring metals (e.g.,
Spili, Akoumia, Asomatos, and Agouseliana). Another
reason could be the potential higher mobility of Mn
in comparison to Fe, Zn, and Cu as Wang et al. [50] re-
ported. On the contrary, available Zn (Figure 10) was
significantly higher in pond soils than that in control
soils; for many pond soils, the Zn content was higher
than the threshold value of 8.1 mg/kg [21,23]. This
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Figure 11. Number of ponds for which (a) changes in soil parameters were observed; (b) a parameter
value was measured above the excessive threshold; (c) the change in the parameter values was >100%.

behavior was also detected in soils collected from the
main pilot area of the PROSODOL project.

3.6. Evaluation of the proposed soil indicators

Figure 11 summarizes the changes that occur in all
soil parameters measured for all the evaporation
ponds to assess which of them would be suitable for
soil-quality indicators and whether the outcomes of
this study are in line with previous work regarding
the definition of soil indicators for areas of OMW dis-
posal [21]. For this purpose, the same evaluation fac-
tors as in the work of Doula et al. [21] were used: the
number of ponds for which (a) changes in soil pa-
rameters were observed; (b) a parameter value was
measured above the excessive threshold; and (c) the
change in the parameter values was >100%.

From this figure, it is therefore concluded that OM,
nitrogen, polyphenols, potassium, phosphorus, and
iron are the properties for which all three evaluation
factors yield the highest values. Electrical conductiv-
ity, although less variable compared to zinc, is never-
theless a very important property (quality indicator)
of soil and is directly related to salinization, which
is one of the soil threats described in the EU The-
matic Strategy for Soil Protection [15]. It is therefore
an important indicator that should be identified and
evaluated even though it did not exhibit significant
variations in the areas of this study. Zinc exhibits a
dynamic profile although the number of ponds with
values above the excessive value is relatively small

compared to the values of the other two evaluation
factors for this element. However, it could be fur-
ther evaluated as a potential indicator in the future.
Although the pH did not generally show significant
fluctuations, a considerable change in this parame-
ter indicates a decrease in the soil buffering capac-
ity. Therefore, this parameter should be always deter-
mined.

4. Conclusions

An unsustainable practice for OMW management
is discharge into evaporation ponds without fol-
lowing protective measures for soils and aquifers.
Previous research reported benefits for soil when
specific doses of OMW were applied followed by
frequent monitoring of soil quality. The high content
of OM and plant nutrients such as Fe, Mg N, K, P,
and so on makes OMW not only a valuable material
for agriculture but also a threat when used without
regulations and precautionary measures. This study
focused on confirming the results of previous re-
search work, which suggested that pH, OM, total ni-
trogen, polyphenols, exchangeable potassium, avail-
able phosphorus, and iron are appropriate indica-
tors for assessing soil quality at OMW disposal ar-
eas. Therefore, these indicators were tested at nine
OMW disposal areas, which were selected randomly
without any knowledge of their history or other de-
tails regarding current activities in the vicinity of
the evaporation ponds. The study revealed that all
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the tested soil parameters were affected, some to a
large and some to a lesser extent. It was confirmed
that a high carbonate content protects soils against
the acidity of OMW. However, apart from a poten-
tial decrease in soil pH due to the acidic character
of OMW, an increase in pH is also an anticipated be-
haviour due to decarboxylation of OM and ammo-
nia production. From all the tested soil properties,
iron and potassium were found to be affected to the
greatest extent. Organic matter, nitrogen, phospho-
rus, and polyphenols were also affected. Therefore
these, along with potassium and iron, are considered
appropriate indicators for OMW disposal areas. Elec-
trical conductivity, although not found to be affected
to a similar extent as in previous works, is an impor-
tant property (quality indicator) of soil and is directly
related to salinization. Therefore, it should be iden-
tified and evaluated. A parameter that has not been
proposed to belong to the set of indicators is zinc,
which presented a dynamic profile as a potential in-
dicator in this study. Therefore, it is proposed as a po-
tential indicator to be further evaluated in the future.
Finally, although the pH did not generally show sig-
nificant changes, this parameter is strongly related to
the buffering capacity of soils. Therefore, it should be
always determined at such degraded areas.
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1. Introduction

The total global yield of olive oil for the 2019/2020
season is estimated to reach 3.67 million tons as com-
pared to 3.13 million tons for the previous season [1].
More specifically, according to reports by the Euro-
pean Union [2], recent forecasts indicate that “Span-
ish olive oil production is projected to reach 1.76
million tons at the end of 2018/19 season, up from
1.39 million tons the preceding season”. 226,000 tons
is expected to be produced by Italy (which is 50%
less from the previous year’s production). This is less
than Greece’s projected 248,000 tons (which is 35%
less compared with the previous year’s production for
Greece). The main issues faced by Italy are attributed
to climate change and Xylella fastidiosa infestation in
some olive groves in the east.

According to many researchers [3–8], olive mill
waste (OMW) management is an issue that has been
of concern to the global research community for
many years. This is because OMW management has
significant environmental, social, and economic im-
plications. Among the main issues for the treatment
of OMW is the fact that OMW contains hazardous
wastes having high concentrations of phenolic com-
pounds (up to 10 g·L−1 depending on the type and
origin of the effluent) that are difficult to biode-
grade. Due to strong seasonality (between October
and March), OMW cannot be transferred in a cen-
tral unit due to the size of olive mills, which usually
are spread close to agricultural areas. Moreover, the
mills consist of plants with a daily OMW flow rate be-
tween 10 and 100 m3 and are distributed over large
areas [3,4].

In recent years, apart from the significant achieve-
ments regarding different management technolo-
gies [9,10], there has been great improvement in the
awareness level of citizens, especially of olive mill
owners and farmers, in terms of rational manage-
ment, minimization of environmental impacts, and
reuse of OMW in agriculture. Moreover, the legisla-
tive framework of all Mediterranean countries, which
are the main olive oil producers globally, permits
the use of olive mill wastewater (OMWW) and also
the remaining sludge after OMWW preliminary treat-
ment for fertigation and use as a soil additive, re-
spectively. For example, the Greek Common Minis-
terial Decision No. 3924 of 7th December 2016 sets
the framework for OMW application on soils and

defines the terms and preconditions for landspread-
ing. According to this decision, and considering that
all preconditions are fulfilled, the maximum permit-
ted waste amount is 80 m3/ha/y. Furthermore, for
Italy and according to Law No. 574 of 1996 with re-
gard to the agronomic use of sewage sludge and other
wastes such as OMWW, the maximum amount is
50 m3/ha/y for OMWW generated by traditional mills
(discontinuous extraction systems) and 80 m3/ha/y
for vegetable water generated by centrifugal extrac-
tion (continuous extraction systems).

Through research studies, it became clear that
there are significant benefits from the reuse of OMW
in agriculture [11–14]. However, despite the proven
significant benefits in terms of environmental prob-
lems caused by nonrational OMW management (e,g.,
uncontrolled discharge into aquatic systems and
soil as discussed in the technical study of the LIFE
PROSODOL project [15]), it should be clear that it is
ultimately waste reuse. For this reason, if landspread-
ing has been decided for cultivation purposes, care
should be taken not only to avoid phytotoxic effects
on cultivated plants but also for the protection of soil
and underground and surface water bodies [16,17].
As mentioned by several researchers [13,14,18,19],
OMW can be a valuable source of nutrients, which
has a direct effect on improving soil quality [20] af-
fected due to the presence of phenol compounds, pH
variations, and salts. López-Piñeiro et al. [21] sug-
gested that OMW contains more than 90% organic
matter (OM) and is free from heavy and toxic met-
als as well as pathogenic microorganisms. As a re-
sult, it enhances soil properties, especially those of
soils containing limited OM. Moreover, it increases
humified fractions, which constitute a major source
of phytonutrients. Other studies have shown that the
disposal of OMW on soils affect all soil properties,
while more severe impacts have been observed for
soil electrical conductivity (EC), OM, nitrogen, phos-
phorus, potassium, polyphenols, and iron [13,18,19,
22]. These properties have also been proposed by
Doula et al. [22] as parameters that can be used as
indicators for soil quality assessment in areas where
OMWs are discharged. They were also considered
for soil monitoring in Greek Common Ministerial
Decision No. 3924 of 7th December 2016 (except
iron). However, Di Bene et al. [23] stated that OMW
application may affect the biological and chemical
properties of soil. However, OMW can be considered
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Figure 1. Primary building unit of the zeolite
framework.

nontoxic after a certain period of application, espe-
cially on healthy soil. It is therefore important that
all necessary measures are taken to avoid soil burden
even from elements that are not considered to be pol-
lutants in the classical sense of the term as for exam-
ple, potassium and iron. A protective measure is the
calculation of the appropriate waste amount to be
distributed on soil by considering soil composition
and nutritional needs of cultivated plants [24]. This
is, however, a stricter but a safer measure than the
process imposed by the laws of the Mediterranean
countries, which define a specific amount of OMW
for landspreading (e.g., 80 m3/ha/y).

Another protective measure is the use of active
materials as soil additives, such as natural zeolites,
which can mitigate the effects of waste addition to
soil. The use of natural zeolites as soil additives has
been extensively studied over the past several years
by many researchers worldwide [13,25–35]. Its use
has been proven not only beneficial in soils contam-
inated by heavy metals but also as a slow-release fer-
tilizer [36]. Its ability to bind and release potassium
and ammonium according to crop requirements and
also to bind toxic elements, such as heavy metals,
may be applicable in the case of OMW reuse in agri-
culture. However, as Doula et al. [37] has reported,
besides the positive effects, sodium release during
the first few weeks after its application on soil may
cause severe problems such as phytotoxicity and
overload of sodium ions in the soil if these issues are
not taken into consideration during use.

The aim of this study is to identify the positive
and negative effects of clinoptilolite as a soil additive
together with residual sludge from OMW for the culti-

vation of pepper plants. The research focused on the
effects on basic soil properties caused by the pres-
ence of these two materials in the cultivation sub-
strate. This work also aims at determining the opti-
mum mixing ratio that would be of low cost and en-
suring high production without soil degradation and
with a low risk of nutrient loss through leaching.

2. Materials and methods

2.1. Experimental design

To study the effects of OMW sludge and clinoptilo-
lite addition on cultivated soil, an 11-week pot ex-
periment was conducted under greenhouse condi-
tions. The greenhouse system is considered a pro-
tected plant growth environment and further was
chosen to avoid weather conditions such as rain and
wind. No control of temperature, ventilation or rel-
ative humidity was integrated into the experimen-
tal process to better simulate field conditions. Pep-
per plant (Capsicum annuum) was selected for con-
ducting the experiment, first because it is a species
not so commonly found in the waste management
research area and second because it is a rather non-
demanding vegetable in terms of soil and manage-
ment requirements. During the experiment, pepper
seedlings were transplanted and grown onto different
substrates containing combinations of 0%, 2.5%, and
5.0% zeolite and 0%, 2.5%, and 5.0% of OMW sludge
(v/v) (Table 1). Each treatment was composed of 12
replicates arranged in a split-plot design using zeo-
lite as the main treatment material. Plants were irri-
gated twice a week, and leachates were collected on
a weekly basis and further analyzed. After estimat-
ing the nutrient requirements, the plants were fer-
tilized during the 10th week of the experiment by
adding 3.6 g of nitrogen and phosphorus and 5.4 g
of potassium to each pot and by using a commer-
cially available fertilizer. After the completion of the
experiment, the substrates were collected and ana-
lyzed to evaluate OMW and clinoptilolite impacts on
soil properties after harvesting.

2.2. Clinoptilolite

The natural zeolite used in this study was clinop-
tilolite (Na0.2K0.6Mg0.7Ca2.0Al6.2Si29.8O72 · 19.6H2O),
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Table 1. Sample preparation

OMW
(% v/v)

Clinoptilolite
addition (% v/v)

Z0AP0 0 0

Z0AP1 2.5 0

Z0AP2 5 0

Z1AP0 0 2.5

Z1AP1 2.5 2.5

Z1AP2 5 2.5

Z2AP0 0 5

Z2AP1 2.5 5

Z2AP2 5 5

which originates from northern Greece. The ma-
terial has also been used for experiments in pre-
vious studies. Moreover, its formula, X-ray diffrac-
tion spectrum, and physicochemical properties
are well known and have been already published
[25,33,37,38].

2.3. OMW sludge

The OMW sludge was obtained in February 2017
from a three-phase olive mill located in Peloponnese,
Greece. The sludge was collected after the precipita-
tion of OMW for 2 weeks in a tank. The main chemi-
cal parameters of OMW, namely pH, EC, total N, K, P,
Na, Mg, Fe, Cu, and Zn, were determined in triplicate
by using established methodologies [39–41]. The to-
tal phenol content was determined using the Folin–
Ciocalteu method [42].

2.4. Analyses of soil and leachates

Leachates were collected on a weekly basis in plastic
containers. They were further analyzed directly in the
liquid phase after filtration for pH, EC, polyphenols,
Na, and K. Analyses of soil and substrates were car-
ried out using standard methodologies. The particle
size distribution was estimated using the Bouyoucos
method [43]; pH and EC were measured from a paste
extract [44]; OM was determined by dichromate oxi-
dation [45]; carbonates were estimated by using the
Bernard calcimeter [44]; the total N was calculated by
the Kjeldahl method [46]; the available phosphorus

was estimated using sodium hydrogen carbonate ex-
traction [47], exchangeable K, Na, Ca, and Mg using
BaCl2 extraction [48], and available Mn, Fe, Cu, and
Zn by DTPA extraction [49]. Soil B was extracted by
boiling water using the azomethine-H method [44].
Furthermore, methanol-extractable phenol com-
pounds were quantified through the Folin–Ciocalteu
colorimetric method [42].

2.5. Instrumentation

For the measurement of K and Na, a Sherwood (Corn-
ing) 410 Flame Photometer was used. For the esti-
mation of Ca, Mg, Cu, Fe, and Zn, a Varian Spec-
trAA 220 Atomic Absorption Spectrometer was uti-
lized. Polyphenols and phosphorus were estimated
by using a Cary UV-Vis Spectrophotometer.

3. Results and discussion

Table 2 presents the physical and chemical proper-
ties of the material. This material is very rich in OM.
Moreover, it has a low pH, and it is also rich in K,
N, Fe, Cu, and Zn. The OMW contains OM up to
97±1.17%. It has a pH of 4.10±0.12 (slightly acidic).
The concentrations of polyphenols are 0.32±0.08%.
Table 3 lists physicochemical properties of the soil
used as the basic material for the formation of differ-
ent substrates in this study. The soil is characterized
by a low OM concentration (5.65±1.12%) and a pH of
7.39±0.05 (neutral). The exchangeable capacity of K,
Ca, Mg, and Na is very good.

Pepper cultivation on substrates consisting of soil,
clinoptilolite (Z), and sludge from olive process-
ing (AP) causes changes in the substrate’s physico-
chemical properties. Results obtained from this study
clearly demonstrate the effect of each of the sub-
strate’s components as well as their combined syner-
gistic effects on the substrate.

3.1. Substrates with soil and clinoptilolite

In the case of Z1AP0 and Z2AP0, it is clear from Ta-
ble 4 that an increase in the Z percentage of the
substrate led to an increase in the EC. For the case
of 5% Z addition, the EC exceeded the threshold of
2 mS/cm [11,16]. The increase in EC recorded for
these two treatments was the highest compared to
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Table 2. Physical and chemical properties of
the OMW sludge

Parameters Value

Organic matter (%) 97±1.17

Electrical conductivity (mS/cm) 2.6±0.05

pH 4.10±0.12

Polyphenols (%) 0.32±0.08

Nitrogen (%) 0.51±0.12

Potassium (%) 1.10±0.04

Calcium (%) 0.11±0.02

Magnesium (%) 0.05±0.02

Sodium (%) 0.04±0.02

Phosphorus (%) 0.05±0.03

Iron (mg/kg) 41.12±3.41

Copper (mg/kg) 12.02±1.33

Zinc (mg/kg) 4.30±0.91

Table 3. Physical and chemical properties of
soil used for the formation of substrates

Parameters Value

Texture Sandy loam

pH 7.39±0.05

Electrical conductivity (mS/cm) 1.22±0.11

CaCO3 (%) 28.32±5.61

Organic matter (%) 5.65±1.12

Total nitrogen (mg/g) 3.47±0.58

Exchangeable K (cmol(+)/kg) 0.80±0.22

Exchangeable Ca (cmol(+)/kg) 30.59±4.92

Exchangeable Mg (cmol(+)/kg) 1.87±0.45

Exchangeable Na (cmol(+)/kg) 0.11±0.02

Available P (mg/kg) 33.19±7.82

Available Fe (mg/kg) 8.86±2.23

Available Cu (mg/kg) 1.27±0.32

Available Zn (mg/kg) 18.02±4.31

Polyphenols (mg/kg) 114.98±14.91

all other treatments with the same Z percentage (i.e.,
Z1AP1, Z1AP2 and Z2AP1, Z2AP2), indicating that the
addition of AP improves the substrate and positively
addresses the issue of salt increase.

The increase in the EC of the substrates is due
to the ions present in zeolite exchangeable sites and
mainly Na+ as seen from the results in Table 4. The

Figure 2. Plants harvested for different treat-
ments. Z: zeolite; AP: sludge from olive process-
ing; 0: no addition; 1: 2.5% addition; 2: 5% ad-
dition.

table lists the concentrations of exchangeable Na for
all treatments.

Compared to the substrate consisting of only soil
(Z0AP0), exchangeable Na was approximately 8 and
13 times higher for 2.5% (Z1AP0) and 5% (Z2AP0)
of clinoptilolite addition, respectively. The increased
sodium concentrations were also recorded during
a soil remediation field experiment conducted with
the addition of clinoptilolite to the soil at different
percentages up to 10% [13]. In this case, it was ob-
served that exchangeable sodium was significantly
increased in the first two months after the zeolite ap-
plication. After this period, limited Na amounts were
detected in the pilot soils.

About plant harvesting (Figure 2), the Z2AP0
treatment yielded the worst result, probably due to
sodium. As is known, the concentration of excessive
salts may restrict plant growth and productivity and
lead to plant death [50]. Two mechanisms have an
impact on plant growth: osmotic stress and ionic
toxicity. In the presence of excessive salt content, the
osmotic pressure of the soil solution becomes higher
than that in the plant cells, inhibiting water uptake by
plants. Furthermore, ionic toxicity may arise when
the salt concentration is imbalanced inside cells,
inhibiting cellular processes and metabolism [51].
Sodium ions at the root zone inhibit nutrient uptake
(e.g., potassium) as well as the enzymatic activities
within cells. It was reported that sodium may cause
stress at concentrations higher than 10 mM and that
it is an inhibitor of many enzymes, thereby affecting
metabolic processes [50,52].

The initial soil used for the cultivation experi-
ments was rich in nitrogen (Table 3). However, during
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Table 4. Variations in physicochemical characteristics of treated samples

Samples EC
(mS/cm)

Total N
(mg/kg)

Organic
matter (%)

Polyphenols
(mg/kg)

Available Exchangeable

B
(mg/kg)

Fe
(mg/kg)

Na
(cmol(+)/kg)

K
(cmol(+)/kg)

Z0AP0 1.29±0.03 2.55±0.39 4.12±0.36 118.02±13.23 1.10±0.08 9.41±2.12 0.11±0.02 0.91±0.07

Z0AP1 1.04±0.02 2.88±0.41 5.98±0.22 169.85±19.96 1.57±0.11 14.79±3.15 0.77±0.08 1.12±0.11

Z0AP2 1.38±0.05 3.02±0.63 7.02±0.64 185.11±21.07 1.62±0.23 16.80±2.09 0.89±0.06 1.54±0.18

Z1AP0 1.91±0.07 2.81±0.27 4.10±0.19 127.56±17.94 1.21±0.15 9.61±2.08 0.99±0.07 1.15±0.13

Z1AP1 1.76±0.07 2.73±0.58 6.22±0.21 167.05±22.12 1.47±0.20 17.03±3.11 1.01±0.08 1.61±0.17

Z1AP2 1.79±0.08 2.95±0.64 7.30±0.66 189.29±27.81 1.69±0.19 18.49±4.09 1.14±0.05 1.89±0.23

Z2AP0 2.39±0.11 2.17±0.29 4.19±0.31 129.96±17.33 1.21±0.11 7.92±1.98 1.62±0.12 1.67±0.12

Z2AP1 2.27±0.07 2.91±0.33 6.23±0.47 178.21±26.33 1.53±0.18 17.88±3.51 1.44±0.11 1.80±0.21

Z2AP2 2.32±0.12 2.63±0.19 7.49±0.55 187.01±30.15 1.76±0.22 18.93±3.01 1.40±0.08 2.22±0.34

plant growth, it was found that the addition of sup-
plementary nitrogen was necessary. Therefore, nitro-
gen measured in the substrates after crop harvesting
(Table 4) came, apart from the soil and AP, from the
fertilizer added in the 10th week of the experiment.

A slight increase in the substrate’s nitrogen content
can be seen for the case of 2.5% Z addition, while a
decrease of almost 0.5 mgN/g substrate is seen for
5% Z, indicating that zeolite addition does not im-
prove the N-holding capacity of the substrate. Nitro-
gen can be retained by the zeolite mainly as NH4

+.
However, no significant activity is expected in retain-
ing NO3

− due to the negative charge of the ions,
which are leached during irrigation if they are not
used by plants. Leachates in the case of Z2AP0 had
the highest EC (data not shown).

The capability of the substrate to retain nitrogen
is strongly associated with OM, which for the case of
only zeolite addition (Table 4) was the lowest among
all other treatments and, as expected, similar to the
Z0AP0 treatment (i.e., substrate consisting of only
soil). As previous studies mention, when OMW is ap-
plied to the soil, the leaching of nitrogen is avoided as
it is present mainly in organic form or as ammonium,
which is adsorbed by soil colloids. Thereafter, am-
monium is oxidized to nitrate (negatively charged),
which can easily be transported to soil solutions and
to greater soil depths through leaching.

On the other hand, and as Kavvadias et al. [11,16]
mentioned, the presence of AP in soils may lead
to the immobilization of available nitrogen forms,
resulting in an increased need for supplementary ni-
trogen addition as is also the case in this experiment.

The concentration of exchangeable potassium
was increased with increase in zeolite percentage
(Table 4) as expected. This is due to the character-
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istic property of clinoptilolite to retain cations at
the exchangeable sites of its framework, preventing
leaching and making them available to plants slowly
on demand [13]. In this case, potassium came from
the fertilizer and also from the zeolite itself and in-
creased with the percentage of Z in the substrate.
No significant (Table 4) effects and changes were
observed for B, available Fe, and available Cu and Zn
(data not shown).

3.2. Substrates with soil and sludge from olive
processing

For the cases of only AP addition, which are Z0AP1
and Z0AP2, a significant improvement of 50% and
75% in substrate OM, respectively, was recorded. The
percentage of OM content for both cases exceeds the
value of 5%, which characterizes soils as very rich in
OM [11,16]. This increase could be beneficial to soils
and especially to Mediterranean soils, which are very
poor in OM. However, it has to be mentioned that ac-
cumulation of insufficiently stable OM, which could
be the case for part of the OM content of this waste
type, may cause various negative effects on soil prop-
erties, including the generation of anaerobic condi-
tions and release of phytotoxic substances [13,53].
Moreover, Pezzolla et al. [54] reported that the addi-
tion of a not well-stabilized organic fertilizer/additive
to soil might cause a significant increase in dissolved
organic carbon and therefore CO2 emissions due to
a rapid rise in microbial respiration after soil amend-
ment.

Compared to Z0AP0 and also to the Z1AP0 and
Z2AP0 treatments, an increase in the capability of
substrates to retain nitrogen was also observed (Ta-
ble 4) due to the increase in organic-nitrogen forms.
Similarly, B content (Table 4) was increased by al-
most 45%, however, without significant differences
between the two AP treatments. Exchangeable K (Ta-
ble 4) was also increased by approximately 22% for
2.5% AP content (which is similar to the increase
caused by 2.5% zeolite) and by 72% for 5% AP content
(which is slightly lower than the increase recorded
for 5% zeolite addition; i.e., Z2AP0). A significant im-
provement in the substrate’s available Fe content (Ta-
ble 4) was also recorded, which is a known effect of
AP addition to soils. This was confirmed also during
the LIFE PROSODOL project [15] and by the work of
Doula et al. [22] as regards the soil parameters that

are mostly affected by OMW discharge into soils. The
advantage of this type of treatment (i.e., only soil and
AP) in comparison to only Z addition can be also con-
firmed by the improvement of the substrate’s EC (Ta-
ble 4). For the case of the 2.5% AP content, the EC
was lower than that for the Z0AP0 treatment (corre-
sponding to cultivation on only soil), while for the
treatment of 5% AP, it was slightly higher than that
for Z0AP0. Exchangeable Na (Table 4) was increased
in the substrate compared to that in the Z0AP0 treat-
ment. However, the increase was significantly lower
compared to the treatments of only Z addition. No
significant effects were observed for available Cu and
Zn content (data not shown).

3.3. Substrates with soil, clinoptilolite, and
sludge from olive processing

As regards harvesting, the Z2AP2 treatment (i.e., 5%
Z and 5% AP) resulted in the largest mean num-
ber of harvested plants among all studied treatments
(Figure 2). Organic matter content (Table 4) seems to
depend solely on the percentage of the sludge con-
tent since no improvement of substrates’ OM was
observed with the increase in zeolite content. As re-
gards nitrogen, no substantial effect of Z was ob-
served (Table 4) because the AP content is the factor
that determines the N-holding capacity of the sub-
strate.

In the present work, in temporal terms, harvest-
ing denoted the end of the experimental process in
the greenhouse environment. In particular, the har-
vest did not concern tasks such as cutting the up-
per plant part and separating the leaves, the stems,
and the fruits, which would have led to further tissue
analyses, as these did not fall within the scope and
objectives of the study. However, what was measured
and referred to as “yield” (as indicated in Figure 2)
was plant survival in terms of the number of plants
that was actually collected per treatment at the end
of the experiment. In this study, plant stress and mor-
tality were only discussed in correlation to soil char-
acteristics such as salt concentration and to the soil
additives used. Finally, in Figure 2, the term “crops”
is substituted by the term “plants”.

Among all treatments, higher amounts of ex-
changeable K were measured for the treatments with
Z and AP. The highest K content was recorded for
the case of Z2AP2 treatment (Table 4). Although the
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K concentration exceeded the threshold of 2 cmol
(+)/kg according to Kavvadias et al. [11,16], no phy-
totoxic effects were observed. This is mainly due to
zeolite activity to retain cations at exchangeable sites
and supply them to the substrate solution on plant
demand. Therefore, the zeolite acts as a slow-release
fertilizer. Further improvement in the Fe content (Ta-
ble 4) compared to the results obtained for Z1AP0,
Z2AP0, Z0AP1, and Z0AP2 was observed, which is at-
tributed to the synergistic effect of the two materials.

Electrical conductivity (Table 4) was also affected,
and it was found that the presence of AP decreased
the ion concentration in the substrate solution in
comparison to the cases of only Z addition. Even if
the reduction in EC is not substantial, it is indicative
of the improvement of substrates due to AP content.
Similar behavior was observed for exchangeable Na
(Table 4).

3.4. Polyphenols in substrates and leachates

The polyphenol content in soils amended using
OMW is a well-known problem [12]. It has been re-
ported [55] that the residual levels of polyphenols
could remain significant even 6 years after OMW ap-
plication on the soil. On the contrary, Chartzoulakis
et al. [18] mentioned that despite a temporal increase
in phenolic compound concentrations in soil soon
after OMW application, their concentration is rapidly
reduced with a few months. The same authors also
mentioned that polyphenols do not move rapidly
across the soil profile even if OMWs are applied on
irrigated soil or during the rainy season. In addition,
negligible leaching of polyphenols is expected from
soils rich in carbonates and clay materials [56,57].
These findings were confirmed in this study also
since no polyphenols were detected in the leachates,
which is a very significant result that provides fur-
ther assurance for the protection of groundwater and
deeper soil profiles.

As presented in Table 4, there was an increase in
polyphenol content due to the AP application, while
Z did not affect polyphenol concentration signifi-
cantly. It is worth noting, however, the disproportion-
ate increase in the concentration of phenols when
the amounts of AP and OM of the substrates are dou-
bled (the cases of 5% AP). This could be due to the
higher concentration of OM since, as Sierra et al. [58]

and Saadi et al. [59] reported, decomposition or in-
corporation of phenolics into the humic fraction of
OM might take place.

As regards polyphenol concentration, it is higher
for all treatments with AP than the Z0AP0 treatment.
However, it still can be characterized as medium
compared to the findings of Sierra et al. [58], who
have reported values up to 9926 mg/kg, and of Niko-
laidis et al. [60], who measured a lower total phe-
nol content (481 mg/kg) when only pre-treated OMW
was applied on soils.

3.5. Leaching of Na and K

Leaching of Na and K can be observed in Figures 3
and 4, which demonstrate the important role of both
materials, Z and AP. As regards K leaching, the ab-
sence of Z (Figure 3a) resulted in high leaching of
the ion, which was affected by the AP percentage.
That is, leaching increased with increase in AP per-
centage in the substrate. On the contrary, even for
the highest percentage of AP, the presence of clinop-
tilolite restricted K leaching. However, for the cases
of Z1AP2 and Z2AP2 also, potassium leaching was
higher than the other treatments shown in Figures 3b
and 3c. Among all treatments with Z and AP, Z1AP1
exhibited the optimum behavior as regards K leach-
ing. It is also important to highlight the increase
in K leaching detected during the 11th experimen-
tal week owing to plant fertilization, which indicates
that fertilization may have a more significant impact
with respect to nutrient leaching and consequently
their loss and degradation of aquifers. However, in
this case also, the presence of Z and AP (Figures 3b
and 3c) could limit leaching compared to the case of
Z0AP0 (Figure 3a).

According to Figure 3a, the addition of AP re-
stricted Na leaching in comparison to the Z0AP0
treatment. This occurred due to the improvement
in the cation-holding capacity of the substrate, re-
sulting from the increase in OM. With an increase
in Z percentage (Figures 3b and 3c), Na leaching
was enhanced and higher concentration values were
measured in the leachates. However, among treat-
ments of the same Z percentage, higher leaching was
recorded for the cases where the AP percentage was
not increased, confirming the positive impact of the
OMW in inhibiting Na leaching. Among treatments
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Figure 3. Potassium measured in leachates for
each experimental week and for all treatments.

with Z and AP, the optimum performance, as regards
Na leaching, was exhibited by Z1AP1.

Finally, the increase in Na leaching during the
first 5 weeks of the experiment is owing to the al-
ready reported problem of Na release by clinoptilo-
lite [13], which however was limited after that pe-
riod. The treatments with 2.5% Z (Z1AP1 and Z1AP2)
showed the optimum behavior of smooth Na release
from Z.

3.6. Other changes in substrate properties

Other parameters measured in the substrate were pH
and exchangeable Ca and Mg. The pH measured for

Figure 4. Sodium measured in leachates for
each experimental week and for all treatments.

Z0AP0 was 7.39±0.12, while for all other treatments,
the pH values measured were within the range 7.00±
0.05 and 7.67±0.11. Although there are differences in
pH values, this is not considered important for a pot
experiment in which soil resilience and buffering ca-
pacity are limited. As regards exchangeable Ca, it was
measured to be between 40.05±1.22 and 42.11±1.05
cmol(+)/kg for all treatments (for Z0AP0, exchange-
able Ca was 41.02 ± 1.08 cmol(+)/kg). An increase
in exchangeable Mg was recorded for all treatments,
where the concentrations were between 2.80 ± 0.09
and 3.29±0.12 cmol(+)/kg (for Z0AP0, exchangeable
Mg was 2.41±0.16 cmol(+)/kg).

The addition of clinoptilolite increased the EC;
however, soil amendment by OMW equilibrated this
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increase. In any case, special caution should be ex-
ercised in monitoring and controlling salt concen-
tration in amended substrates to avoid extreme val-
ues that lead to a potential burden in plant growth
or even plant mortality. Furthermore [26,27,29,30,
35], clinoptilolite may improve the availability of
exchangeable potassium, thereby acting as a slow-
release fertilizer. Moreover, the addition of OMW in-
creased OM concentration in the substrate, indicat-
ing that poor- or low-fertility soils can be enriched
using nutrient compounds. Attention should also be
paid so that phytotoxic conditions do not arise at
the root zone and consequently in the plants. It is
reported that the clinoptilolite acts as a means of
effective amendment for the remediation of heavy-
metal-polluted soils [61], which is not dealt with in
the present study. This activity in conjunction with its
capacity to reduce leaching phenomena may serve as
a mitigation feature in soil-polluted or soil-degraded
sites.

4. Conclusions

Olive mill wastes are still considered as a major prob-
lem in the Mediterranean region although many re-
search works provide solutions for OMW treatment
and production of clean or almost clean effluents
that can be further used for irrigation or discharge.
However, the issue that remains unresolved is the
high cost for establishing such a treatment facility,
which prevents the adoption of these solutions. The
distribution of OMWs in soils has been extensively
studied during the past years. In addition, it has been
reported that such practices could provide a sustain-
able alternative methodology for OMW management
provided that all appropriate measures are taken to
avoid soil degradation.

This study demonstrated the benefits of using
OMW sludge in the cultivation of pepper plants with
respect to increase in OM, N, K, B, and Fe of the sub-
strate and without serious effects on Cu and Zn and
also pH, thereby resulting in higher yields. On the
contrary, the addition of clinoptilolite to soil did not
appear to have a positive effect on the above proper-
ties (except in the case of K). Moreover, it was found
to cause phytotoxic effects due to increased Na con-
centration in the soil solution and increased sodium
leaching.

In addition to the positive effects of the OMW
sludge, the zeolite’s synergistic effect improves the
stability of the substrate by reducing loss of potas-
sium through leaching and enhancing the soil’s abil-
ity to retain cations. Therefore, the zeolite acts as a
slow-release fertilizer and also reduces the effect of
soil salinity after fertilization, thereby reducing nutri-
ent loss through leaching.

Even though polyphenols increased for all treat-
ments with OMW sludge, they did not cause any ad-
verse effect on plants and they were not detected in
the leachates after irrigation. In this study, the over-
all best performance in terms of yield and substrate
and leachate properties was observed for the Z1AP1
treatment, which corresponds to the addition of 2.5%
zeolite and 2.5% sludge to the soil. However, further
studies are needed for the assessment of more sub-
strate parameters and the nutritional status of plant
parts (roots, stems, and leaves) to finalize a potential
cultivation protocol.
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Abstract. Nowadays, there is an enormous demand for constructing housing that needs to be catered
for a short span of time, with minimum transportation costs and in an ecological manner. Biobased
materials are considered to be a promising resource for buildings in the twenty-first century due to
their sustainability and versatility. This article discusses biopositive materials and low-cost renewable
“green” technologies that are used in low-rise multi-functional architecture. It explores the use of
organic clay (OC) and wood fibers treated with NaOH (WFsT) as reinforcement materials in cement
mortars. The compressive strength, porosity, hydration rate and thermal conductivity of different
formulations of reinforced cement were recorded. It was found that the best dispersion and the
stabilization of WFsT in the composite materials are achieved with the addition of 6% WFsT in the
presence of an anionic surfactant sodium dodecylbenzene sulfonate (SDBS). The results revealed that
the optimal composite material was a mix of water with Ordinary Portland Cement (OPC) and 1 wt%
modified with Cetyltrimethylammonium bromide (CTAB) at a water-to-solid ratio of 0.65. With OC
contents from 2% up to 18%, compressive strength results were higher than that of the plain cement
paste and a decrease of the thermal conductivity was obtained by the addition of 2 wt% of WF from
2.26 to 0.8 W/m·°C. The presence of WFsT influenced the hydration of the cement while promoting
the formation of more portlandite and more calcium silicate gel.

Keywords. Composite, Compressive strength, Thermal conductivity, Organoclay, Natural clay, Wood
fibers.

1. Introduction

The choices of materials used in constructions are
of high importance. Cementitious building materi-
als reinforced with vegetable fibers are the biomateri-
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als needed for construction and building. This com-
posite enhances the mechanical performance among
other properties.

Clay-based composite along with natural fibers
are being tested as cementitious composites in the
building sector [1–4].

These formulations are aimed to help developing
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cost-effective ecofriendly construction materials.
However, the stake of this composite formation is

the cracks caused to the cement mortar, the weak
interaction between natural fibers, organoclay (OC)
and the cement matrix and the decline of the build-
ing thermal properties. As a solution, it is useful
to incorporate several types of nanoparticles into
the cement, ceramic and polymer matrixes of the
building material in order to produce nanocompos-
ites [5,6] with good mechanical and thermal con-
ductivity properties. Several types of nanoparticles
were used in the literature; e.g., TiO2 [7], ZnO [8] and
OC [9].

In recent studies, and in order to improve the qual-
ity, sustainability and cost of cement cellulose fibers
have been extracted from several sources such as jute
fibers [10], cellulosic fibers [11] and natural clay [12,
13]. The incorporation of these traditional fibers in
polymer-based composite materials was aimed to
enhance and to improve their mechanical flexibility
as well as their thermal insulation [5].

Composites have been found to be the most
promising material available nowadays.

Recently, several studies have focused on the dis-
persion and stability of cellulose nanofibers as rein-
forcing materials in a cement matrix.

These studies have shown that the addition of cel-
lulose fibers (from 1 wt% to 5 wt%) enhances the
bending strength up to 100% and the absorption en-
ergy of the cement up to 150% [14].

Other studies proved that the addition of cellulose
(CNC) improves the flexural strength, specifically the
resistance to bending due to the increase in hydra-
tion of cement pastes with the cellulose nanocrys-
tals [6].

More recently, studies on the effect of date palm
fibers added in cement-based formulations showed
that the mechanical and thermal insulation proper-
ties were increased up to 52% in thermal properties.

Biobased materials of natural and OC [15] sources
were used to reinforce cement, improve the mechan-
ical properties and strength of cementitious mate-
rials and accelerate the formation and the precip-
itation of hydration [16,17]. Clay, who belongs to
the group of phyllosilicates, could also replace other
fibers in many applications. This material is consid-
ered to have a wide range of applications [8,9]. Mod-
ified clays such as chlorite, natural clay and Illite, are
used as fillers in the composite material that enhance

the cement properties. Results showed that the mod-
ified OC has enhanced the adhesion of fiber/clay in-
side the cement materials. Thus, the mechanical and
thermal properties of the cement nanocomposites
were improved. Modification of mineral clay is a ne-
cessity to obtain a homogenous material.

These clays have the merits of low cost, avail-
ability and excellent characteristics [18]. These fibers
are also praised for being biodegradable, light-weight
and abundant resources [19].

The industrial application of OC has been recog-
nized in the literature due to the excellent perfor-
mance that engendered on the physical properties of
the elaborated composites [3,11,13,20]. Several ob-
stacles are encountered which limit the application
of natural fiber in cement composites [15]. One can
cite several causes. First the interfacial bond exist-
ing between the fiber and the cement matrix is rel-
atively weak. Second, the degradation of the fibers in
a high alkaline cement adversely affects the mechan-
ical properties and durability of such reinforced com-
posites [16].

In this work, the wood fiber (WF) and OC supple-
mentation in the cement matrix was aimed to im-
prove the mechanical resistance and the microstruc-
tural characteristics of the matrix by strengthening
the bonding existing between the matrix and the
WFsT [17] and to reduce the alkalinity of the matrix.

2. Methods

2.1. Description of used materials

Ordinary Portland cement (OPC NF P 15-301) was
used in all the cement formulation. More informa-
tion about the chemical composition of OPC [21] is
presented in Table 1.

Wood Fibers (abbreviated as WFsT) used in this
study are chemically treated by following a TAAPI
method in which the individual components (e.g.,
cellulose, hemicellulose and lignin) are separated
and quantitatively determined (Table 2), [22].

The clay platelets used in this work were natural
clay from Jemmel city (Tunisia).

The CTAB is a cationic surfactant (Mw
336.39 g·mol−1), a quaternary alkyl ammonium
salt soluble in H2O and used in the preparation
of OC. The SDBS (Mw 348.48 g·mol−1) is sodium
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Table 1. Constituents of Ordinary Portland ce-
ment [21]

Oxides Cement (wt%)

CaO 65.47

SiO2 19.82

Al2O3 4.66

Fe2O3 3.03

CaO 65.47

MgO 0.84

K2O 0.64

Na2O 0.10

TiO2 0.16

SO3 2.87

Loss ignition(LOI) 3.5

Density 3.2 g/cm3

Surface area 355 m2/kg

Particle size 18.54 µm

dodecylbenzene sulfonate, an anionic surfactant
used in the fabrication of composites.

The chemical composition of WFs is listed in
Table 2.

2.2. Chemical treatment

2.2.1. Treatment of wood fibers

A mass of 5 g of the WFs were placed in 100 mL of
aqueous solution of hydroxide (NaOH: 1 M) Sigma-
Aldrich (98%), at pH = 12 for 1 h at 80 °C. They
were then washed with distilled water. Finally, WFs
with a diameter of <40 µm, from Hammam Sousse,
Tunisia [23], were dried in the oven at 80 °C for one
day. The treatment of WFs enhances the homogene-
ity between C–WFsT–OC, which improves the me-
chanical properties of the matrix.

2.2.2. Treatment of natural clay

The natural clay was washed with distilled wa-
ter to eliminate impurities. Then, the clay was at-
tacked with sulfuric acid (2 M), and 500 g of clay
was dispersed in 1 L of distilled water under stirring
at 80 °C until complete dispersion. The solution was
kept during 24h. After this time, the clay was washed
three times with distilled water and filtered until a pH
value of 7. At the end, the clay was treated with CTAB

Table 2. Chemical composition of wood
fibers [22]

Cellulosic
residue (wt%)

Hemicellulose
(wt%)

Lignin
(wt%)

(Pectin)
(wt%)

Wo wood fiber 40–50 25–40 15–35 1–8

and washed with distilled water following the same
procedure applied with sulfuric acid.

2.2.3. Preparation of organoclay (OC)

To obtain organophile clays, pure clay was modi-
fied with CTAB for 3 h. In this context, different stud-
ies have shown that this surfactant [24] intercalation
can change the hydrophilic character of the natu-
ral clay surface and increase the clay interlayer basal
spacing.

The treatment of clay started by introducing 10 ml
of hydrochloric acid (1 M). Then, this solution is
heated to 80 °C. Then, we put 10 m moles of CTAB,
for 3 h of stirring in 80 °C, and 10 g of clay was added.
Finally, after 3 h of cationic exchange, the clay is fil-
tered to eliminate the inorganic cations. At the end,
the clay is dried at 80 °C.

2.3. Preparation of composites

Samples contained OPC alone or OPC–OC–WF with
different formulations, with a water/OC–Cement ra-
tio equal to 0.65. OPC and OC were slowly mixed for
5 min until homogenization.

Specimens with dimensions of 3.5× 7× 1.75 (cm)
were cast in the mechanical tests. The mix propor-
tions are illustrated in Table 3. After 24 h, all sam-
ples were unmolded and immersed in water for 28
days. Bend experiment was controlled using an “MTS
Insight” to examine the compressive strength. The
compressive strength results are the average of the
three test values.

The compositions of mixtures made with differ-
ent rates of WFsT and OC that were used in the ther-
mal conductivity and compressive strength tests are
given in Table 3.

2.4. Physical properties

In order to define the quality of composite samples,
different measurements of porosity and density were
conducted following the ASTM standard (C-20) [25].

C. R. Chimie, 2020, 23, n 11-12, 733-746
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Table 3. Mixture formulations

Composite recipes Cement (%) Wood fibers Organoclay W/C

Cement 115 - - 0.5

C+WFsNT 99 6 - 0.6

C+ WFsT 114 1 - 0.65

113 2 - 0.65

111 4 - 0.65

99 6 - 0.65

97 8 - 0.65

95 10 - 0.65

C+WFsT+OC 98.5 6 0.5 0.65

98 6 1 0.65

97.5 6 0.5 0.65

C: Cement; WFsNT: Wood Fibers Non-Treated; WFsT: Wood Fibers
Treated; W: Water.

With the ethanol displacement method, the poros-
ity of composites was evaluated. Ethanol can be ad-
sorbed into the microstructure of composites with-
out fissuration and cracks. After 28 days of curing,
samples were crushed into particles and were im-
mersed in ethanol. After that, these particles were
dried at 40 °C until obtaining a constant weight.
Then, they were placed in ethanol solution for 24 h,
and the mass of samples immersed in ethanol was
named mi . The particles were then dried. Finally, the
measurement mass was named ms .

Measurement of porosity (Ps) was determined us-
ing the following Eq (1) [26]:

Ps % = (ms −md )/(ms −mi ) (1)

mi = mass of the sample saturated in ethanol.
ms = mass of the sample saturated in air.
md = mass of the specimen dried (g).
In order to determine the bulk density, differ-

ent parameters such as length, thickness, mass and
width were determined by using Eq (2) [26]:

D = md /V , (2)

where D is the density (g/cm3), md is the oven dried
weight (g) and V is the volume of the test sample
(cm3).

2.5. Characterization

The WFsT modified were characterized via Fourier
transform infrared spectroscopy (FTIR). Further-

more, OC in powder form was characterized via
structure X-ray diffraction. The effect of OC pre-
pared by treating clay with Cetyltrimethyl ammo-
nium bromide (CTAB) on the physical and mechani-
cal properties of WF-reinforced composites was also
investigated.

2.5.1. X-ray diffraction (XRD)

The XRD pattern was measured with an X-ray
Diffractometer in the 2Θ range between 9° and 60°,
using CuKα (γ = 1.54060 Å) radiation at 40 KV and
30 mA. With an exceptional analysis speed, with a
step size of 0.02°/s a collection time of 40 s per step
and an incident angle of 1°. The crystallization degree
is obtained by comparing the intensity of the crys-
talline and the amorphous curve.

The crystalline degree of OC was calculated from
an XRD profile. X-ray measurements were made on
sample sheets pushed in powder after the air-drying
of the OC.

2.5.2. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR)
using a Perkin Elmer spectrometer (spectrum two,
from 2011) with a resolution of 2 cm−1 in the range
of 400–4000 cm−1 served to analyze the change of
functional groups at the WFs and the natural clay af-
ter treatments with NaOH, sulfuric acid and CTAB,
respectively. All FTIR measurements were done in
transmittance mode after baseline correction. The
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Figure 1. Size of wood fibers.

method is very classic, the sample is ground with
transparent potassium bromide (KBr) then is pressed
in pellet form to perform IR spectra analyzes.

2.5.3. Contact angle measurements

Contact angle is measured to study the capacity
of a liquid spread out on a surface by wet ability. In
this work, this technique was used to evaluate the hy-
drophilicity (small angle)/hydrophobicity (energy of
the surface) character, to analyze the aspect of the
composite surface, and to study the effect of WFs
treated with NaOH and of SDBS on the absorbabil-
ity of water. Contact angle measurements were mod-
ulated by using a goniometry coupled to an image
analysis program. For the measurement of the con-
tact angle, drops of calibrated distilled water were de-
posited on the pellets of modified cellulosic fibers.
The contact angle device used was an OCA 15 from
Dataphysics, equipped with a CCD camera, with a
resolution of 752×582 square pixels, operating at an
acquisition rate of 4 images per second. The data col-
lected was processed using OCA software [27].

2.6. Thermal conductivity measurements

The thermal conductivity of composite samples of di-
mensions (24.5×1.5×24.5 cm) was measured after 28
days of treatment using a “Heat Transmission Study
Bench—PTC 100.”

3. Results and discussion

3.1. Particle size determination of wood fibers

The WFsT (Figure 1) were in a distribution of
monomodal size, which were narrow (PDI) around
0.2µm with a diameter of <40µm.

The particle size diameters of WFsT and their hy-
drodynamic diameters were measured at 20 °C us-
ing a Malvern Nano-zetasizer ZS (Malvern, UK) with
a fixed scattering angle of 173°. The dispersions were
not diluted before starting the measurements [22].
Dynamic light scattering measurements gave an Z-
average size that was used for comparison of the dif-
ferent particles.

3.2. XRD

3.2.1. Organoclay

The XRD patterns of natural clay and natural clay
modified with the CTAB are shown in Figures 2a and
b. Figure 2a shows the presence of pure natural clay
characteristic peaks at specific reflection 2θ = 6.4°
(d001) and 19.83° (d020). The natural clay was iden-
tified by XRD measurement evidencing the charac-
teristic diffraction peaks of quartz (26.9°) and Kaolin-
ite (22.1°). These peaks refer to the presence of natu-
ral clay. Compared to other works, the peak at 2θ =
37.55° and 38.02° corresponds to natural clay [28].
Typical XRD patterns of natural clay, after the treat-
ment with the CTAB show diffraction peaks at 5.13°.
This result was due to the linear structure of CTAB
(19 carbons) and reveals the existence of a smec-
tite, which affirms that this clay belongs to the nat-
ural clay family. The CTAB natural clay matrix has a
highest value of the interfoliar space d020 = 19.83 Å
corresponding to the inter planar spacing [29]. From
Figure 2, the (001) reflection, as it had shifted from
2θ = 6.4° corresponding to the spacing increasing
from d001 = 0.83 to 1.23 nm, confirms that the CTAB
surfactant has been interlayered between the layers
of the pure natural clay. This result was accomplished
by comparison with other researches using TiO2 and
not CTAB [30]. Added to these results, the reflection
001 is related to the number of mineral layers and the
mode of stacking [31,32].

To explain the influence of WFsT, the phase com-
position of cement was determined through XRD of
cement with a percentage variation of WFsT [27].
The corresponding XRD patterns, at one day of treat-
ment, are shown in Figure 3. The XRD of the three
composites show the hydration products, including
portlandite, ettringite and unreacted calcium silicate
phases (C3S and C2S). Moreover, as the calcium–
silicate–hydrates (C–S–H gel) were poorly crystal-
lized, in the patterns spectra, diffraction peaks could
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Figure 2. XRD pattern of (a) natural clay and
(b) natural clay with CTAB.

be clearly viewed. In addition, the evolution of C–S–H
gel is evaluated referring to the unreacted anhydrous
cement phases. The intensity of calcium silicate main
peaks were reduced with WFsT supplementation, as
a greater amount of anhydrous cement phases re-
acted in the presence of WFsT (C3S and C2S are
transformed into C–S–H). Besides, higher amounts
of portlandite and ettringite were formed in WFsT
1% and WFsT 2% samples, compared to the control
paste WFsT 0%. The intensity of peak changes con-
tinued to increase as a function of WFsT. Compared
to the pure cement sample, it can be confirmed that
the presence of WFsT promotes the early hydration
of cement by producing more portlandite, ettringite
and C–S–H gel. As C–S–H is one of the major hydra-
tion products and the main binding phases in Port-
land cement controlling cement mechanical proper-
ties, the higher content in C–S–H phase is likely the
main reason accounting for the strong enhancement
in the compressive strength of the cement matrix.

3.3. FTIR spectroscopy

3.3.1. Infrared spectral characteristics of wood fibers

The FTIR spectra in the range 4000–500 cm−1 of
different samples are shown in Figure 4. The main
characteristic bands of WFsT before and after treat-
ment are listed as follows:

The presence of a large band at 3386 cm−1 corre-
sponds to hydroxyl group characteristic of polysac-
charides [33].

Figure 3. XRD spectra of the WFsT 0%, WFsT
1% and WFsT 2% at one curing day.

The bands at 2930 and 2898 cm−1 are due succes-
sively to sym and asym CH2 in polysaccharides and
fats [34]. The FTIR spectrum exhibits the presence of
two carbonyl and acetyl groups existing in the xylan
component (C=O stretching vibration) at 1732 cm−1.
However, this peak almost disappears when these
fibers are treated with 2% NaOH.

The peak around 1635 cm−1 corresponds to
stretching vibration of the hydroxyl group and char-
acteristic to water molecules. Furthermore, the peak
at 1436 cm−1 is assigned to the asymmetric CH de-
formation in lignin and hemicellulose structures.

Concerning the FTIR of non-treated WFsT, the
band at 1512 cm−1 confirms the presence of lignin
and is due to the aromatic skeletal vibration (C=C).
In the spectrum of WFsT treated 5% NaOH, the elim-
ination of lignin after NaOH treatment confirmed the
decrease of large band (1512 cm−1). The small peaks
at 1375 cm−1 in the spectrum of non-treated WFsT,
WFsT treated 0.5%, 2% are related to CH2 vibration.
In all the FTIR spectra, the band at 1168 cm−1 is as-
signed to the hemicelluloses and lignin correspond-
ing to the C–O–C asymmetric stretching.

The peak at 1042 cm−1 is assigned to lignin or
hemicelluloses (C–O–C linkage) [25]. The presence of
CH rock vibrations band at 810 cm−1 is attributed to
the presence of cellulose.

Alkaline treatment is relatively conventional. Fig-
ure 4 shows the effect of NaOH on the fibers. A certain
amount of lignin, wax and impurities was eliminated.
Thus treatment promotes lignin extraction and par-
tial degradation of hemicelluloses. It is noted that
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Figure 4. FTIR spectra of the non-treated WFsT and of the treated WFsT with NaOH.

Figure 5. Effect of alkaline treatment on the
surface of wood fibers [21].

when the WFsT are immersed in a basic NaOH so-
lution, the ionization of the hydroxyl group OH can
occur on the surface of the fibers (Figure 5).

3.3.2. Infrared spectral characteristics of organoclay

In the FTIR spectra of pure clay and of clay
treated with H2SO4 and clay modified with CTAB
(Figure 6), the band at 3624–3390 cm−1 presented an
OH stretching vibration. The treatment of clay with
the CTAB led to the appearance of two peaks (2918–
2849 cm−1) assigned to the valence variations of the
–CH2 stretching vibration. The bond OH (1633 cm−1)
corresponds to water molecules adsorbed on the
fiber surface [33] (Figure 6). The important band
around 3539 cm−1 during the treatment with sulfuric

Figure 6. Infrared spectral characteristics of
natural clay, natural clay with CTAB and of nat-
ural clay treated with H2SO4.

acid is attributed to the vibrations of deformations of
the H2O molecules. The band at 3421 cm−1 is attrib-
uted to the internal hydroxyls linked to aluminum.
Similar results were reported in the literature [29].

In the 2000–500 cm−1 range, the raw and modified
clay spectra reveal several characteristic absorption
bands. The band at 1018 cm−1 confirms the existence
of Si–O–Si bonds in crude clay. We note that the clay
is known by the appearance of a peak at 3631 cm−1

and shoulders at 3689 and 3401 cm−1. This peak is
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particularly characteristic of clay, and corresponds to
stretching vibration of elongation of the OH groups
of the octahedral layer band associated to the Si–O–
Si stretching vibration of clay. The peaks at 1430 cm−1

and 3421 cm−1 are attributed to the presence of O–H
stretching vibration.

3.4. Contact angle measurements

Contact angle measurements were performed to an-
alyze the relation between the liquid drop and the
surface (Figure 7). From these different curves, it is
demonstrated that only the natural clay treated with
the CTAB allows modifying the character of the com-
posite (cement + fiber) from a hydrophobic charac-
ter having a high contact angle (in the order of 130)
to a hydrophilic character with a low contact an-
gle (in the order of 46). Moreover, the addition of
the SDBS in the elaboration of samples makes them
more hydrophobic, which is explained by the electro-
static interactions [23].

The non-treated WFs added in the composites
have a totally hydrophobic character but the addition
of the treated WFs decreases the contact angle more
precisely, which decreases the hydrophobicity and
confirms that the value of contact angle decreases
with the addition of WF-treated and (1 wt%) OC. On
the other hand, the addition of SDBS surfactant in-
creases the contact angle, and consequently the hy-
drophobicity of composites materials.

3.5. Density and porosity

3.5.1. Density

The study of the apparent density for the devel-
oped composite materials reinforced clay and fibers
is presented in Table 4. The density value was mea-
sured by determining the mass and the dimensions
of the prepared composites. The results of mixing
natural clay and cement with variation of 1%, 2%, 4%,
6%, 8% and 10% of WFsT indicate that the addition of
WFsT on C–OC creates porosity inside the composite
material which makes it lighter and very practical in
comparison with results in the literature [35]. The
composite containing WFsT showed a lower density
than pure composites. This could be due to the ap-
pearance of voids between the interfacial areas of
WFsT and of the composite-based cement. For com-
posites with 10 wt% of WFsT, the density decreased

Table 4. The density and the porosity values of
WFsT reinforced cement

Samples Density
(kg/m−3)

Porosity
(%)

Composite 1300 3.99

Composite + 1% WFsT 1190 4.54

Composite + 2% WFsT 1110 2.03

Composite + 4% WFsT 990 1.82

Composite + 6% WFsT 840 3.05

Composite + 8% WFsT 800 4.36

Composite + 10% WFsT 730 3.82

by 43%. This result proves the filling effect of WFsT on
the density of cement composites [26]. The density
of composite with 10 wt% of WFsT decreased. Such
behavior can confirm that WFT reduces density and
offers a composite material with a consolidated mi-
crostructure.

3.5.2. Porosity

The results of porosity and absorbability values
of cement, WFsT reinforced composite and WFsT–
OC reinforced composites are shown in Figure 8. The
porosity of composite is improved with WFsT inclu-
sion. These results could be assigned to the forma-
tion of voids at the interfacial areas between WFsT
and composite-based cement. For composites with 2
and 4 wt% of WFsT, the porosity decreased by 1.82%
(4 wt% (WFsT)). We conclude that the addition of
WFsT has a filling effect on the porosity of composite-
based cement. The addition of 2 wt% and 4 wt% of
WFsT are able to saturate the surface and to reduce
pores. Figure 9 shows that the presence of OC in the
composite has reduced the adsorbed water rate of
the composite. The optimum percentage of OC was
found at 1 wt%. The presence of OC decreased the
porosity values of composite by 18.75% with compar-
ison to the cement. This indicates that OC operates in
the composite as a pore-filling agent to decrease the
porosity values and saturate pores. However, adding
less than 1 wt% of OC increased the porosity of all
samples due to the agglomeration effect. This result
is compared to the cement that is less dense, and
contains more pores. Composites with 1 wt% of OC
is more compact with few pores, as asserted by the
literature [36].
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Figure 7. Contact angles measurements.

Figure 8. The influence of percentage of wood
fiber in the composite on the water absorbabil-
ity.

3.6. Mechanical properties

3.6.1. Compressive strength

Pretreatment of wood fibers with NaOH. The study
of compressive strength for WFsT treated with NaOH,
and cement composite reinforced by non-treated
WFsT are shown in (Figure 10). The effect of WFsT
treated by NaOH on the compressive strength of
cement composite was evaluated. The results of
compressive strength of WFsT-reinforced cement
was increased from 9.81 MPa to 18.41 MPa, with
about 46.71% rise compared to cement composite
reinforced by untreated WFsT. This enhancement
is explained as follows: in sequence to enhance the

Figure 9. The effect of time on the water ab-
sorbability of composite samples.

links between fibers and the OPC, the composite
could be modified by reducing or consuming the
calcium hydroxide (CH). The low value of the com-
pressive strength might be due to the high sugar and
hemicellulose present in fast growing wood. Con-
versely, chemical treatment led to good mechanical
properties [12].

Effect of organoclay. The effects of OC on the com-
pressive strength of 0, 0.5, 1 and 1 wt%. WFsT–
cement-composites after 28 days are given in Fig-
ure 11. It is clear that the compressive strength value
was increased by the addition of OC after 28 days.
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Figure 10. The effect of deformation on the
compressive strength.

Figure 11. The effect of deformation on com-
pressive strength for the different composites.

After 28 days, the compressive strength of 1 wt%
was 21.76 MPa, higher than that of 0.5 wt% of OC
(10.11 MPa). The reasons for the enhancement in
mechanical properties of composites are as follows.
Firstly, the physical effects of 1 wt% of OC, includ-
ing filling, can reduce the voids or the porosities in
the cement matrix, in which the OC was inserted
inside the composite-based cement. Thus, it im-
proves the structure and microstructure of compos-
ites denser than the WFsT–composite-based cement.
Secondly, in the cement matrix, a reaction between
OC and calcium hydroxide (CH) produces calcium–
silicate–hydrate (C–S–H). Nevertheless, the addition
of OC (>1 wt%) led to a decrease in compressive
strength. In fact, the compressive strength of 2 wt%

Figure 12. The influence of deformation on
compressive strength.

OC was 11.47 MPa. This is due to the bad disper-
sion and agglomeration of the OC in the composite-
based cement at a higher percentage of OC con-
tents, which increases porosity and reduces the
link between the fiber and the composite adhesion.
In fact, the compressive strength was decreased
in the cement-composite with a higher dosage
of OC.

Effect of surfactant (SDBS/CTAB). The influence of
SDBS on compressive strength of composite materi-
als with non-treated WFsT is described in Figure 12.
It shows that the presence of SDBS in composite-
based cement increased the compressive strength
from 9.81 MPa to 11.47 MPa. About 14.47% improve-
ment can be explained by the adhesion and the col-
lision of fibers in the matrix in the presence of the
SDBS [21].

The SDBS has an essential role in the surface pack-
aging of the fiber. It is defined as a super plasti-
cizer that covers the surface of the fibers and renders
them hydrophobic. In our case, anionic surfactants
are able to agglomerate in the cement to fill the exist-
ing pores in the fibers.

Using an anionic surfactant as an adjuvant be-
tween the clay platelets treated with CTAB and the
cement allows to react with calcium hydroxide Ca
(OH)2 by promoting the formation of additional hy-
dration of the calcium–silica type (CSH) in the form
of a gel.

C. R. Chimie, 2020, 23, n 11-12, 733-746



Latifa Morjène et al. 743

Figure 13. Effect of the percentage of wood fibers on thermal conductivity and porosity.

3.6.2. Thermal conductivity

Thermal conductivity is a very important prop-
erty of construction and building materials [37]. In
this part, the relationship between WFsT contents in
composite and thermal conductivity and porosity is
studied.

The influence of wood fiber amount. The average
thermal conductivities of composite material re-
inforced with WFsT are 2.26, 1.00, 1.08, 1.63 and
1.09 W/m·K. The mentioned results demonstrate that
rising fibers amounts of 0%, 2%, 4%, 6% and 8%
W·m−1·K−1, respectively, caused a decreasing ther-
mal conductivity rate to 50% in comparison to the
pure composite without WFsT. This reduction may
be due to the quantity of WFsT added that is in-
sufficient to favor the establishment of a homoge-
neous structure. Moreover, the thermal conductivity
of a material depends on several parameters such as
the nature of the constituent elements of the ma-
terial, the water content, the temperature and the
porosity [38].

The influence of porosity and thermal properties.
We examined the relation between the thermal con-
ductivity and the porosity as a function of the per-
centage of WFsT (Figure 13). In addition, we note
that the supplementation of the WFsT in the cement
increases the porosity of this material [17,39] (rein-
forcement by the natural and treated wood). Also,
the thermal conductivity results showed a decrease

with the increase of percentage in the WFsT in com-
parison with the reference sample (Composite). In
general, lower values of thermal conductivity were
due to the high porosity of the WFs and the large
amount of composite materials in the cement. In or-
der to explain the decrease of different percentages
of WFs, it can be concluded that 2 wt% of WFsT and
1% of OC contribute to good thermal conductivity of
the composites materials compared to the reference
sample. Hence, thermal conductivity of the compos-
ite increased with further incorporation of wood up
to more than 6 wt%. In comparison with hybrid com-
posites (see Figure 13), the reference showed better
thermal conductivity results. These obtained results
can be explained by the presence of WFsT in the com-
posite [40]. Hence, the surface of the WFsT exhibited
the presence of the pores, which may reduce the ad-
hesion of the fibers with cement matrix. The WFsT–
OC-matrix adhesion presents a necessity in the over-
all performance of the composite.

3.7. Interaction between the fibrous suspension
modified by surfactant, the cement matrix
and the clay

The interactions between the cement, WFs and clay
modified by CTAB are summarized in Figures 14
and 15:

(a) An adsorption of molecules having SO3
2−,

COO− type functions or a polar function such
as OH.
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Figure 14. Process describing the interaction between the composite and the surfactant.

(b) The interaction describes an inter-granular
repulsion; particularly due to the case of su-
per plasticizers. It is an adsorption of charged
polymers.

(c) The formation of micelles at the solid–
solution interface.

(d) This mechanism explains the chemisorption
of polynaphthalene sulfonate on specific re-
action sites, such as these two aluminates.

(e) This figure proposes the action of sugars or
hydroxyl carboxylic acids by complexation in
the interstitial solution. This complexation
can then delay the precipitation of hydrates
such as portlandite or C–S–H.

(f) The mechanism (f) suggests that the CTAB
surfactant plays the role of potentially in-
hibiting the growth of hydrates by adsorbing
on specific crystallographic growth sites.

(g) The figure (g) describes the insertion of the
polymer into the structure of the hydrate.

4. Conclusion

In this paper, the enhancement and the testing of
the properties of composite containing C–WFsT–
OC were investigated. In particular, the effect of
WFsT inclusion on the thermal, mechanical and
physical properties of this type of material was
evaluated.

The mechanical properties of this study showed
that the optimum content of OC and WFsT in the
composite is 1 wt% and 6 wt%, respectively. The ther-
mal conductivity of cement composites could be en-
hanced by the addition of 2 wt% of treated WFs and
1 wt% of OC.

Due to the hydrophilic nature of WFsT, a reduction
in porosity (15.78%) and density, the enhancement
in compressive strength (18.11%) and the decrease of
thermal conductivity are ameliorated by the addition
of 1 wt% of OC. Moreover, introducing OC treated
by the CTAB and WFs into cement matrix could lead

C. R. Chimie, 2020, 23, n 11-12, 733-746



Latifa Morjène et al. 745

Figure 15. Dispersion of WF and state of the environment of cement grains.

to accelerate hydration and to reduce the thermal
conductivity to ensure a good insulation.

Notation

C = Cement

CTAB = Cetyltrimethylammonium bromide

CSH = Calcium–silica–hydration

NaOH = Sodium hydroxide

OPC = Ordinary Portland cement NF P 15-301

OC = Organoclay

SDBS = Sodium dodecylbenzene sulfonate

WFsT = Wood fibers treated

WFsNT = Wood fiber non-Treated
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