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Foreword: Recent Advances in Sustainable Biomass

Valorization

Avant-propos : Récentes Avancées dans la Valorisation Durable

de la Biomasse

Mejdi Jeguirim* 4, Salah Jellali” and Besma Khiari ¢

@ Institut de Science des Matériaux de Mulhouse, Université de Haute Alsace,

Université de Strasbourg, France

b Centre for Environmental Studies and Research, Sultan Qaboos University, Oman

¢ Wastewaters and Environment Laboratory, Water Research and Technologies

Centre, Tunisia

E-mails: mejdi.jeguirim@uha.fr (M. Jegurim), s.jelali@squ.edu.om (8. Jellali),

besmakhiari@yahoo.com (B. Khiari)

Published online: 4 August 2022

Huge amounts of biomasses are annually gener-
ated in the world by several sectors including agri-
culture, industry, tourism etc. The sustainable man-
agement of these organic wastes has been pointed
out as an urgent challenge to be urgently taken into
consideration in order to avoid any negative effects
onto human health and environment and to dis-
pose of a supplementary resource that can be val-
orized in several domains. Indeed, some biomasses
have high volatile matter contents allowing them to
be used as a source for renewable energy extrac-
tion. Other biomasses contain high contents of valu-
able nutrients that can be used as low cost and eco-
friendly biofertilizers in agriculture instead of syn-
thetic fertilizers. Besides, some treated biomasses

* Corresponding author.

ISSN (electronic) : 1878-1543

could exhibit promising properties permitting them
to act as efficient adsorbents for pollutants removal
from aqueous and gaseous effluents. Finally, some
specific biomasses have interesting physical, chemi-
cal and biological properties allowing them to be pre-
cious source of various biomaterials.

In this context, the current special issue entitled:
“Sustainable Biomass Resources for Environmen-
tal, Agronomic, Biomaterials and Energy Applica-
tions 3” aims to collect the most recent scientific
works related to biomasses sustainable management
and valorization in the domain of energy, agricul-
ture, environment and biotechnology. This special is-
sue aims to contribute to the international efforts
deployed in order to make progress in the achieve-
ment of several related worldwide initiatives such
as: “2030 United Nations Sustainable Development
Goals” (UN-SDGs), the “4 per 1000” aiming to boost

https://comptes-rendus.academie-sciences.fr/chimie/
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the annual carbon storage in agricultural soils by
0.4%, the “Greenhouse Gas Emissions reduction” as
recommended by the Intergovernmental Panel on
Climate Change (IPCC).

This special issue contains 10 peer-reviewed pa-
pers dealing with the valorization of several types of
biomasses in various domains including energy, en-
vironment, and biotechnology.

The first paper is entitled: “Pharmaceutical pollu-
tants adsorption onto activated carbon: isotherm,
kinetic investigations and DFT modeling ap-
proaches” [1]. In this work, the removal of phar-
maceutical pollutants, i.e., oxytetracycline (OTC) was
studied through adsorption onto activated carbon
(ACT) produced from households or agricultural
wastes under various experimental conditions. The
physicochemical properties of the produced carbon
were investigated using multiple techniques. The
characterization analysis highlighted an essential
concentration of surface functional groups and a
very developed porous structure. The adsorption
process onto activated carbon occurs with a high
yield at a large range of pH values varying between 4
and 8 at an optimum contact time of 2 h. It was estab-
lished that the pseudo-second-order kinetic model
fitted well OTC adsorption onto ACT. Moreover, the
adsorption isotherm data showed that the pollutant
removal process followed the Langmuir model with
high regression coefficients (R?) values and impor-
tant adsorption efficiency of 80% for 100 mg-L™! of
OTC. Consequently, the use of ACT could be con-
sidered an efficient, sustainable, and low-cost al-
ternative for pharmaceuticals-loaded wastewater
treatment.

The second paper is entitled: “Competitive bio-
sorption of basic dyes onto petiole palm tree wastes
in single and binary systems” [2]. This work aimed to
study petiole palm tree wastes (PTW) efficiency in re-
moving two basic dyes: Rhodamine B (RB) and Vic-
toria blue B (VBB) from aqueous solutions in single
and binary systems under various experimental con-
ditions including the effect of contact time, pH, ini-
tial concentration, and temperature. The PTW char-
acterization shows that the PTW is a lingo-cellulosic
material. The experimental results indicate that the
removal of both dyes was relatively fast, sponta-
neous, exothermic and occurred on monolayers.
Moreover, the adsorption competition between these
two dyes on the adsorbent particles surface was im-

portant since the Langmuir’s adsorption capacities
were evaluated to 260.1; 440.1; 168.0; and 417.4 mg/g
for RB and VBB in single and binary systems, re-
spectively. These adsorption capacities, even in bi-
nary systems, are interesting compared to other raw
materials and prove that this abundant agricultural
waste can be considered as a promising material
for an efficient dyes removal from aqueous eftlu-
ents.

The third paper is entitled: “Industrial dye removal
from tannery wastewater by using biochar produced
from tannery fleshing waste: a road to circular econ-
omy” [3]. In this study, the capacity of biochars, de-
rived from the pyrolysis of tannery fleshing waste
(TFW) at 400 °C; 500 °C and 600 °C, in removal of
red dye Sella Fast Red (SFR) from aqueous solutions
and tannery wastewater was investigated under var-
ious experimental conditions in batch mode. Results
show that for all applied biochars, the removed kinet-
ics data were well fitted by the pseudo-second-order
model, and the equilibrium state was obtained after
240 min of contact time. For an aqueous pH of 6 and
a red dye concentration of 75 mg-L™!, the removed
amounts increased from 26 mg-g~! to 39.86 mg-g~!
when the used pyrolysis temperature was increased
from 400 °C to 600 °C. Moreover, SFR adsorption data
at equilibrium were well fitted by Langmuir model
suggesting a probable monolayer adsorption pro-
cess with a maximal removal capacity of 62.7 mg-g~!
for BTFW-600 °C. The thermodynamic study demon-
strated that SFR adsorption was endothermic for the
three tested biochars. Desorption experiments with
distilled water proved that SFR was significantly des-
orbed from the tested biochars, which offers pos-
sible reusability. On the other hand, BTFW-600 °C
has demonstrated an important ability in removing
SFR from real wastewater since only one dosage of
15 gL! was enough to ensure more than 97% of
dye removal. According to pHZC and FTIR analysis,
the possible mechanism toward SFR dye removal was
attributed to electrostatic interactions that occurred
between biochar and functional groups of SFR. This
work could provide guidance for the value-added uti-
lization of tannery solid waste and a practical way to
remove dyes from tannery wastewater.

The fourth paper is entitled: “Cationic dye re-
moval using Pergularia Tomentosa L. fruit: kinetics
and isotherm characteristics using classical and ad-
vanced models” [4]. In this study, different techniques
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were used to characterize the powdered pergularia
tomentosa fruit. After that, the biomaterial was ex-
ploited to investigate the adsorption of methylene
blue in batch mode. The effects of initial pH, contact
time, dye concentration, biosorbent dose, and tem-
perature on the biosorption capacity have been per-
formed. The fit of the adsorption isotherms was per-
formed by means of several classical models and ad-
vanced models derived from statistical physics. The
two-energy monolayer model proves to be the more
suitable. It appears that two functional groups of
the biosorbent are involved in the dye biosorption.
The adsorption energy ranges from 14 to 18 kJ-mol~!
which indicates a physiosorption mechanism. The
maximum adsorption capacity is 152 mg-g~!. Per-
gularia tomentosa fruit proves to be attractive for
the efficient removal of cationic dyes from polluted
water.

The fifth paper is entitled: “Investigations on
potential Tunisian biomasses energetic valoriza-
tion: thermogravimetric characterization and ki-
netic degradation analysis” [5]. During this work,
six Tunisian local biomasses, namely ziziphus wood
(ZW), almond shells (AS), olive stones (OS), vine
stems (VS) and date palm leaflets (DPL) and trunks
(DPT) were slowly pyrolyzed under inert atmosphere
at a heating rate of 5 °C/min through thermogravi-
metric (TG) analyses. The thermal degradation of
samples involves the interaction in a porous media
of heat, mass and momentum transfer with chemical
reactions. Heat is transported by conduction, con-
vection and radiation and, mass transfer is driven
by pressure and concentration gradients. Thermal
degradation curves have been studied with minute
details for each degradation step. The Coats—Redfern
model was used to extract the kinetic parameters
from the TG data, then the kinetic parameters such
as the activation energy, the pre-exponential factor
and the order of the reaction were calculated. Results
showed that the total mass losses amounts and kinet-
ics are dependent on the type of the used biomass.
Moreover, the devolatilization could be described
by the first order model, while the char formation
stage was better described by the second and third
order reactions model. The physicochemical char-
acteristics of these samples were also determined.
The volatile matter (VM) content varies consider-
ably, with values ranging from 67.19% for AS to 77.4%
for ZW. The maximum values were obtained for ZW

and VS with values of 77.4% and 71.9%, respectively.
The lowest value (67.19%) was determined for AS.
In addition, the ash contents vary between 0.8% for
OS and 5.66% for DPT. The ashes vary significantly
from one sample to another, with the values be-
ing even lower than 1% for OS, whereas the higher
values in the DPT is 5.66%. Further, activation en-
ergies corresponding to main devolatilization re-
gions were 59.5, 47.0, 55.8, 41.1, 89.1, 45.2 kJ/mol for
ZW, AS, OS, VS, DPL, and DPT respectively. Among
all the tested biomasses, the ZW and VS appear to
have an important potential to be used for energy
production.

The sixth paper is entitled: “D-optimal design
optimization of unsaturated palm fatty acid distil-
late and trimethylolpropane esterification for biol-
ubricant production” [6]. In this work, polyol es-
ter of green biolubricant base oil was synthesized
through the esterification of unsaturated palm fatty
acid distillate (USFA-PFAD) with polyhydric alco-
hol, trimethylolpropane (TMP) in the occurrence of
sulphuric acid catalyst. The optimization process
was conducted by using D-optimal design of the
response surface methodology (RSM). The results
showed that the highest yield percentage of resultant
polyol ester, USFA-TMP ester was obtained at 96.0 +
0.5% with 99.9 + 0.9% of tri-ester selectivity. These
were obtained at the esterification optimal condi-
tion at reaction temperature of 150 °C for 6 h with
5% H»SO4. The polyol ester chemical structure was
characterized by using spectroscopy analysis tech-
niques of infrared (FTIR), proton (‘H) and carbon
(*3C) nuclear magnetic resonance (NMR). The resul-
tant USFA-TMP ester recorded viscosity index of 163,
pour points at —45 °C, flash points at 298 °C, and
thermal oxidative stability temperatures at 215 °C.
It was found that the ester product as a Newtonian
fluid with viscosity grade lubricant ISO VG 46. In
overall, the resultant polyol ester has shown good lu-
brication properties that make it conceivable to be
used for many industrial green biolubricant applica-
tions.

The seventh paper is entitled: “CFD multiphase
combustion modelling of oleic by-products pellets in
a counter-current fixed bed combustor” [7]. In this
research work, a transient two-dimensional multi-
phase model was built to study the combustion of
pellets of oleic by-products (Olive Pits (OPi)) in a
cylindrical counter-current 40 kW fixed bed combus-
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tor. The fixed bed is modelled as a porous medium,
which is randomly packed with spherical particles of
equal size. A kK — ¢ model for low Reynolds number
flows was used for turbulence Modelling. Primary
and secondary air injections were supplied at the
bed (solid phase combustion) and at the freeboard
zone (gas phase combustion), respectively. The mass
loss history, the temperature distribution at different
heights inside the reactor and the gas emissions of
CO, COy, O3, Hz, CHy and Ce,g were computed. Key
parameters related to the reaction front velocity, the
mass conversion rate and the progress of ignition
were also computed. We show that computational
results are in good agreement with experimental
measurements obtained using a similar reactor fed
with the same pellet types. These results also moti-
vate the implementation of the present formulation
and its extension to industrial scale furnaces, hav-
ing established the results for the comparison with
pilot-scale experiments.

The eighth paper is entitled: “Biohydrogen pro-
duction by Thermotoga maritima from a simplified
medium exclusively composed of onion and natural
seawater” [8]. In this work, biohydrogen production
by the anaerobic hyperthermophilic and halophilic
bacterium, Thermotoga maritima (TM) was con-
ducted using a mixture of Onion Waste Juice (OW]J)
and seawater (SW). The highest production of bio-
hydrogen (Hy) with OW]J, as the exclusive source of
carbon and energy, was obtained for an optimum
volume of 50% (v/v), with the highest overall produc-
tivity of biohydrogen (15.6 mM/h) and a maximum
yield of 2.6 (molH,/molHexgse). This was mainly due
to the presence of organosulfur compounds and the
natural presence of ammonium contained in OW]J.
The addition of inorganic nitrogen and iron sources
in the mixture of SW and OWJ has improved bio-
hydrogen production, achieving productivity yield
(23.0 mM/h for 3.2 molH,/molHeyxse) close to the
maximum obtained for TM. Above 600 mL, the high
concentration of substrate (>30 g COD/L) led the
metabolism to deviate towards lactate production at
the expense of H, production. A fed-batch culture
with the sequential addition of concentrated OW]J
mixed with only sea salt was investigated for the pre-
vention of substrate-associated growth inhibition by
controlling the nutrient supply. The total cumulative
biohydrogen produced was about 300 mM after 30 h
of incubation.

The ninth paper is entitled: “Enhanced transes-
terification of rapeseed oil to biodiesel catalyzed by
KCl/CaO’ [9]. In this work, a series of supported solid
based catalysts were prepared by impregnation of
chloride salts over CaO. The catalytic activity of the
prepared catalysts was tested for the transesterifi-
cation reaction of biodiesel from rapeseed oil and
methanol. The KCl/CaO catalyst containing 15% KCl
exhibited the highest catalytic activity after calcina-
tion at 600 °C for 6 h. A reaction optimization study
was carried out using KC1/CaO as catalyst leading to
operation conditions for achieving a 98.3% yield of
fatty acid methyl ester (FAME) at 2.5 h and 65 °C, a
catalyst amount of 10%, and a mole ratio of methanol
to rapeseed oil of 15:1. It was found that the high-
est FAME yield at 2.5 h was faster than that at 6 h
for commercial CaO catalysts under the same reac-
tion conditions. The characterization results showed
that the pore size of CaO particles was greatly im-
proved by the addition of KCl, which facilitated bet-
ter access of the reactive molecules to the active sites
of the catalyst.

The last paper is entitled: “H,-rich syngas pro-
duction by sorption enhanced steam gasification of
palm empty fruit bunch Catalytic” [10]. In this work,
hydrogen-rich syngas from palm empty fruit bunch
has been produced in the presence of CaO and ben-
tonite as absorbent and catalyst, respectively. The
gasification process is carried out at 550-750 °C at at-
mospheric pressure in a fixed bed gasifier with steam
to biomass ratio (S/B) of 0-2.5 and Ca/C ratio of
0-2. The results showed that CaO only acts as CO;
absorber during the process. Increasing the ratio of
Ca/C and S/B have increased the concentration of
H, and absorption of CO; in the syngas. The addi-
tion of CaO did not significantly increase the produc-
tion of CH4 and CO in the syngas. The H, concentra-
tion reaches about 78.16 vol% at 700 °C and Ca/C ra-
tio of 2.

Guest Editors of this special issue are grate-
ful to all the authors for their valuable contribu-
tion and to the reviewers for their comments that
contributed to the quality improvement of the
above-cited accepted papers. Many thanks to the
Editor-in-Chief of Comptes Rendus Chimie, Profes-
sor Pierre Braunstein for renewing his confidence
and support. Special thanks to the entire production
team of the journal for their constructive collabora-
tion.
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produced from households or agricultural wastes under various experimental conditions. The physic-
ochemical properties of the produced carbon were investigated using multiple techniques. The char-
acterization analysis highlighted an essential concentration of surface functional groups and a very
developed porous structure. The adsorption process onto activated carbon occurs with a high yield ata
large range of pH values varying between 4 and 8 at an optimum contact time of 2 h. It was established
that the pseudo-second-order kinetic model fitted well OTC adsorption onto ACT. Moreover, the ad-
sorption isotherm data showed that the pollutant removal process followed the Langmuir model with
high regression coefficients (R2) values and important adsorption efficiency of 80% for 100 mg-L ™1
of OTC. The displayed results consequently, the use of ACT as an adsorbent could be considered an
efficient, sustainable, and low-cost alternative for pharmaceuticals-loaded wastewater treatment.

Keywords. Adsorption, Activated carbon, OTC, Physico-chemical characterization, Kinetics,

Isotherm.
Published online: 15 March 2022

1. Introduction

The development of pharmaceutical industries led
to an increase in the consumption of antibiotics
by humans for multiple medical purposes. Unfortu-
nately, their excessive application led to their dis-
placement at large quantities in the environment,
which affected the ecosystem equilibrium and the
native fauna, flora, waters, and soils, thus reducing
their assimilative capacity towards other organic and
inorganic pollution. Furthermore, of these organic
contaminants in the natural soils became a source of
antibiotic-resistant bacteria, leading to serious mass
contaminations and pandemics [1]. It is worth men-
tioning that detecting pharmaceuticals in water as
a new barrier to access for clean water has inter-
ested scientists in focusing their research activities
on their sources and occurrences in the environment
witnessing.

Recently, pharmaceutical compounds can be
introduced in the environment differently as par-
ent compounds or by-products issued from hu-
man/animal metabolic activities or by disposal of
unused or expired drugs and accidental spills in na-
ture [2]. Therefore, the existance of antibiotics in
the environment at low concentrations ranging from
1 ug-L™! to ng-L! is detected thanks to the advanced
analytical methods [3]. Oxytetracycline (OTC) be-
longs to the tetracyclines antibiotic family and is
widely used in veterinary chemicals, with a stable
naphthol ring as the main structure to the microor-
ganism in wastewater [4]. The occurrence of OTC
in the environment may lead to the development of
antibiotic-resistant strains in microorganisms, which
can be transferred to humans and animals through
food and drinking water [5].

Numerous treatment approaches for the removal

of antibiotics have been considered in recent studies,
including reverse osmosis, biodegradation, mem-
brane filtration, photocatalysis, photo Fenton re-
action, ozonation, and peroxidation [6]. Despite
their confirmed treatment performances, these tech-
niques are unfortunately limited at some levels that
might hamper their overall economic feasibility, es-
pecially for pollutants at trace levels or relatively high
concentrations [7,8]. The adsorption onto activated
carbon could be considered an efficient approach
and presents a practical alternative for removing
pollution [9,10]. There is, therefore, a growing in-
terest in novel and low-cost adsorbents. It is to be
stressed that obtaining carbon from biomass waste
as a biological material derived from plant residues
is comparatively cheap. This is because of their large
availability, low cost, the ability to be converted eas-
ily into highly porous carbon as well as the possibility
of regeneration for multiple uses.

Artichoke, a commonly consumed vegetable in
the Mediterranean food style, represents a signifi-
cant share of household bio-organic wastes. It is part
of a circular economy and sustainable development
concepts. The disposal of these lingo-cellulosic ma-
terials in nature might result in serious environmen-
tal issues, including the fungi development and the
disruption of N, P, and K of the surrounding envi-
ronment [11]. Moreover, it would be interesting to
maximize the physicochemical properties of these
wastes into largely-employed added-value materials
for multiple environmental purposes. Hence, the ar-
tichoke waste conversion into an effective adsorbent
for water purification at multiple cycles offers the
possibility for water recovery to reduce the risk of
hydric pollution [9,12].

This study aims to properly manage artichoke
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residues as an example of households and abundant
agricultural waste as a precursor for activated car-
bon production. Moreover, this research describes
the preparation of activated carbon from artichoke
bio-waste by H3PO, activation to report the kinetic
of batch adsorption of OTC molecules used in vet-
erinary activities. This investigation will be achieved
by examining the effect of the pH, adsorbent dose,
initial OTC concentration, and temperature on the
kinetics in a combined manner and the applicabil-
ity of lumped kinetic models to describe the ad-
sorption process. Equilibrium data are also included
to support the kinetic findings. In addition, com-
putational modeling using density functional theory
(DFT) is considered a complementary tool to under-
stand the adsorption behavior and their nature bet-
ter and explain the interactions energies between ad-
sorbent/adsorbate systems, which contribute to OTC
removal from aqueous solution. Furthermore, the re-
sults obtained here make them suitable and valu-
able for other environmental applications, including
water treatment processes such as filtration and gas
purification.

2. Materials and methods

All chemicals and reagents were of analytical grade,
and supplied from standard sources. Orthophospho-
ric acid (H3PO4, Sigma-Aldrich, 86%), hydrochlo-
ric acid (HCl, Biochem, 37%), sodium hydroxide
(NaOH, Merck, Oxytetracycline (OTC, Cy2H24N20g,
MW = 460.43 g-mol™!) were acquired from Sigma
Aldrich (China; 95-102%). The structural formula of
OTC is illustrated in Supplementary Figure S1. The
OTC stock solution was prepared at a concentra-
tion of 1000 mg-L~!, and the appropriate volume
was diluted to the distilled water to obtain the de-
sired OTC concentration. The pH was measured by
a HI 2210 pH meter (Hanna instruments, Rhode Is-
lands, USA). The removal efficiency of OTC was de-
termined by measuring the residual concentration in
the filtrate spectrophotometrically using a UV-visible
spectrophotometer (Shimadzu 1800, Tokyo, Japan) at
a maximum wavelength of 354 nm.

2.1. Adsorption experiment

The adsorption experiments were carried out in a
1000 mL double welled Pyrex reactor, in which OTC

solution and a known amount of adsorbent were
mixed at room temperature (25 °C). The pH was ad-
justed by adding HCl or NaOH using a pH meter
(HANA 2210). To study the optimal conditions such
as the contact time, the initial pH of the solution
(1-11), the amount of adsorbent (0.1-2 g), the initial
OTC concentration (50-200 mg-L™!), and the temper-
ature (20-50 °C).

The aliquots were withdrawn at regular times and
separated by centrifugation. The experimental proto-
col was investigated by changing only one parame-
ter once for a given test, while the others were kept
constant. All experiments, including blank tests, were
performed in triplicate.

2.2. Preparation and characterization of the
adsorbent

The biomass agriculture waste precursor, i.e., Ar-
tichoke (origin west north Algeria), is thoroughly
washed with distilled water, dried in an oven at 80 °C
until the obtention of constant weight, then mechan-
ically ground into powder. Afterward, the precursor is
impregnated with H3PO, solution with a ratio solid
to the volume of 1:1 using a stirring reactor for 12 h.
The mixture was then filtered, recovered, and dried at
100 °C.

The activated precursor was subsequently car-
bonized at 500 °C in a thermally controlled fur-
nace (Nabertherm, Germany) with a linear rise of
5 °C-min~! for 1 h. The obtained product is washed
with hot distilled water to leach the ash from carbon
and remove the acid trace until getting a neutral pH.
Finally, the black residue is dried at 100 °C for 24 h,
after which it was ground again, sieved, and denoted
ACT until obtaining a powder with an average par-
ticles size of about 200 pum. The produced activated
carbon was then stored in an airtight glass container
for subsequent use.

Physical and chemical characterizations of the
ACT are investigated to characterize better the mor-
phological structure and the chemical composition
of the adsorbent surface, which are helpful to make
hypotheses on the adsorption process mechanisms.

2.2.1. Physical characterization

The surface area and the pore size distribution
of the samples were determined by N, adsorp-
tion/desorption at —77 K using a Micromeritics
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Tristar 3100. Before gas adsorption analysis, the sam-
ple was outgassed at 573 K for 4 h, porosity. The mi-
cropore surface area and micropore volume were ob-
tained via t-plot analysis. Pore size distribution (PSD)
was estimated by a Non-Local Density Functional
Theory (NLDFT) method using nitrogen adsorption
data and assuming a slit pore model. The textural
properties and morphologies were studied through
scanning electron microscope SEM (FEI Quanta 200,
SEM) and X-ray diffraction (XRD) Xpro Philips.

2.2.2. Chemical characterization

The prepared activated carbon was characterized
using various techniques. These techniques are its
zero-point charge as cited previously [13-16], chem-
ical elemental composition analysis by X-ray fluores-
cence spectrometry (XRF), Rijuka Zsxpriness II, and
Fourier Transform Infrared Spectroscopy (ATR-FTIR)
using a spectrometer Brucker Alpha one.

2.3. Theoretical study

The adsorption energy is regarded as a critical pa-
rameter to understand the behavior and nature of
the adsorption mechanism. This parameter distin-
guishes the physical or chemical adsorption process
mechanism of OTC onto ACT. As reported in the liter-
ature, strong adsorption can be related to the higher
negative energy [10,17-21]. Frequently, the E,45 val-
ues determine the physisorption or chemisorption
interaction nature [13]. The following formula can
give the OTC adsorption energy (E,qs) onto ACT [14]:

Eags = E(AB) - (E(A) + E(B)), (€8]

where E(A) is the adsorbates total energy, E(B) is the
total energy of the substrate, and E(AB) is the total
energy of the adsorbent/adsorbate system at equi-
librium. All the calculations were performed through
the computational approach based on the Monte
Carlo calculations, which are used to estimate the in-
teraction energies between ACT and OTC molecules
using the adsorption locator modulus in Biovia Ma-
terials studio software (Accelrys, San Diego, USA).
ACT geometry was optimized in vacuum media em-
ploying the Gaussian program package. The dimen-
sion stable molecular structure of OTC is 1.26161 x
0.8240 x 0.5320 (nm) [15], in focus to compare the ge-
ometries of this last before and after the adsorption
process. Inwhich 202 A is the topological surface area

of ACT. In this study, based on the XRD analysis, the
cellulose and cellulose-H,PO3 were considered as a
model (30 A x 15 A x 25 A) box dimension. For the ac-
tivated carbon surface properties [16].

For the reaction mechanism occurring between
the OTC surface functional groups and the differ-
ent functional groups existing on the adsorbent sur-
face such as COOH, OH, C=C, C=0, C-H, P-O-0OH,
P-O-C, and P-O-P, a schematic diagram and the ob-
tained cluster models of the ACT, are established ac-
cording to the DFT calculation.

3. Results and discussion
3.1. Adsorbent characterization

3.1.1. FTIR analysis

The FTIR analysis provides information about the
nature of surface functional groups and the efficiency
of the activation process with the H3PO, chemical
agent. The IR spectra of raw artichoke biomass and
activated carbon ACT measured within the range of
400-4000 cm™! are presented in Figures 1(a) and (b).

The FTIR spectrum shows a fingerprint region
of 1630-400 cm™! for the source identification of
biomass raw Artichoke in Figure 1(a) shows the most
complicated and apparent spectrum. The FTIR spec-
tra are displayed in Figures 1(a) and (b). Before acti-
vation (Figure 1(a)), the broadband at 3380 cm~! cor-
responds to the O-H groups. The band that appeared
at 2924 cm™! can be assigned to C-H stretching re-
lated to alkanes (CH;) deformation and alkyl groups
C-0O-C stretching.

A strong conjugated C=C peak was also observed
around 1630 cm™!; the transmittance at 1418 cm™!
could be assigned to the bending OH vibration of
hydroxyl groups.

774 cm~! was identical to C-H in (CH3) deforma-
tion and (CH_), groups, respectively, while the car-
boxylic group was shifted to 1055 cm™!. The band at
531 cm™! was related to -C—C stretching of cellulose
and hemicellulose.

Figure 1(b) corresponds to the activated carbon
ACT displays an absorption band around 3553-
3263 cm™! can be attributed to ~OH associated with
the stretching vibration of water, phenols, and alco-
holic groups. The strong bands of OH stretching vi-
brations are observed after activation [22]. The peak
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Figure 1. FTIR spectra of the raw artichoke (a)
and ACT (b) adsorbents.

at 2926 cm™! is assigned to the C-H bonds stretch-
ing vibrations of aromatic rings groups. The distinct
bands at 2850 cm™~! belong to C-H symmetric bond
stretching vibration in the group CH,. The spectra
show a pronounced band at 1696 cm™! assigned
to the aromatic carbon, or carboxyl groups, C=C
stretching vibration in aromatic rings or stretch of
C=0 in —COOH group of the structure of activated
carbon [23].

However, the band at 1658 cm ™! corresponds to
the C=0 elongation vibrations in the plane of the
aromatic rings. A low peak at 1376 cm™! corre-
sponds to the C-H bond in the CH3 group. Never-
theless, it is also characteristic of the phosphorus,
and phosphorus-carbon compounds in H3PO, acti-
vated carbon. The peak at 1120 cm™! can be attrib-
uted to the elongation mode of the hydrogen-bond
POOH groups of the phosphates or polyphosphates

12
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Figure 2. Determination of the pH
ACT.

to the elongation vibration of the O-C in the P-O-C
(aromatic rings) bond [19]. A low peak at 424 cm™!
corresponds to the phosphoric element or aromatic
structure of ACT. In addition, as a significant effect,
the activation with H3PO, increases the amount of
oxygen in different functional groups such as car-
boxylic, phosphate groups, hydroxyl, and phenolic
hydroxyl on the activated carbon surface.

3.1.2. Determination of pH,,,

These properties are essential because the inter-
actions between the functional groups of the ACT
surface and the ions in the solution strongly depend
on the superficial charge. 25 mL of 0.01 M NaCl
was placed in different closed Erlenmeyer flasks and
added 0.1 M of NaOH or 0.1 M of HCl solutions for ad-
justing the pH value from 2 to 10 for each flask. Then
0.25 g of ACT was added and stirred for 24 h to reach
equilibrium at ambient temperature.

The plot to determine the point of zero charges
for ACT is represented in Figure 2. The pHp, corre-
sponds to the intersection point of the pH;,;, and the
pHg, plot demonstrated a zero charge of the mate-
rial. It was found to be equal to 3.7, close to pH,. val-
ues found by many investigators preparing activated
carbon by HpSO4 [20,21].

The pH,,. value suggests that ACT is acidic; this
indicates that the concentration of active sites is
greater than that of the basic one of the ACT surfaces.
After oxidation, a large number of O-C=0 groups
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Figure 3. Adsorption and desorption iso-
therms of N, at 77 K for ACT.

Table 1. Characteristics of activated carbon

Physical properties Values
DFT pore size (nm) 20.35
Surface external (m?/g) 475.05
Surface interne (m?/g)  429.79
Surface BET (m?/g) 904.8

were introduced in the material, which increased the
surface acidity significantly.

At low pH 3.7, the adsorbent material presents
a positive surface charge and a negative charge for
pH > pHzc, since OTC is linked to the ACT structure,
and the functional groups were strongly protonated.

3.1.3. Surface area and pore characteristics

The characteristic of ACT material, such as the
specific surface area, the pore size, and distribu-
tion, were determined from nitrogen adsorption-
desorption isotherm at 77 K using the BET method
and the Non-Local Density Functional Theory
(NLDFT) software for analysis. Table 1 summarizes
the textural properties of produced ACT.

Figure 3 exhibits the isotherm adsorption-
desorption of nitrogen for ACT prepared by chemical
activation. As observed, the adsorption isotherm of
N, onto ACT corresponds to a type I or IV isotherm
according to the IUPAC classification with an H3
hysteresis loop, typical of character.

The plateau of the isotherm at high relative pres-
sures (P/P,) results from the presence of the meso-

Table 2. XRF analysis of ACT

Element Wt (%)
C 88.90
(0] 09.18
Na 00.18
Al 00.08
00.99
S 00.09
Cu 00.33
Zn 00.24

porous structure. For the obtained material, the per-
centage of the surface area attributed to mesopores
and micropores to the total surface area are 52.5 and
47.74%, respectively. More specifically, the isotherms
of ACT display a relatively large hysteresis loop, sug-
gesting the existence of larger size pores and high
specific surface area. As a result, the BET-specific sur-
face area (Sggr) for the ACT can be determined as
904.848 m?.g~1.

The Sper of ACT compared to various activated
carbon materials prepared by chemical activation
with H3POy. It was unearthed that ACT has a suit-
able surface area, making it a promising adsorbent
for OTC and other pollutants such as dyes and
metals [24-26].

In addition, compared to those data found in the
literature, this study shows that the phosphoric acid
activation process is an exciting approach for acti-
vated carbon production. This result could be due
to the phosphoric acid action that moves impurities
from precursors’ materials [27,28].

Therefore, it can be inferred that the excellent Sggr
and the development of large mesoporous structure
52.5% with a portion of micropores created by the
chemical activation leading to the high adsorption of
OTC molecules.

3.1.4. Chemical composition analysis

The XRF analysis involves the determination of
element composition.

The analysis results depicted in Table 2 indicated
that C and P are the major abundant cotenant and
Na, Mg, Al Si, S, Ca, Fe, Ni, Cu, and Zn at trace level.
The high carbon yields are due to the original com-
position of raw biomass of cellulose, phenolic, and
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Figure 4. XRD diffractogram of the ACT.

lignin, while the P content is original chemical acti-
vation agent.

3.1.5. X-ray diffraction (XRD) analysis

The XRD analysis result of the ACT adsorbent is
shown in Figure 4. The activated carbon is amor-
phous and composed of microcrystalline carbon
fragments randomly. It has graphite-like micro-
crystalline, single reticular plane carbon, and non-
organized parts. Figure 4 illustrates the XRD pattern
of ACT activated with H3PO,4 at 500 °C shows char-
acteristic peaks at 260 = 28° and can be indexed to
(002) and (100) diffraction for typical graphite car-
bons [29]. Furthermore, the broad peak detected at
20 = 28° indicates amorphous ACT.

3.1.6. SEM analysis

The scanning electron microscopy (SEM) was
adopted to visualize the sample morphology of the
prepared ACT using the SEM model (FEI Quanta 200)
operating at 15 kV acceleration voltage and the anal-
ysis is portrayed in the photographs Figure 5(a,b).

It can be observed that the surface of raw biomass,
as displayed in Figure 5(a), was heterogeneous
form, highly packed, poreless, and had smaller cav-
ities. These characteristics suggest that the raw
Artichoke biomass comprises lignin, cellulose, and
hemicellulose.

Figure 5(b), shows that the activation at 500 °C
with H3PO, resulted in the creation of a consider-
able number of pores due to the removal of volatiles
matter. These findings have been approved by the

Figure 5. SEM analysis of raw artichoke
biomass (a) and ACT (b).

well-developed pores observed on the surface of the
ACT (Figure 5(b)). Pore development in the ACT
during the activation process was also signeficant.
This phenomenon would enhance the ACT surface
area and pore volume under the diffusion of H3POy4
molecules into the pores, thereby increasing the
H3PO;] carbon reaction via acid hydrolysis processes
creating more pores and crosslink [30]. Khezami and
Capart [31] have stated comparable effects of the
acidic activating agents on the pin wood structural
characteristics.

3.2. Adsorption study

3.2.1. Effect of the initial pH

The pH variation is considered to simulate and
highlight the real conditions concerning the interpre-
tation of the functional groups’ manifestation that
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Figure 6. Effect of pH on the adsorption of
OTC onto ACT, ACT dose =1 g-L‘l, [OTC] =
50 mg-L L.

leads to the acidic or basic character of the adsor-
bent surface. It causes the protonation states of OTC
molecule and the structure that can involve different
mechanisms of complex action responding to divers
pH values of the solution with adsorbent [32].

Batch adsorption experiments were performed
using a fixed dose of adsorbent (1 g-L71) at 25 °C,
initial OTC concentration (50 mg~L’1). The pH was
adjusted over the range of 2 to 11 by adding either
NaOH or HCl (0.1 M) solutions.

The obtained results are illustrated in Figure 6.
As can be seen, the OTC uptake decreased at low
pH when pH is below 5.8, and the removal capac-
ity of OTC is affected by increasing pH from 2 to 4;
the higher OTC removal is noted at pH ~ 4.81. How-
ever, the adsorption capacity decreased sharply from
16.5 to 30 mg-g~! when pH varied from 4.88 to 10.44.
These results were consistent with those found by
Zhao et al. [33,34]. These adsorption values were con-
sistent with the results of Zhao et al. [35,36]. They ex-
amined the adsorption of diclofenac onto goethite
under different pH and found that the adsorption
capacity strongly depends on the solution pH [35].
Earlier, they investigate the adsorption behaviours of
OTC onto Sediment in the Weihe River at different so-
lution pH. They did not remark any effect on the ad-
sorption capacity at pH ranging from 4.0 to 7.0. Still,
they noticed a decrease in the 2.0 to 4 and 7.0 to 9.0
ranges.

The decrease in adsorption capacity could be ex-
plained by the decreasing of electrostatic attractions

Macropores

Micropore

Mesopores

Figure 7. Schematic mechanism of OTC ad-
sorption onto ACT.

between the ACT surface and OTCH3* (cationic or
positive) species. Furthermore, at low pH values,
the competition between H30" and OTCHJ for the
adsorbent sites possibly will partially overcome the
OTC removal. At solution pH 2-7.81, the OTC is
in its zwitterionic (neutral or amphoteric ion) form
OTCHj 0. It is controversial that the significant OTC
removal in its zwitterionic form at solution pH 4.81-
7.86 could be subjected to other interactions such
as complexation [37]. While solution pH > 7.86,
OTC is negatively charged (anion), which resulted
in increasing repulsion with the ACT adsorbent sur-
face [38]. Different interactions mechanism can be il-
lustrated in Figure 7.

3.2.2. Effect of the adsorbent dose

The adsorbent amount is considered a significant
parameter in the adsorption phenomenon. Since the
surface is available and subsequently, the ACT dose
can considerably affect the overall performance of
the adsorption process. Its effect on the OTC ad-
sorption was investigated by introducing different
amounts ranging from 0.2 to 2 g-.L ™! into 100 mg-L ™!
OTC solution at free pH~5.8 and 25 °C (Figure 8).

The OTC removal increases to 98.54% with rais-
ing the ACT dose to 1 g'L™' and remains almost
unchanged after that. It can be discerned that the
amount of OTC adsorbed g; (mg-g~!) declined signif-
icantly from 99.43 to 51.058 mg-g~! when raising the
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Figure 8. Removal versus adsorbent dose,
pH =5.5, [OTC] = 100 mg-L L.

adsorbent dose. This trend can be accredited to the
availability of many unsaturated binding sites on the
adsorbent surface during the adsorption process [39]
Figure 8. For an ACT concentration of 1 g-L‘l, the
g and R (%) were 99.43 mg'g‘1 and 98.54%, respec-
tively, for 100 mg-L™! of OTC.

This phenomenon may be due to the decrease
in total adsorption surface area available to OTC re-
sulting from overlapping or aggregating adsorption
sites [40].

3.2.3. Effect of OTIC initial concentration and contact
time

The influence of OTC initial concentration on the
mass transfer between the OTC bulk solution and
the ACT solid phase is investigated in a batch reac-
tor for various OTC concentrations varying between
50 and 200 rng-L’l. Therefore, it is carried out with a
fixed amount of adsorbent of 1 g-L."! at pH ~ 5.5 and
25 °C. The obtained results are exposed in Figure 9.
A sharp increase of the adsorption capacity with in-
creasing initial pollutant concentrations can be seen.
The same figure also reveals that the adsorption of
OTC for different concentrations appeared to have
similar kinetic behavior. However, at low concentra-
tions, the rate of adsorption was higher and saturated
rapidly related to more active sites for the adsorp-
tion. This behavior indicates that high concentration
contributes to saturating the adsorption site and pro-
vides a significant driving force for the migration of
OTC molecules to overcome the mass transfer resis-
tance of OTC on the adsorbent solid surface [41].

100

o
=
[5)
© 4
: —=—200mg L
E —+—175mgL"
[ —a—150mg L"
s —¥-125mgL"

—+—100mg L’
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Figure 9. Effect of initial concentrations on the
OTC removal (%) on ACT, pH = 5.5, ACT dose =
1gL™L.

In addition, the results shown in Figure 9 demon-
strate that the adsorption kinetics are subdivided into
two steps. The first step, the adsorption, is extremely
rapid at the initial stage for the low initial concentra-
tion; this Behavior is related to the external diffusion
and slows down as the diffusion of the adsorbate into
the interior surface of the particles the adsorption
proceeds. In the first 30 min, the percentages of to-
tal amounts adsorbed are about 99.26%, 96.28%, and
74.10% for initial OTC concentrations 50, 100, and
200 mg-L‘l, respectively. After that, the second step
is slow until the constant concentration reaches an
equilibrium time within 120 min due to the available
OTC molecules in solution and their slow pore diffu-
sion into the bulk of adsorbent [42].

The results can also be related to hydrophobic in-
teractions between OTC molecules and ACT materi-
als [43]. Furthermore, OTC aggregation may also oc-
cur on the adsorbate surface at high OTC concen-
trations. The OTC adsorption capacity (q.) increases
from 50 to 165 mg-g~! with increasing initial OTC
concentration from 50 to 200 mg-L~!; this behavior
indicates that ACT is not efficient at high OTC con-
centrations, and this step elucidates the intraparticle
diffusion as the dominant mechanism in the kinetic
adsorption process.
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4. Equilibrium isotherms and kinetic models

The equilibrium adsorption isotherm study is fun-
damental to reveal that the adsorption performance
could indicate the surface properties, the affinity of
adsorbent, and the distribution between the solution
and the adsorbent phase, instead of understanding
the adsorption mechanism onto activated carbon, as
well as the nature of molecular forces. Besides, this
isotherm is valuable in estimating the adsorption ca-
pacity and the effectiveness of the adsorbent.

The adsorption data have been suggested to Lang-
muir and Freundlich [35]. All these models have been
generally applied to express the experimental data of
adsorption [36].

The Langmuir model form is given by:

Ce 1 +%

de bdy 4o
The Freundlich model is given by:

@)

1
logg. =logKy + ;logCe 3)

C, and C, are the initial and equilibrium OTC con-
centration (mg-L™!) in these equations. ge, g, are
the OTC adsorbed amount at equilibrium and max-
imal capacity (mg-g™!). b: is the Langmuir constant
(L-mg_l).

k¢ and n are the Freundlich constants related to
the adsorption capacity and intensity, respectively.
All the parameter models are summarized in the
Table 3.

Furthermore, the essential characteristic of the
Langmuir isotherm is described by a separation fac-
tor or dimensionless equilibrium parameter (Rp)
shown in Table 3 [44]:

1
T 1+bC,”

It appears from the correlation coefficient (R?)
that the Langmuir model adequately fits the ex-
perimental results over the investigated concentra-
tions range. At natural initial pH (5.6), the maxi-
mum adsorption capacity of dried ACT was ¢, is
126.58 mg-g~! indicating that this material is promis-
ing in treating OTC solutions (50-200 mg-L™1).

According to the Ry values calculated for the ini-
tial OTC concentrations is 0.01 < R; < 0.13. Since the
Ry values are within the range of 0-1, it can be con-
cluded that the adsorption of OTC onto ACT appears
to be a favorable process.

Rp )

The adsorption is nonlinear when the n value
is less than 1. This result indicates that the het-
erogeneous surfaces of ACT are weakly bonded to
the adsorbate by weak free energies, so adsorption
is essentially dominated by adsorption rather than
partitioning [45].

The adsorption kinetic is undertaken to under-
stand the dynamics of the adsorption reaction in
terms of the rate constant and to determine the
possible rate-controlling step of the adsorption
mechanism.

The adsorption kinetic data were evaluated by
using general linearized forms kinetic models, and
the goodness of fit was estimated by the regression
coefficient (R?).

The pseudo-first-order and pseudo-second-order
models are given, respectively by [46,47]:

k1 ,
2.303

log(qe — q¢) =log(qe) — (5)

t 1 t
—= +—.
qc kg de
In these equations, g; and g, (mg-g~!), are the
adsorption capacities at time ¢ and equilibrium k;,
k, are the rate constant for pseudo-first-order and
pseudo-second-order.
The intraparticle diffusion equation is expressed
as Weber and Morris, 1963, [48]:

(6)

qr = kaist®> + C, @)

where Ky is the intraparticle diffusion rate
(mg-g~!-min) and C is the intercept.
The Elovich kinetic model is described by [49,50]:

1 1
= W‘FBIH(I), (8)

where a and S are the Elovich constants.

The initial rates of adsorption reaction are
calculated according to the pseudo-first-order
and pseudo-second-order model by the following
equations:

q:

h = ki )

ha = k2. (10)
The constants and parameters calculated from all
kinetic models tested are presented in the table.

The obtained results show the model’s applica-
bility on the dynamic adsorption of OTC onto ACT
based on the regression coefficient and g, values.
In the actual study, the kinetic data were well fit-
ted by the pseudo-second-order kinetic model. The
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Table 3. Isotherms parameters models and separation factor Ry of OTC adsorption onto ACT

pH Langmuir Freundlich
R>  b@Lmg"H gnmggl R R? n  Kp@Lgh
2.0 0.9937 0.0625 181.82 0.1379 0.7850 0.0670 129.02
4.0 0.9980 0.2960 136.98 0.0326 0.9310 0.0546 98.73
5.6 0.9989 0.5600 126.58 0.0175 0.9544 0.0753 87.54
8.0 0.9984 0.9050 105.26 0.0109 0.8653 0.0562 84.22
10.0 0.9950 0.9380 78.13 0.0105 0.3312 0.0416 66.49
Table 4. Parameters of different adsorption kinetics
Concentration (mg-L™1) 50 75 100 125 150 175 200
Gexp (mg-g_l) 48.59 73.49 99.94 122.12 143.22 156.68 164.98
Pseudo-first-order
qe (mg-g_l) 0.1962 2.03 14.63 32.17 41.82 44.22 50.09
K (g~mg_1~min_1) 0.0109 0.0089 0.0201 0.0275 0.0297 0.0344 0.0337
h (mg'g_l-min_l) 0.0004 0.03 4.30 28.42 51.96 67.26 84.52
R? 0.0125 0.2641 0.4462 0.7943 0.8448 0.8698 0.8839
Pseudo-second-order
qe (mg-g_l) 50 75.02 99.80 121.95 142.85 77.94 71.42
K> (g~mg_1~min_1) 0 0.0505 0.0109 0.0047 0.0035 0.0274 0.0575
hy (mg-g_l-min_l) 0 284.02 108.76 69.89 72.04 166.33 291.60
R? 0.9999 0.9997 0.9995 0.9993 0.9990 0.9967 0.9994
Intraparticle diffusion
K; (mg-g~!-min~%9) 2.64 4.26 5.85 7.62 9.07 9.72 10.46
C 30.66 43.21 53.81 58.5247  67.19 76.77 78.37
R? 0.2333 0.3041 0.3525 0.4524 0.4725 0.4376 0.4637
Elovich
a 110.24 120.44 132.29 114.94 127.51 156.91 152.35
b 0.1255 0.0796 0.0594 0.0472 0.0399 0.0369 0.0348
R? 0.4766 0.5579 0.6068 0.7013 0.7175 0.6849 0.7082

R? values obtained from the pseudo-second-order
kinetic model were higher; this indicates the excel-
lent agreement of this model to describe all the ex-
perimental adsorption data of OTC onto ACT mate-
rial. Kinetics of OTC adsorption onto ACT process,
suggests that the adsorption rate-limiting step may
be the chemisorption’s adsorption. The adsorption of
OTC occurs probably via surface complexation reac-
tions at specific sorption sites, highlighting the im-

portance of the surface functional groups activated
by our experimental condition. Also, it was perceived
that the calculated (g,) values increased with an in-
crease in the initial concentration of OTC.

In addition, the calculated g. (32.3 mgg™!)
value close to the experimental data (30.85 mg-g~!)
indicated that the pseudo-second-order model than
the pseudo-first-order one could approximate OTC
adsorption onto activated carbon more favorably.
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Pseudo-second-order kinetic model suggests that
the predominant process here is chemisorption.
Similar data were also reported by other investigates
[51,52].

Based on the results presented in the table,
the Elovich model did not fit perfect linear forms
(0.47 < R?> < 0.70) for the adsorption of OTC onto
activated carbon.

5. Temperature effect and thermodynamic pa-
rameters of OTC adsorption

Temperature is a crucial parameter in the adsorption
process [53]. It has two significant effects, i.e., it en-
hances the diffusion rate of the adsorbate molecules
through the outer boundary layer and into the ad-
sorbent particles’ pores by decreasing the solution’s
viscosity. Moreover, it improves the solubility of the
adsorbate.

To adequately understand the temperature influ-
ence on the adsorption of OTC by ACT, experiments
were carried out in a temperature range from 15
to 55 °C.

This choice of temperature is justified by the cli-
matic conditions prevailing during winter and sum-
mer, in which the elimination is carried out on an in-
dustrial scale. This study can be investigated under
the operating conditions: ACT dose: 1 g-L™!; contact
time: 120 min; OTC initial concentration: 200 mg-L‘1
and the free pH of the solution.

Figure 10 manifests the influence of temperature
on the adsorption evolution of the OTC on the ACT.
It can be noticed that the increase in temperature in
the studied range promotes the OTC removal rate on
ACT up to reaching equilibrium. This finding could
be explained by higher energy input, which can break
the associations between the OTC molecules and wa-
ter. This phenomenon causes a decrease in the vis-
cosity of the solution, resulting in a rise in the motion
and diffusion rate of the OTC molecules in the film
surrounding the ACT grain. At the same time as the
pores amount expand and improve the diffusion in
the pores.

In other words, the increase in energy in the pro-
cess can reduce the restrictions in film diffusion and
pore diffusion. In addition, the OTC molecules ac-
quire more energy to establish stronger interactions
with the active sites of the ACT. Several authors in the

100
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Figure 10. Temperature effect on Adsorption
of OTC onto ACT, pH = 5.5, dose ACT =1 g-L7!,
[OTC] =200 g-L 1.

literature have reported this positive effect of temper-
ature on adsorption [8].

The enthalpy (AH;{> ds)’ entropy (ASZ’1 d4s) and free
energy (AG; , ) thermodynamic standard parameters
changes are due to the transfer of OTC from the so-
lution onto the solid-liquid interface. The thermody-
namic parameters are an approach used to highlight
the OTC adsorption mechanism (Table 5); they are

computed according to the following equations:

AGly =-RTInKy (1
AGy = AHS — TAS; (12)

ads’

where K is the equilibrium constant is calculated by
the following relation [31,54]:

(Co—Co)

K
d C

(13)
The experiments were carried out from 288 to 328 K
for an initial OTC concentration of 150 mg-L‘l, and
the values of AH,; and AS? , were determined from
the slopes and intercepts of the linear regression of
In(Ky) against (1/7) linear plot (14) (see Supplemen-
tary Figure S2):

(14)

-5 (35)

R RT

Based on the results of Table 4, the negative value
of AG; . is given for all temperatures indicating that
OTC adsorbed onto ACT is spontaneous.
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Table 5. Thermodynamic parameters of OTC removal onto ACT

AH (J-mol™) AS (J-mol 'K} AG (kJ-mol™})
288K 298K 308K 318K 328K
15.5469 72.31 -20.81 -21.53 -22.25 -2297 -23.70

It was observed that with increasing tempera-
ture, AG; . decreases, implying that adsorption be-
comes thermodynamically more favorable. The posi-
tive AH_  further confirms the endothermic nature
of the OTC adsorption process, while the value of
AH,, is very tiny. This result may be due to a bit
of desorption of pre-adsorbed water. Supports this
assumption the positive entropy AS; ,  that means
the increased disorder during the OTC adsorption
process at the solid-solution interface. This behav-
ior is probably due to the displacement of water
molecules sorbed on the solid surface or some struc-
tural changes in the adsorbent and adsorbate during

the adsorption process [31,55].

6. Computational studies

In this work, the configurations of OTC in water and
vacuum media were optimized using DFT calcula-
tion and the corresponding FMO (Frontier Molecu-
lar Orbitals), resulting in HOMO (Highest Occupied
Molecular Orbital) and LUMO (Lowest Unoccupied
Molecular Orbital) are shown in Figure 11. The MEP
(Molecular Electrostatic Potential) was computed to
discuss the electrophile and nucleophile character
position of OTC [56], illustrated by blue and red area,
respectively (Figure 11).

The HOMO is located mainly on C=0 N-C and
C-OH groups. At the same time, the LUMO is
situated on the C=C of the aromatic ring C-OH and
a weak part on C=0, indicating that these molecular
moieties are from active sites for adsorption [57].
Additionally, the MEP predicts a dominant elec-
trophilic character of OTC except around the oxy-
gen, in which strong negative potential was ob-
served. This high polarity of OTC-molecule favors
the intermolecular electrostatic and/or weak dipolar
interactions [58].

Furthermore, an attempt has been realized to
acquire in-depth erudition on the adsorption mech-
anism of OTC onto ACT. Two models of substrate

surface were proposed, cellulose and cellulose-
H,PO3, having the area of 16.40 x 20.76 A? (Fig-
ure 11). The choice of the two surface models il-
lustrates the adsorption on the raw biomass (Arti-
choke) before and after acid treatment (ACT). Fig-
ure 11 shows that the OCT molecule adsorbed lon-
gitudinally on both surfaces. The aromatic cycle is
almost in a parallel configuration, indicating that
m-electrons are strongly involved in the adsorption
mechanism. Besides, the oxygen atoms of OTC are
tilted toward the substrates, with distances close to
covalent bonds, suggesting that these last may occur.
Additionally, the adsorption energy values are given
in Table 6. The adsorption energy was found to be
-562.92 kJ-mol™! and —116.84 kJ-mol™! for cellu-
lose and cellulose-HyPO3, respectively. These high
energy values confirm again that OTC molecules are
strongly adsorbed, maybe through the chemisorptive
process, and their negative values indicate the spon-
taneity of the process. Therefore, the relative stability
and adsorption energy for the two surfaces follow
the order:

OTC/cellulose > OTC/cellulose-H,POs3.

Furthermore, the charges distribution of
molecules was illustrated by the electrostatic po-
tential maps, and the MEP maps of OTC-cellulose,
and OTC-cellulose HyPO3 were calculated using the
DFT method. From Figure 11, the MEP negative re-
gions mentioned by red and yellow colors were lo-
cated on the oxygen and nitrogen, indicating that
these sites are the most appropriate for electrophilic
attacks. Otherwise, electron transfer increases the
adsorption and favors the intermolecular electro-
static interactions [58].

7. Comparison of the adsorption of OTC on
various adsorbents

To evaluate the removal efficiency, a comparison of
maximum adsorption capacity obtained from the
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Figure 11. DFT-optimized configurations, FMOs (HOMO and LUMO) and MEP plots of OTC adsorption

onto Cellulose and Cellulose-H,PO3 system.

Table 6. Adsorption values using different substrates (cellulose, cellulose-H,PO3)

Structure Total energy  Adsorption  Rigid adsorption Deformation Oxytetracycline:
(kJ/mol) energy (kJ/mol) energy (kJ/mol) energy (kJ/mol) dEad/dNi

Cellulose (2 x 2) (100) 74.45 —562.96 —-31.59 —531.36 —562.96

Cellulose H,PO3 (2 x 2) (100) 72.60 -116.84 —34.65 -82.18 -116.84

Langmuir model of the prepared ACT with investiga-
tions findings towards the OTC drug removal at the
optimum operating conditions is given in Table 7.

The obtained results revealed that ACT exhibits a
great extent of adsorption performance compared to
other adsorbents materials reported in the literature
for the same contaminant. Moreover, this compara-
tive study indicated that ACT could be a promising
and satisfactory adsorbent for pharmaceuticals and
dyes removal.

8. Conclusion

An undeniable and low-cost activated carbon pro-
duced from agriculture by-products, using the chem-
ical activation, has been identified as an effective ad-
sorbent for OTC removal from wastewater. Phospho-
ric acid was used to promote bond cleavage reactions
and the formation of crosslinks through different
mechanisms such as cyclization and condensation
and its combination with organic species to form
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Table 7. Comparison of the OTC maximum adsorption capacity obtained from Langmuir isotherm at

optimal operating conditions on various adsorbents

No Materials gm (mg/g) References
1 Theresidue of Flueggea suffruticosa  129.9 [59]
2  Corn stalk 88.5 [60]
3 Aerobic granular sludge 91.74 [15]
4  Surfactants modified sepiolite 39.18 [61]
5 Sediment 81.8869 [62]
6  Forest 263.8 [63]
7  Wood 254.1 [63]
8 ACT 126.58 This work

phosphate and polyphosphate bridges that bond and
crosslink fragments. These fragments were employed
to remove OTC molecules as a pharmaceutical pollu-
tant from an aqueous solution and achieve the sta-
tus of green environmental policy. The techniques
characterization of activated carbon the SEM im-
age clearly showed a heterogeneous surface mor-
phology of ACT signifying the presence of pores and
appreciate surface area obtained after carboniza-
tion processes with H3PO, acid treatment. The FTIR
spectroscopy revealed the presence of different peaks
corresponding to the functional groups formed after
activation by reducing the hydroxyl group and creat-
ing a carboxylic function. XFR analysis indicates that
the C, O, and P are the most elements composition.
The XRD analysis confirmed that the ACT displayed
a crystallinity structure characterized by an amor-
phous nature. The large surface area and the devel-
oped porous material structure after the activation
process proved by BET analysis reveal that the adsor-
bent is a typical mesoporous material.

As the results of the experimental studies revealed,
a minimum contact time for the adsorption equilib-
rium was less than 2 h, and for a fixed amount of ad-
sorbent 1 g-L'~, an increase in the initial concentra-
tion of the solution reduces the contact time required
to reach equilibrium. In addition, the OTC adsorp-
tion increases with an increase in the temperature,
thereby suggesting the process to be endothermic.

The description of adsorption behavior by DFT
calculations showed superior ability and a good
agreement between experimental and theoretical in-
vestigation due to the different interaction energies
of adsorbent functional groups (C=0, -OH, C-POx)

OTC molecules.

Finally, this study demonstrates the outstanding
adsorption efficiency of ACT materials to OTC drugs
from an aqueous solution, and it has provided feasi-
ble, economical, and valuable practical water treat-
ment applications.
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Abstract. This work aimed to study petiole palm tree wastes (PTW) efficiency in removing two basic
dyes: Rhodamine B (RB) and Victoria blue B (VBB) from aqueous solutions in single and binary sys-
tems under various experimental conditions including the effect of contact time, pH, initial concen-
tration, and temperature. The PTW characterization shows that the PTW is a lingo-cellulosic mate-
rial. The experimental results indicate that the removal of both dyes was relatively fast, spontaneous,
exothermic and occurred on monolayers. Moreover, the adsorption competition between these two
dyes on the adsorbent particles surface was important since the Langmuir’s adsorption capacities
were evaluated to 260.1; 440.1; 168.0; and 417.4 mg/g for RB and VBB in single and binary systems,
respectively. These adsorption capacities, even in binary systems, are interesting compared to other
raw materials and prove that this abundant agricultural waste can be considered as a promising ma-
terial for an efficient dyes removal from aqueous effluents.

Résumé. Ce travail vise a étudier |'efficacité des déchets de pétiole de palmier (PTW) pour I'élimina-
tion de deux colorants basiques : la Rhodamine B (RB) et le Victoria bleu B (VBB) en solution aqueuse
pour des systémes simples et binaires dans diverses conditions expérimentales, y compris I'effet du
temps de contact, le pH, la concentration initiale et la température. La caractérisation du PTW montre
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que ce dernier est un matériau ligno-cellulosique. Les résultats expérimentaux indiquent que 1'éli-
mination des deux colorants était relativement rapide, spontanée, exothermique et se produisait sur
des monocouches. De plus, 'adsorption compétitive entre ces deux colorants basiques a la surface
des particules PTW était importante puisque les capacités d’adsorption d’apres le model de Langmuir
ont été évaluées a 260.1; 440.1; 168.0 et 417.4 mg/g pour le RB et le VBB dans les systémes simples
et binaires, respectivement. Ces capacités d’adsorption, méme en systemes binaires, sont intéres-
santes par rapport a d’autres matiéres premieres et prouvent que ces déchets agricoles abondants
peuvent étre considérés comme matériau prometteur pour une décoloration efficace des effluents

aqueux.

Keywords. Petiole palm tree wastes, Dyes, Competition, Adsorption, Characteristics, Modeling.

Mots-clés. Déchets de pétiole de palmier, Colorants, Compétitive, Adsorption, Caractérisation, Mod-

élisation.

Published online: 25 February 2022
1. Introduction

Contaminated effluents discharged by textile, paper,
plastics, and dye industries are the main sources of
aquatic pollution [1]. These industries generally gen-
erate huge amounts of wastewaters that contain mix-
ture of organic and inorganic chemicals that poten-
tially threat the environment quality [2,3] as well as
public health [4,5]. For this reason, the treatment of
these effluents has been identified as a global envi-
ronmental concern. Color, which is mainly due to the
presence of dyes, is one of the first aspects to be in-
spected when dealing with wastewater [6]. Even in
small quantities (less than 1 ppm for some of them),
dyes can be easily detected [7], and potentially toxic
to humans and animals [8]. The RB and VBB, as
cationic dyes, are widely used as coloring agents in
several industries [9]. Their efficient removal from
aqueous solutions is therefore a critical issue that has
to be seriously taken into consideration.

Many techniques have been suggested for the
removal and separation of dyes from contaminated
waters, including photo-degradation [10] coagula-
tion [11], electro-oxidation [12-14], and membrane
filtration [15]. The real implementation of these tech-
nologies is generally hindered by several drawbacks
including high capital and exploitation costs, sensi-
tive operational conditions, use of large amounts
of chemicals, and the presence of a secondary
sludge or byproducts that have to be additionally
treated [16].

Adsorption [17,18] has been identified, these last
decades, as an attractive method, liable to be used
separately or in combination with other technolo-
gies for efficient dyes removal from aqueous solu-
tions [19]. The main advantages of adsorption com-
pared to other technologies are simplicity, low cost,
and efficiency [20].

Several organic and inorganic adsorbents such
as clays [21,22], activated carbon [23,24], cellu-
lose [25-27], carbon nano-tubes [28], magnetic com-
posites [29], bio-composite [30,31], bio-wastes [32—
34], industrial by-products, and natural materials
such biopolymers, have been utilized in dye re-
moval [35,36]. The use of raw agricultural materials,
without any modification, is however highly recom-
mended in order to limit the treatment cost.

In Tunisia, date palm oases generated huge
amounts of biomass that can be valorized as a low
cost material for wastewater treatment in general
and dyes removal in particular. Indeed, more than
4.3 million date palm trees exist in the southern part
of Tunisia occupying an area of almost 42,000 ha [37].
Nowadays, there is no specific management option
of the produced wastes in these oases. Indeed, the
majority of these biomasses are generally thrown
away or openly burned raw which induces serious
environmental risks.

Date palm wastes have been applied as raw ma-
terials for the removal of both organic and inor-
ganic pollutants form wastewaters [38]. Other stud-
ies have focused on the synthesis of activated car-
bons from these wastes and their application for
the removal of a wide range of pollutants such as
chromium, phenol, methylene blue etc... [39-42].
However, the majority of these studies investigated
the behavior of a single contaminant without an im-
portant accent on the involved mechanisms. More-
over, RB and VB removal studies are relatively rare
compared to other common dyes such as methylene
blue and methyl orange. Specific studies dealing with
the impact of the presence of mixed dissolved dyes
on their removal efficiency from effluents are of great
interest.
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Victoria Blue B

Figure 1. VBB and RB chemical structures.

The present work mainly aims to highlight the ef-
fect of the competition process between RB and VB
on their removal from aqueous solutions by an abun-
dant biomass (petiole palm tree wastes). For this aim,
these two basic dyes removal efficiency from aqueous
solutions was precisely assessed in single and binary
systems under various experimental conditions such
as contact time, pH, initial concentration, adsorbent
dose, and temperature. The involved mechanisms
were explored through kinetic and isotherm mod-
eling as well as Fourier Transform Infrared (FTIR)
analyses.

2. Materials and methods
2.1. Adsorbent preparation and characterization

The petiole palm tree waste used in this study was
collected from the region of Gabes, southern region
of Tunisia. It was ground and sieved in order to ob-
tain a homogenous particles distribution. The mean
size of the material is 250 um. The obtained raw ma-
terial was not subjected to any form of pretreatment
before its use as an adsorbent for dyes removal from
aqueous solutions.

The preliminary raw material characterization has
targeted the determination of its zero-point charge
pH (pHpzc), at this point the surface charge of the
adsorbent was neutral. This parameter was deter-
mined according to the approach given by Hammani
et al. [43] for initial pH varying from 2 to 12. Be-
sides the main functional groups of this adsorbent
was performed through Fourier transform infra-red

Rhodamine B

(FTIR) spectroscopy using a Brunker-tensor 27 spec-
trometer.

2.2. Dye solution preparation and analysis

Rhodamine B (chemical formula (CF): C;gH3z1 CIN,Og;
molar weight (MW) = 479.01 g-mol™!) and Victoria
blue B (CF: C33H3,CIN3; MW = 506.09 g-mol 1), used
in this study for the preparation of the synthetic so-
lutions, were purchased from Acros-Organics from
(USA). Their molecular structures are represented
in Figure 1. These dyes were used as supplied, with-
out any prior purification.

During the adsorption tests, two stock solutions
of RB and VBB of 1000 mg-L~! were prepared and
used for solutions preparation at desired concentra-
tions. The efficiency of the adsorbent in removing
RB and VBB under the different experimental con-
ditions was determined through the assessment of
their absorbance at wavelength values of 553.2 and
614.5 nm, respectively, using an UV spectrophotome-
ter (Genesys 10S UV-Vis).

2.3. Adsorption experiments

RB and VBB adsorption experiments were conducted
in a 2 L batch reactor provided with a water circu-
lation arrangement to maintain the temperature at
the desired value [44]. These experiments consisted
in mixing given masses of the adsorbent in 1 L of
synthetic solution containing these dyes at a desired
concentration in single or binary modes for a fixed
contact time. These mixtures were stirred with an
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electromagnetic stirrer (Kika-Werke-RT 10 Power) at
a constant speed of 200 rpm. The remaining dis-
solved RB or VBB concentrations were determined
using the above cited UV-visible spectroscopy appa-
ratus after centrifugation at 2000 rpm for 5 min with
a CENTROMIX mod S-549 apparatus.

All these assays were performed in triplicate and
the mean values were reported in this study. The
standard deviation for all assays was lower than 5%.

2.3.1. Effect of initial pH

The influence of the pH on the adsorption of a se-
ries of colored solutions at 20 mg-L™! in RB and VBB
was monitored. The pH of the solutions was adjusted
to values ranging from 3 to 8 since the behavior of
the VBB used is considerably dependent on the pH
of the water: at pH < 8, it is blue in color, but at pH >
8 it acquires a red color. The pH of the solutions has
been adjusted by adding a few drops of HCI (0.1 N) or
NaOH (0.1 N) solutions and the adsorbent dose used
was fixed at 0.1 g/L. The mixtures were then stirred at
200 rpm for 3 h at room temperature 25 °C. The resid-
ual dye concentrations were determined by the spec-
trophotometer analysis.

2.3.2. Effect of contact time- kinetic study

The kinetic adsorption of RB and VBB by the raw
PTW biomass in single and binary modes was as-
sessed at times ranging between 5 and 120 min.
These assays were carried out for initial dye concen-
trations ranging between 10 and 50 mg-L™! in sin-
gle mode and from 6 to 14 mg-L™! in binary mode,
a constant adsorbent dosage of 0.1 g-L ™!, and a fixed
pH of 4 for both RB and VBB. The RB or VBB ad-
sorbed amounts at a given time “t”, (g;) (1) and the
corresponding removal yield (Y;) (2) were assessed as
follows:

_(G—-Cy)
)

(Co—Ci)

Y (%) = ——— x 100 2
Co

where Cy and C; (mg-L™!) are the dye concentrations

at the beginning of the experiment and at a given

time “t”, respectively, and D is the used PTW dose

gL™).

The RB and VBB adsorption kinetics measured
data were fitted to three well-known models (Ta-
ble 1), namely pseudo-first order (PFO), pseudo-

second order (PSO), and Elovich. The original and the

1)

t

linearized equations of these four models are exten-
sively cited in literature [45,46].

Table 1. Used kinetics models for the study of

RB and VBB removal by PTW
Model Equation
d
Pseudo first order % =k1-(ge—qr)
d
Pseudo second order % =ko(ge— Clt)z

Elovich qt= l ‘In(a-B) + % -In(p)

B

With: g; adsorbed amount at given time ¢
(mg/g), ki pseudo first order model con-
stant (min~!), k» second-order model constant
(g/mg-min~!), g, equilibrium dye concentra-
tion on adsorbent (mg/g), t time (min), a Initial
adsorption rate (mg/g), B Desorption constant
(g/mg) during every one experiment.

The agreement between the measured and the
calculated adsorbed amounts was determined ac-
cording to the estimated values of the determination
coeflicients as well as the calculated average percent-
age errors (APEy, (3)):

Z{v |(qr,exp - qr,theo) / qr,exp|
N

where G exp and g meo (mg-g™!) are the measured

and the theoretical adsorbed amounts at the time “¢”,

N is the number of experiments.

APExin (%) =

x 100 (3)

2.3.3. Effect of initial dye concentrations—isotherm
study

The effect of the initial dyes concentrations on
their removal by the PTW was assessed at equilib-
rium for a contact time of 3 h, a pH of 4 and an ad-
sorbent dose of 0.1 g:-. 1. The tested dye concentra-
tions were adjusted to 10, 20, 30, 40 and 50 mg-L‘1
in single mode and 6, 8, 10, 12 and 14 mg-L‘1 in bi-
nary mode. The measured data were fitted to well-
known models (Table 2), namely Freundlich, Lang-
muir and Temkin models. The original and linearized
equations of these models as well as the assumptions
and implications have been intensively developed in
the literature [47,48].

As for the kinetic study, the concordance between
the experimental and predicted adsorbed amounts
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Table 2. Used isotherms models for the study
of RB and VBB removal by PTW

Models Equations
1
. qm - Kj- Cen
L =—
angmuir ge 17K,C,
1
Freundlich qe=Ky-CJ
Temkin ge = B;-In(Ky) + B; - In(C,)

by the three used models was determined as fol-
lows (4):

Ziv [(Gt.exp — Gt,theo) ! Gt,expl N
N

100

4)
where gGeexp and g theo (mg-g~!) are the measured
and the theoretical adsorbed dyes quantities at
equilibrium.

APEjsotherm (%) =

2.3.4. Effect of adsorbent dose

The effect of the adsorbent dosage on the RB and
VBB removal efficiency was determined for contact
times raging between 0 and 40 min, at initial dye con-
centrations of 10 mg-L™! in single and binary modes.
The PTW tested doses were equal to 0.05; 0.1; 0.15,
and 0.2 g-L!. The dye percentage removal for a given
dose and time is calculated using (2).

2.3.5. Effect of temperature—thermodynamic study

The effect of the temperature on RB and VBB re-
moval efficiency was determined for a fixed con-
tact time of 3 h, and an initial dye concentration of
10 mg-L™! in single and binary modes. The tested
temperatures were fixed to 20, 30, 40, 50, and 60 °C, at
a constant adsorbent dosage of 0.1 g-L™! and a fixed
pH of 4 for both RB and VBB. The dye percentage re-
moval for a given dose and time are calculated us-
ing (2).

The thermodynamic parameters of dyes adsorp-
tion onto the tested material have concerned the
standard free energy changes AG° (kJ-mol™!), the
enthalpy AH° (kJ-mol™!) and entropy changes AS°

(kJ-mol~'-K™1). These parameters were calculated
according to the following equations:

AG® = —RTlogK¢ (5)
AG®° =AH®°-TAS° (6)
qe
Kr= — 7
=4, Q]
where R is the gas wuniversal gas constant

(8.31 J-K 'mol™!), T is the temperature (K) and
K¢ is the distribution coefficient.

The Van't Hoff equation can be deduced from the
combination of (5) and (6) as follows:
AS® AH°

- . 8
R RT

The Van't Hoff plot (log(K¢) as a function of 1/T)
permits the estimation of AH® and AS° through the
calculus of its slope and intercept, respectively.

logK, =

O-H
H

=C

0

1041ecm*  C-O

3465 cm-1

1635cm-1 C:

13 85ecm™
1161cm® C-0-C

1735cm-1  C

asymmetric C-H
symmetric C-H

2920cm-1
2854cm-1

Natural

3871 3485 3099 2714 23‘28 1942 1556 1171 785 3é9
Figure 2. FTIR spectrum of the petiole palm
tree waste.

3. Results and discussion
3.1. Adsorbent characterization

The pHpyc value of the used adsorbent was found
to be 3.8. According to the literature, values of 5.1,
6.13 and 6.5 were found in the case of the pHpyc
studies for mixture palm waste (seeds, leaves and
bark) [49], date stone [43] and palm bark powder [50]
respectively.

Therefore, the adsorbent’s surface should be neg-
atively charged for pH values higher than 3.8 which
will favor the removal of the used cationic dyes. At
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contrarily, for pH lower than 3.8, the solid surface
should be positively charged.

On the other hand, the FTIR analysis of the used
adsorbent (Figure 2) showed that this material con-
tains various absorption peaks, which are character-
istic of a lingo-cellulosic material [51].

The main existing bands were distributed as fol-
lows: (i) a broad and intense band around 3465 cm™!
corresponding to O-H bands [52], (ii) bands at
2920 cm™! and 2854 cm™!, that can be attributed
to asymmetric C-H and symmetric C-H bands re-
spectively [53], (iii) a band around 1735 cm™! rep-
resenting C=0 and stretching vibration of ester
group in hemicellulose [54], (iv) a band around
1635 cm ™!, showing the existence of C=C [55], (v) a
band around 1635 cm™! representing O-H bend-
ing of adsorbed water [55], and (vi) two bands
around 1161 cm™! and 1041 cm™! attributed to
the C-O-C asymmetric stretching vibration and C-
O stretching ring in cellulose and hemicellulose,
respectively [53].

The PTW’s FTIR spectrum confirm the results of
Belela et al. [56] who studied MB bio-sorption from
aqueous solutions by date stones and palm-tree
wastes. This spectrum confirmed that the PTW
had various functional groups that would con-
tribute to the VBB and RB removal from aqueous
solutions.

3.2. Adsorption studies
3.2.1. Effect of initial pH

The value of pHpyc indicated the type of active
sites and biomass adsorption capacity. At a pH >
pHpzc, cationic dye adsorption was promoted, owing
to the presence of functional groups such as OH-and
COO- groups, whereas at a pH < pHpyzc, anionic dye
adsorption was promoted, here the surface became
positively charged [57].

The effect of the pH values on VBB and RB ad-
sorption was studied under the experimental con-
ditions in Section 2.3.1. It can be seen that the
adsorption of the two dyes is influenced by the so-
lutions pH values (Figure 3). Indeed, the lowest ad-
sorption yields for VBB (20.2%) and RB (70.2%) were
obtained for the lowest pH value (3). This may be
due mainly to the fact at this pH, the adsorbent was
mainly positively charged which induces a net re-
duction of the adsorption of the positively charged

studied dyes. When used pH values are higher than
the pHpyc, the adsorption yields of both dyes in-
crease. The corresponding average yields values for
this range were assessed to 26%, and 79.6%, for
VBB and RB, respectively. The highest adsorption
yields were determined at a pH of 4. They were as-
sessed to 85.4% and 35.2% for RB and VBB, respec-
tively. Kataria et al. [58] observed that the maxi-
mum removal of Victoria blue b dye was achieved
at pH 6, after that, it decreased with increase in pH
when Al-Gheethi et al. [59] observed that the maxi-
mum removal of Rhodamine B dye was achieved at
pH 4.69.

100 4
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Figure 3. Effect of pH on the adsorption of VBB

and RB by PTW (Concentration = 20 mg-L™},

contact time = 3 h and adsorbent dose = 0.1 g).

3.2.2. Adsorption kinetics

The adsorption kinetic of VBB and RB by PTW
was carried out under the experimental conditions
given in Figure 4. It can be clearly seen that this
process is time and initial concentration dependent.
Indeed, for a given constant initial concentration,
the adsorbed dye amount in both modes highly in-
creases at the beginning of the experiment until a
contact time of 15 min. At this time duration, for a
single mode and at a concentration of 50 mg-L !, the
VBB and RB adsorbed amounts represented about
47%, and 31% of the totally adsorbed amount at
the end of the experiment. This short duration will
be particularly appreciated when this process will
be scaled up for real applications since it will per-
mit high energy savings. After this duration, the VBB
and RB adsorption continue to increase but with
a much slower rate (Figure 4). After a longer con-
tact period, the adsorbed amounts continue to in-
crease but at a slower rate. This behavior can be
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Figure 4. RB and VBB kinetic removal by the petiole palm waste at different initial concentrations in

single and binary systems.

linked to intra-particle diffusion within the adsor-
bent pores and dye adsorption [60,61]. The equi-
librium state which corresponds to almost constant
adsorbed amounts was reached after a longer con-
tact time. However, in all cases, duration of about
120 min was sufficient to reach this equilibrium
state.

It is important to underline that the equilibrium
time increases with the increase of the initial dye
concentration. For example, in a single mode, for
an initial concentration of 10 mg-L‘l, this time was
assessed to 6 and 15 min for RB and VBB, respec-
tively. These times increased to 20 and 60 min when
the used initial dyes concentration was increased to
50 mg-L~!. This behavior is mainly due to the fact
that higher is the initial dye concentration, higher
are the dyes molecules that will react with fixed ad-
sorption sites on the surface of PTW [62]. Similar
trend was observed for the binary mode (Figure 4).

The increase of the adsorbed dyes amount in single
and binary systems with the increase of the initial
concentration will be deeply discussed in the
isotherm section (Section 3.2.3). Moreover, the dyes
removal efficiency decrease in binary mode in com-
parison with the single system will be examined in
the same Section 3.2.3.

The fitting of the experimental data with the PFO,
PSO, and Elovich kinetic models shows that the PSO
was the best one. Indeed, the corresponding theoreti-
cal adsorption data for the two dyes and the two stud-
ied modes are more concordant with the experimen-
tal data in comparison with the other models. The
PSO model exhibited the highest average calculated
R? (0.979) and the lowest APE (5.33%) (Table 3). This
result suggests that the dyes removal by PTW might
mainly a chemical process including complexation
with the adsorbent functional groups and cation ex-
change [63,64].



Sana Jmai et al.

34

v.2C 1680 1889 860 95F'S G860 a8erony
I€9TT 6560 9IS'E T1S8'E TPE9 6860  SSLI €T's 8G9 ¥86'0  LL0°0 9T'ST 9
¥EE'8  SS6°0  S20S  ¥E'S 996'S 6860  L¥'ST 1sL°€ ¥€C9 986'0  8L0°0 Zree 8 spou Areuq
[85°ST  $58'0 189S LE9T L1606 6960  80°CE €8€°S 02I'S G860  ZET'0 8.°8C 01 ‘] SN[ BLIOIIIA
6ISCT  6€8°0 6029 62CS SLT9 660  ¢60F €0€'9 92¢°S 660  ¥8T0 ovLe Al
00S'€T  6%8°0 S8'6 LTBE 9SL°9 V.60  HE8S 28TE S¥6'c 1660  CHI0 1228 i
I8 9060 ¥E'S 2860 6L'S €960 a8eraay
8IEFT 0060 €980 8LLT L¥9'8 1860  €59F 29'0¢ 0€€'9 7860  LOT'0 vy 9
SZEl G660 €691 SI'T €0E6 LL60  S8LL ¥25'8 v2Iy S660 6500 G¥S'9 8 spou Areuiq
0¥8'S 9160 T19€T ¥LST ¥26'S ¥86'0 9676 50'92 €99 GS6'0  9ST°0 9.8 01 g surmRpOYY
868t 9160 I¥9T <'T2C OIS'E L1260  €I'SI ce'Ie VET'L €260 920 8T 1 Al
8IT'E 1980 O9IST 8¥29 LIET S66'0  €8'8I 5867 6657 €960  S0S0 €081 1
890°€  S.6°0 029°€ €860 €6¥’L  8¥6°0 a8eroAy

ZeUC L1860 99€FS S0SC 6.9°C 2860  T'THE 9570 ¥98°'. SE€6'0 VIO ¥'50€ 05
v.81T 1660 €7  ¥'SOT 9IES 60  9°2¥C 0870 628'6 €260 8800 6'81C 0¥ apour 3[3uls

. . . . . . . . . . . . ‘g an[g BLI0IOIA
69L°¢  0L60 9607 €V6E I19°C 8860  SSII 8¥6°0 829°L 9560 €800 9101 02
L0SY  TS6'0  TLS8 SIT LL8'T 9660 €T 6¥5°C €59F 0860  ¥60°0 8G°cy 01
0098 0980 ¥87'S 12670 8¥7'S 8960 a8erany
€81°S 8560 ¢6'IE 9IEC LIV ¥86°0 LTSI 890'C €20°'L 9260  2LTO 6191 05
9v%'8  688°0 2881 G'EOT SSE9 2960 €01 692°€ EVV'9 G260 6VC0 97’16 0g opow a[3uls
GE0'0T 080 SP6'6 LS9 S09C 6960  £2SS 966'9 £59'S 0860 0870 1867 0z g euruEpoyy
LELOT S2L°0  SOST 2699 6VL'S S96°0 96701 L¥'S9 989°'C 1660  L¥H0 60°0T 01
adv A git v ddV ¥ (38w’ (_umw, oD% HAV ¥ (j_urw) Ly (8/3w) b (/3w) 0D

[epouw YyI1A0[H [epoul I9p.I0 pUu0I3sS OpNasq [epoW I9pI0 18I OpNasq w@%ﬁ—

(;-1-3 T°0 = 9sop Juaqiospe pue § = Hd ‘Y ¢ = awQ JOBIUOD) SUONBIIUSIUOD
S[eTIUI JUSIQYIP 1B sapow Areurq pue 9[3urs Ul MId Aq ggA pue ‘gy jo uondiospe 9y} JO S[QPOUI SOMAUD| 9Y) JO SIdjoweled °€ d[qeL



Sana Jmai er al. 35
230 450
400
200
350
150 300
> g‘; 250
E £ ‘
8’ 100 g 200 VBB single
A RBsingle 150 VBB binary
RB binary Langmuir
50 100
Langmuir
50
o@h 0
0 50 100 150 200 0 50 100 150 200
Ce(mg/L) Ce(mg/L)
Figure 5. Isothermal experimental and fitted data with, Langmuir model for RB and VBB removal by PTW
in single and binary mode (initial pH = 4; adsorbent dosage = 0.1 g-L’1 ;contacttime =3 h; T=20+2 °C).
Table 4. Calculated parameters of Langmuir, Freundlich and Temkin models regarding RB and VBB
removal by TPW in single and binary mode
Dye Langmuir Freundlich Temkin
K; Om R?> APE Kr n R> APE B K; R?> APE
(L/mg) (mg/g) (%)  (L/mg) (%)  (J/mol) (%)
Rhodamine B, 0.023 260.1 0.992 7.3  18.17 2.0 0.9587 20.4 56  0.243 0982 6.9
single mode
Victoria Blue B, 0.089  440.1 0.948 59 136.6 44 09183 133 7732 1.63 0.864 10.1
single mode
Rhodamine B, 0.027 168 0.977 4.6 21.43 2.6 0.9137 9.1 38.86 0.227 0.968 5.6
binary mode
Victoria Blue B, 0.037 417.4 0.860 20.1 71.73 3.1 0.7346 26.9 93.54 0.313 0.817 219
binary mode

Similar results were reported in various research
studies, namely the adsorption of methylene blue
and crystal violet by palm kernel fiber [65] and the
adsorption of Dye Basic Blue 41 and Basic Yellow 28
by activated carbon [66].

3.2.3. Effect of dyes initial concentration—isotherm
study

The impact of the initial dyes concentrations in
single and binary modes on their removal by PTW
was evaluated under the experimental conditions
given in Section 2.3.3. The used pH was fixed to 4

which correspond to the optimal value found in Sec-
tion 3.2.1. The measured data as well as the theo-
retical ones calculated by Langmuir, Freundlich and
Temkin models are given in Figure 5. The calcu-
lated constants of these three models are given in
Table 4.

On the basis of Figure 5 and Table 4, it can
be clearly deduced that the adsorbed amounts of
RB and VBB in single mode were higher than the
ones observed in binary system. Indeed, in sin-
gle mode, the palm tree waste exhibited an uptake
capacity of 440.1, and 260.1 mg-g~' for VBB and
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Table 5. Comparison of RB and VBB adsorption onto PTW with other materials

Adsorbent Dye Langmuir’s adsorption ~ Reference
capacity, g, (mg-g™1)
Seed husk of Bengal gram RB, single mode 133.34 [67]
Ordered mesoporous carbon material ST-A  RB, single mode 83 (68]
Commercial adsorbent (activated carbon RB, single mode 58 [68]
CWZ-22)
Synthesized hybrid ion exchanger RB, single mode 76.4 (69]
Montmorillonite/graphene oxide RB, binary mode 178.6 [70]
nanocomposite
Organo-vermiculites RB, binary mode 261.97 [71]
Surfactant-modified three-dimensional Mg Al RB, binary mode 49.6 [72]
layered double hydroxide
Flower shaped Zinc 5 oxide nanoparticles VBB, single mode 163.93 [58]
Incense stick ash VBB, single mode 77.67 (73]
PTW RB, single mode 260.1 Present work
VBB, single mode 440.1
PTW RB, binary mode 168 Present work
VBB, binary mode 4174

RB, respectively. These adsorption capacities dimin-
ished by 35.4%, and 5.2%, respectively in binary
mode. This finding is mainly due to a competi-
tive adsorption between the two dyes on the avail-
able adsorption sites [66,74,75]. On the other hand,
the confrontation of the experimental data to the
three used isotherm models showed that the Lang-
muir model was the most suitable one with rela-
tively high correlation coefficients and lower APE
(Table 4). In addition, the highest Langmuir’s pa-
rameter values “R; = 1/(1+ Kr«c,)” were estimated
to 0.483 and 0.218 for RB and VBB in single mode
0.448 and 0.38 in binary mode. All these values are
less than 1 which indicates that the two dyes ad-
sorption by PTW is a favorable process. This result
suggests that dyes adsorption onto PTW occurs on
uniform monolayer coverage at the outer surface of
the adsorbents [76]. On the other hand, under the
studied conditions, the Freundlich parameter “n”
varied between 2.2 and 4.4. They are in the range
of 1-10, which suggests that the adsorption of these
two dyes by the PTW is a favorable process. Values
in the same range were determined by [77], and [78]

when studying RB, and VBB removal by graphene-
based nickel nano-composite, and activated carbon,
Ba/alginate and modified carbon/Ba/alginate poly-
mer beads, respectively.

Temkin model was also tested, under the stud-
ied conditions, The Temkin parameter “B” varied be-
tween 38.86 and 93.54 J/mol, these values are less
than 8 kJ/mol which implies that the biosorption
of the two dyes is physical in the simple binary
system [79,80].

In order to situate our adsorbent efficiency in
removing the studied dyes, we made a compari-
son of its removal efficiency (based on the Lang-
muir’s adsorption capacity) with several other raw
and modified adsorbents (Table 5). Results indicate
that the PTW could be considered as an attractive
low cost material for dyes removal from aqueous so-
lutions. In fact, the adsorption capacity of the RB
studied during this work in single mode was about
260.1 mg/g, this value is higher than results found by
other researchers we quote for example 133.34 mg/g,
83 mg/g, 76.4 mg/g, and 58 mg/g.
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Table 6. Effect of temperature on RB and VBB adsorption onto PTW

T Qm AG° AH® AS°
CC)  (mg/®) (Wmol™  (Jmol™') (-mol lK™)
20 260.1 —25.744 —-11.312 49.107
30 249.1 —26.251
Rhodamine B, single mode 40 258.8 _26.608
50 224.1 —27.0615
60 211 —-27.814
20 440.1 —27.681 -9.740 62.515
30 439.8 -29.110
Victoria Blue B, single mode 40 414 ~29.606
50 327.9 —29.823
60 313.5 -30.385
20 168 —24.591 -17.277 25.858
30 168.3 —-25.177
Rhodamine B, binary mode 40 163.8 —25.714
50 149.5 —26.087
60 101.3 —25.341
20 417.4 —26.801 -16.518 35.832
30 368.9 —27.666
Victoria Blue B binary mode 40 322.1 —27.716
50 290 —-28.334
60 227.6 —-28.215

3.2.4. Effect of adsorbent dose

The PTW mass effect on the dye was studied in
single and binary systems under the experimental
conditions given in Section 2.3.4. Results (Figure 6)
indicated that the two dyes uptake yields increased
with increasing the PTW doses. For instance, at a
fixed time (25 min), increasing the dose of the ad-
sorbent from 0.05 g/L to 0.2 g/L, increased the re-
moval yields from about 6% to 24%, 40% to 81%,
24% to 40% and 6% to 13% for RB and VBB in sin-
gle mode and for VBB and RB in binary system,
respectively. This finding is mainly due to the in-
crease of the available adsorption active sites that
could react with the dyes molecules. Similar results
were reported by [81,82], and [83] when studying the
adsorption of lead (Pb(II)) from aqueous solutions
by Lignite, five toxic dyes by industrial graphite, and
cationic crystal violet dye by graham flour.

3.2.5. Effect of temperature

The experimental results of the dye adsorption
in single and binary systems on PTW are shown in
Figure 7 and Table 6.

On the basis of Figure 7 and Table 6, it appears that
for all studied cases, the increase of the temperature
has resulted in a decrease of the adsorbed amounts.
Indeed, when rising temperature from 20 to 60 °C, the
RB and VBB adsorbed amounts decreased by about
39.06%, and 34.84% in single mode and by 53.68%,
and 55.77% in binary system.

The thermodynamic parameters of the studied
cases are given in Table 6, the thermodynamic en-
ergy calculation showed that the studied biosorption
is physical (AH less than 40 kJ/mol), spontaneous,
and exothermic (AH < 0) with an increase in disor-
der (AS > 0) [84]. Similar results was observed by [85]
and [86] when studying adsorption of Rhodamine-



38 Sana Jmai et al.

100 VBB single
90
80
70
60
i—: 50 . ® ) () )
40 ..o Qoo ) () ()
20 ..l ® m=0.05g/L
0 ® ®m=0.1g/L
10 m=0.15g/L
0 m=0.2g/L
0 50 100 150
t(min)
VBB binary
45
40
35
0l 0% e 8 08
o o®®
i: 25 )::.o
20 | & @ m=0.05g/L
15 & ®m=0.1g/L
10 .. m=0.15g/L
5 y m=0.2g/L
0
0 50 t(min) 100 150

30
RB single
25
20
()
%15
10 ® m=0.05g/L
o ® ® O
e® © © : o o o §m0lg/l
> ::.' e e m=0.15g/L
.. m=0.2g/L
0
0 10 20 30 40
t(min)
RB binary
14
12
10
cee® © o o
s o Je0 © o o
X o. (] ¢
6 ™ o
.o ® ® m=0.05g/L
4 °® ® m=0.1g/L
>
.. m=0.15g/L
2 o m=0.2g/L
[
0o
0 50 100 150

t(min)

Figure 6. Effect of PTW doses on the removal yield of RB and VBB in single and binary systems.

B from aqueous solution by the use of natural ad-
sorbent perlite and magnetic silica nanocompos-
ite immobilized pseudomonas fluorescents respec-
tively, while [87] observed that the removal of RB
from aqueous solutions using MgO supported Fe—
Co-Mn nano-particles was spontaneity and en-
dothermic similar results was observed by [58] when
studying the adsorption of VBB onto zinc oxide
nanoparticles.

4. Mechanisms exploration

To remove contaminants from an aqueous solu-
tion, it is necessary to understand the mechanism of
the solute adsorption onto the solid surface. During

an adsorption mechanism there is intervention of
ionic interactions of opposite charge namely dipole—
dipole, dipole-induced dipole, hydrogen bonding,
chemical bonding and ion exchange.

In order to interpret the adsorption of the so-
lute, the adsorbent surface chemistry as well as its
effect on the adsorption process is usually studied.
Fourier transform infrared spectroscopy (FTIR) anal-
ysis is used to study the interaction between an ad-
sorbate and the active sites on the adsorbent surface.
The explanation of FTIR is based on the chemi-
cal structure of petiole palm tree wastes. PTW con-
sists mainly of three compounds which are cellu-
lose, hemicellulose and lignin. Cellulose and hemi-
cellulose contain most of the oxygenated functional
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Figure 7. Effect of temperature on the adsorption of RB and VBB in single and binary system.

groups present in the lignocellulose product, while
lignin is a complex, systematically polymerized and
highly aromatic substance [38].

5. Conclusions

Rhodamine B (RB) and Victoria blue B (VBB) dye
removal from aqueous solutions in single and het-
erogeneous solutions using petiole palm tree waste
(PPTW) was experimentally determined.

Our findings were:

¢ In the single system:

The removal percentage increased with increas-
ing initial dye concentration and adsorbent mass
and decreased with increasing temperature. Lang-
muir and Freundlich’s models described the ad-
sorption isotherms well but Langmuir’s model fitted

better the experimental data with adsorption capac-
ities of 260.1 and 440.1 mg/g for RB and VBB, re-
spectively. The thermodynamic energy calculation
showed that the studied biosorption is physical,
spontaneous, and exothermic with an increase in dis-
order. Concerning the kinetic study, the optimum
contact time for the initial dye concentration to
reach equilibrium is 60 min and 20 min for (VBB)
and (RBB), respectively. This result is due to the
saturation of active sites. The experimental results
showed that the chemical adsorption best followed
the pseudo-second-order equation.

¢ In the binary system:

The removal percentage increased with the ini-
tial dye concentration and adsorbent mass but de-
creased with increasing temperature. In contrast to
the other tested models, the Langmuir model fitted
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the experimental data better with adsorption capac-
ities, calculated from the linear Langmuir equation,
equal to 168 and 417.4 mg/g for RB and VBB, re-
spectively. The optimum contact time for the initial
dye concentration to reach equilibrium was 40 and
20 min for VBB and RBB, respectively. This result is at-
tributable to the negatively charged surface area. The
adsorption curve followed the Pseudo-second order
model.
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Abstract. In this study, the capacity of biochars, derived from the pyrolysis of tannery fleshing waste
(TFW) at 400 °C; 500 °C and 600 °C, in removal of red dye Sella Fast Red (SFR) from aqueous
solutions and tannery wastewater was investigated under various experimental conditions in batch
mode. Results show that for all applied biochars, the removed kinetics data were well fitted by
the pseudo-second-order model, and the equilibrium state was obtained after 240 min of contact
time. For an aqueous pH of 6 and a red dye concentration of 75 mg-L™!, the removed amounts
increased from 26 mg-g~! to 39.86 mg-g~! when the used pyrolysis temperature was increased
from 400 °C to 600 °C. Moreover, SFR adsorption data at equilibrium were well fitted by Langmuir
model suggesting a probable monolayer adsorption process with a maximal removal capacity of
62.7 mg-g~! for BTFW-600 °C. The thermodynamic study demonstrated that SFR adsorption was
endothermic for the three tested biochars. Desorption experiments with distilled water proved that
SFR was significantly desorbed from the tested biochars, which offers possible reusability. On the other
hand, BTFW-600 °C has demonstrated an important ability in removing SFR from real wastewater
since only one dosage of 15 g-L."! was enough to ensure more than 97% of dye removal. According
to pHyzc and FTIR analysis, the possible mechanism toward SFR dye removal was attributed to
electrostatic interactions that occurred between biochar and functional groups of SFR. This work
could provide guidance for the value-added utilization of tannery solid waste and a practical way to
remove dyes from tannery wastewater.
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1. Introduction

Leather industry plays a prominent role in the world’s
economy, with an estimated global trade value of ap-
proximately US$100 billion per year [1]. Leather mak-
ing consists of the transformation of animal skins and
hides into valuable materials used in the manufac-
ture of products such as shoes, leather goods, etc...
requiring a series of chemical and mechanical pro-
cesses [2]. During the leather process a large amount
of solid wastes are generated such as hides and skins,
fats, shavings and trimmings, buffing dust, process
effluents, and sludge [3]. The most common way to
manage solid wastes is by disposing of them on land-
fill sites [4]. Fleshing wastes are considered as major
solid wastes (around 60%) generated from tannery
and finite leather production [5]. The utilization of
the same fleshings for glue manufacture is not eco-
nomically viable. Similarly, fleshings obtained from
hides treated with a high percentage of sodium sul-
fide are found to be unfit for the production of glue.
They are at best disposed through landfill. Disposal
of such fleshings is currently a serious problem and
new ways for the disposal of tannery fleshing waste
(TFW) need to be found.

Besides, in tannery manufacturing, a large
amount of wastewater is generated through all tan-
nery stages [6]. A great deal of dye wastewater is
discharged during the tanning process, constituting
about 30% of the total tannery wastewater [7]. Dyes
have a critical impact on human health due to their
toxicity and carcinogenicity [8] and therefore must be
removed before their discharge into the water body.
Various technologies such as coagulation, solvent
extraction, and advanced oxidation process have
been developed for removing these dye wastewaters
in the past decades. However, these methods have
some drawbacks such as high energy consumption,
incomplete dye removal and toxic sludge generation.
Among them, the adsorption process has been re-
ported to be economical and easy to apply as well
as effective in removing color from wastewater. Ac-
tivated carbon is the most widely used adsorbent in
various industrial sectors due to their highly porous
structure, extremely large surface area to volume
ratio and high degree of surface reactivity. However,
especially due to its production and regeneration

cost, the use of adsorption in industrial processes,
as tanneries, is limited [5]. According to several re-
searchers the concept of “circular economy” was
proposed to be an idea of reducing environmental
impact caused by discharged waste products and to
increase the effective recycling system in order to
minimize the wasted resources. Therefore, the use of
industrial waste as alternative adsorbents has been
considered, and solid waste generated in the leather
processing operation has been used as alternative
adsorbents for the removal of dyes, metals, oils, and
surfactants [9-11]. Adsorbents are generally the key
points of the adsorption method, which directly af-
fect the adsorption capacity of pollutants and cost.
Therefore, adsorbents with a high surface area and
a simple preparation process attract considerable
attention. Biochar [12] is the byproduct of biomass
pyrolysis and is widely used in catalysis [13], storage
material, [14] soil remediation, [15] and environmen-
tal pollution control [16]. Therefore, biochar espe-
cially is attracting attention as a low-cost adsorbent
because it can be used as a substitute for activated
carbon, which is used as a conventional adsorbent
due to its ability to adsorb high levels of pollutants.
The use of biochar as being eco-friendly for the re-
moval of dye from wastewater has been examined in
the past by several researchers [17-21]. However, in
literature, there are few studies related to the produc-
tion of biochars from tannery solid wastes and their
application to wastewater treatment. Tang et al. [3]
produced a modified biochar from non-tanned hide
wastes which showed a remarkable potential to elim-
inate dye from effluent. Huang et al. [22] examined
the capacity of biochar derived from leather shavings
for Congo red removal. Payel et al. [23] produced
biochar from the tannery liming sludge for in-house
chromium adsorption from tannery wastewater. To
date, there is still no study on dye removal by the
biochar from TFW. Hence, this work aims to validate
a new circular economy model based on the conver-
sion of tannery solid wastes into biochar which will
be applied for industrial dye removal from tannery
wastewater. The novelty of the present study is to
investigate the removal of industrial dyes used for
leather tanning using biochar produced by the waste
generated by the same tannery. In this context, the
production of biochar using tannery fleshing solid
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waste represents a new alternative sorbent to remove
leather dyes from wastewaters. The new proposed
adsorbent was characterized by elemental composi-
tion, SEM, optical microscopy, FTIR, and zeta poten-
tial. The adsorbent was used for the treatment of dye
aqueous solutions and real tannery wastewater.

2. Materials and methods
2.1. Biochar preparation

TFW were collected from a Tunisian Leather Tannery
factory (TMM Tannerie Megisserie du Maghreb), lo-
cated in Grombalia region, Northern Tunisia. TFW
were sampled directly at the end of the beamhouse
production line and before the chrome tanning
leather manufacturing process, in order to prevent
TFW saponification. TFW samples were first finely
crushed to small pieces (2 to 4 mm) and then air-
dried for five days. Pre-dried TFW samples were
stocked in glass bottles for further characterization
and pyrolysis experiments. Afterwards, the pre-dried
TFW was pyrolyzed in a fixed bed stainless reactor
with a length of 30 cm and a diameter of 15 cm. Dur-
ing the pyrolysis tests, 300 g of TFW were placed in
the reactor and heated by an electric furnace from
room temperature until the desired temperature
(400 °C; 500 °C and 600 °C) at a rate of 5 °C/min
under 0.5 L-min~!' nitrogen flow. The generated
biochars at pyrolysis temperatures of 400 °C; 500 °C
and 600 °C were labeled BTFW-400, BTFW-500, and
BTFW-600, respectively and used for the study of dye
wastewater adsorption from aqueous solutions.

2.2. Biochar characterization

The biochar production yield (Y;phar) was determined
as the ratio between the weight of collected biochar
(Mchar (8) and the weight of pre-dried TFW waste
(Mtrw (g)) as follows:

Yehar (Wt%) = Mevar 140, )

Mrrw
Proximate analyzes were realized in triplicate us-
ing thermogravimetric analyzer (Mettler TGA/DSC 1)
according to ASTM method. The pH of zero point
charge (pHzpc) values of the studied biochars were
determined according to the solid addition method

using 0.01 M NacCl solutions, 1 g of solid matrix for

initial pH values varying between 2 and 12. The par-
ticle size distribution of the two used solid matrixes
was achieved using a Malvern Mastersizer STD06
laser granulometer. The mineral element contents
of the different chars were measured by Atomic
Absorption Spectrometry (AAS). The surface chem-
istry of biochars was provided through Fourier Trans-
form Infrared spectroscopic (FTIR) analyzes using
the KBr method with an IFTR-BX, Perkin Elmer appa-
ratus. All biochar samples were carefully dried before
mixing with KBr to avoid any additional effect due to
the presence of water. The related spectral resolution
is 1 cm~! measured between 400 and 4000 cm™!. The
possible existence of any crystallographic structure
in the tested biochars was assessed thanks to X-ray
diffraction analysis (PW 1710). The morphologic and
surface elemental composition of the biochars were
characterized with a scanning electron microscopy
(SEM) and energy dispersive EDX (X-ray spectrom-
etry) (Philips XL30 FEG). Finally, biochar’s textural
properties were measured by carbon dioxide (COj)
adsorption isotherms at 273 K.

2.3. Dye adsorbate preparation

SELLA Fast Red (SFR) RTN provided by TFL company
is a mixture of direct and acid dyes. This was used as
the dye adsorbate for the batch adsorption study. The
formula and the complete structure diagram are not
available. This dye solution showed a maximum ab-
sorbance at a wavelength of 465 nm. Distilled water
was used for the preparation of dye solution through-
out the study. The stock solution of 1000 ppm of SFR
dye was prepared by dissolving 1 g of the dye powder
in 1 L of distilled water in the volumetric flask. The
desired concentrations of dye adsorbate were pre-
pared by dilution with distilled water.

2.4. Batch sorption experiment

The assessment of SFR dye adsorption capacities
of the elaborated biochars was performed through
batch experiments. During this work, the impacts of
contact time, initial SFR dye concentrations, solu-
tion pH, biochar dosages and temperature on SFR
removal by the three tested biochars (BTFW-400,
BTFW-500 and BTFW-600) were quantified. All these
experiments were performed at 20 + 02 °C in 120 mL
capped flasks. For each run, a given biochar mass was
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Figure 1. Setup of the flow sheet of the batch adsorption experiment.

added into 50 mL solutions of a desired dye concen-
tration and shaken at 400 rpm using a magnetic stir-
rer (Figure 1). After the stirring time, the liquid phase
was separated from the adsorbent particles by a lab-
oratory centrifuge type NEOFUGE 1600R at a speed
of 4000 rpm for 20 min. SFR color removal was eval-
uated by measuring absorbance decrease at 465 nm
using an UV-Vis spectrophotometer (T80%).

The adsorbed SFR dye amount at a given time,
t, (qrp: mg-g~!) by the three tested biochars was

calculated as below:

Co—C
-0y @)

q:

where Cy and C; (mg-L™!) are the initial and at time
t aqueous SFR concentrations, respectively, V is the
volume of the aqueous solution and M is the weight
of the used biochar (g). It is important to underline
that each analysis point given in this study was an av-
erage of three independent parallel sample solutions
with a standard deviation of +£3%.

2.5. Kinetic and isotherm studies

Kinetic studies were carried out in order to es-
tablish the effect of contact time on the dye ad-
sorption process by the three tested biochars. Ki-
netics were monitored at various times between 1
and 360 min. The initial SFR dye concentration, the
biochar dosages, the aqueous pH and temperature

were fixed to 75 mg-L™!, 2 gL ™1, 6 (natural: without
adjustment) and 20 °C, respectively. The equilibrium
adsorption data were assessed for the three studied
biochars for initial SFR concentrations varying be-
tween 50 and 100 mg-L~! and a constant contact time
of 240 min. This time was determined on the basis
of preliminary assays and judged to be sufficient to
ensure an equilibrium state between dye molecules
and the adsorbent particles. These experiments were
performed for fixed adsorbent dosages, aqueous pH
and temperature of 2 g-L.!, 6 and 20 °C, respectively.
Several models have been used in scientific literature
to fit the kinetic and equilibrium adsorption experi-
ments [24,25]. In the present study, we used the most
common kinetic and equilibrium models namely,
the pseudo-first-order, pseudo-second-order, intra-
particle and film diffusion; and Freundlich and Lang-
muir models, respectively. The SFR kinetics of BTFW
was fitted with the pseudo-first- and pseudo-second-
order models. The related kinetic constant values of
each model (K; and K3), the correlation coefficients,
R?, the predicted removal dye amounts at equilib-
rium in comparison with the experimental ones are
given in Table 3. Furthermore, in order to compare
the applicability of these two kinetic models and their
goodness of fit to the experimental data, the aver-
age percentage errors (APE) between the predicted
removal of dye amounts “q calc (mg-g~!)” and the
experimental ones “g;exp (mg-g™!)” for each used
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biochar were assessed as follows:

Z i=N (%,exp,i _Lh,cal,ic)
i=1 qt.exp,i

APE (%) = N

) 3)

where N is the number of the experimental runs.

2.6. Effect of pH, biochar dosages and tempera-
ture

During these experiments, the default values of the
tested parameters were fixed to 75 mg/L, 6.0, 2 g/L,
240 min, and 20 °C for initial aqueous SFR concen-
tration, pH, contact time and temperature, respec-
tively. The influence of the initial aqueous pH solu-
tions on SFR removal from the synthetic solutions by
the three tested biochars were investigated in a se-
ries of experiments for initial pH values of 3, 6, 9, and
12. The impact of the adsorbent dosages on SFR re-
moval was assessed for the three biochar doses of 0.5,
1,2, 4, 6,12 g/Lrespectively. Finally, the effect of tem-
perature on SFR removal was studied at four different
temperatures, 20, 30, 40, and 50 °C. For all the assays
cited previously, pH adjustment was carried out us-
ing small volumes (lower than 1 mL) of 0.1 M HNO3,
and NaOH solutions. Moreover, each analysis point
reported in this study is an average of at least three
independent parallel sample solutions. The standard
deviation of the results was 3%.

2.7. Desorption test

The SFR desorption from preloaded BTFW-600 °C
at concentrations of 39.8 mg/g was performed us-
ing distilled water. During these experiments, 0.1 g
of the dye-loaded adsorbents was shaken in 100 mL
of distilled water at different initial pH values of 5, 7,
9, and 11, adjusted with NaOH (analytical grade) at
20 °C for 2 h. As for adsorption studies, the aqueous
phase of the triplicate samples were separated from
the solid ones by centrifugation before analysis with
UV-Vis spectroscopy. The mass of desorbed SFR by
unit of adsorbent weight at equilibrium, q; (mg/g),
and percent dye desorption (Y (%)) were deter-
mined based on the common equations given by Jain
et al. [26].

2.8. Batch experiments for SFR dye removal from
real wastewaters

BTFW-600 °C has been used to carry out additional
assays regarding SFR dye removal from real wastew-
ater. The main aim of this kind of experiment is to
check the BTFW-600 °C efficiency for relatively com-
plex solution compositions. The used wastewater
has been collected from a Tunisian Leather Tannery
factory (TMM Tanneries Megisserie du Maghreb),
located in Grombalia region, Northern Tunisia. Dur-
ing these experiments, in order to compare the dye
efficiencies observed for synthetic solutions, the ini-
tial aqueous pH was fixed to 6 for the used wastew-
ater. The tested BTFW-600 °C doses were fixed to 1,
4, and 10 g-L™1. As for the synthetic solutions, tripli-
cate experiments were performed for a contact time
of 240 min.

3. Results and discussion

3.1. Effect of pyrolysis temperature on biochars
properties

3.1.1. Biochars yields

The pyrolysis of the TFW demonstrated that the
biochar yields were dependent on the used temper-
ature (Table 1). Indeed, they decreased from about
52.5% to 33.3% when the temperature increased from
400 °Cto 600 °C. This behavior is attributed to the fact
that at low pyrolysis temperatures, lower condensa-
tion yields of aliphatic compounds and smaller trans-
formations of fleshing waste components to CHy, H»
and CO were achieved [27]. Several researchers [28,
29] reported that the decrease in yield of biochar
is due to moisture evaporation, devolatilization and
char combustion. Similar observations were reported
by Younis et al. [30] and Gil et al. [31] when study-
ing the pyrolysis of tannery solid waste and wastes of
vegetable tanning under different temperatures, re-
spectively.

3.1.2. Biochars characterization

Physicochemical characterization of the three
tested biochars, is shown in Table 1. As expected,
the pyrolysis step produces an increase in fixed car-
bon content, a decrease in volatile matter and an
increase in the ash concentration. The volatile mat-
ter contents of the biochars significantly decreased
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Figure 2. pH of zero point charge of the three tested biochars.

from about 46.29% to 12.3% when the applied pyrol-
ysis temperature was increased from 400 to 600 °C.
The relatively low concentration of volatile matter
present in the char indicates that the material has
been totally pyrolyzed and the volatile solid loss is
primarily dependent on the quantitative share of
protein, lipid and carbohydrates in the wastes and
its thermal stability differences. The fixed carbon
contents increased from 16.08% to 37.24% when the
temperature was raised from 400 °C to 600 °C. On
the other hand, ash content increased from 30.21%
to 43.84% as the pyrolysis temperature increased
from 400 °C to 600 °C. Ash contents was high due to
the presence of salts and inorganic substances used
in the pre-tanning process. A similar result was ob-
tained by Velusamy et al. [32] when quantifying the
impact of pyrolysis process on the characteristics of
biochars produced from leather finished trimmings
and chrome shavings from tanneries at a tempera-
ture of 500 °C. Results show a significant reduction
in the volatile solids of the two tested materials from
75.7 and 74.7% in raw wastes to 27.4 and 32.1% in

the char, respectively. Researchers also reported that
pyrolysis process increased the ash content of this
waste from 7.9-10.5% to 15.8-25.2%.

Itis important to underline that the pyrolysis tem-
perature has increased the pHyzpc from 8.5 to 10.3.
(Figure 2). This behavior could be probably due to the
separation of alkali salts from the TFW at high tem-
peratures. This means that the surface of biochars be-
haves as positively charged for solutions lower than
these values. This finding is very promising since
these biochars could contribute to the elimination
of anionic dyes. These results agree with the overall
literature about biochars that typically indicate basic
properties [33,34] for this type of materials.

The particle size distribution of the three tested
biochars shows that they are heterogeneous porous
media since uniformity coefficient was higher than
two. Indeed, their mean diameters are evaluated at
about 16.5, 18.6 and 33.7 um for BTFW-400, BTFW-
500 and BTFW-600 respectively. The presence of
relatively small sized particles in the used biochars
should play an important role in physicochemical re-
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Table 1. Main properties of the biochars pyrolyzed under temperature of 400-600 °C

BTFW-400 BTFW-500 BTFW-600

Yields (%) 70.59 52.7 39.47
Ash content percentage (%) 30.21 40.61 43.84
Volatile matter (%) 46.29 20.98 12.30
Fixed carbon (%) 16.08 31.39 37.24
pHzc 8.5 9.25 10.3
Mean diameter d50 (mm) 16.5 18.6 33.7
Uniformity coefficient (UC) 6.42 5.95 6.22
Specific area (m?-g~ 1) 70.54 101.3 140.98
Volume micropore (cm®-g~!) 0.067 0.072 0.098
Table 2. Element content in the biochar in three tested biochars (mg/kg)
Cu Cr Cd Zn Fe K Mg

BTFW-400 37 200 50 700 4120 23.37 3458

BTFW-500 101 300 190 1630 4710 26.56 5610

BTFW-600 324 500 70 1500 5205 77.21 6521

actions with the tested dye. On the other hand, it
can be noticed that the specific surface area of the
biochars was increased from 70.54 to 140.98 when
the used temperature was increased from 400 °C
to 600 °C (Table 1). Hence these biochars can be
used as an adsorbent for treating dye contaminated
wastewater. This result most likely is due to more
decomposition of polymeric network and organic
moieties [35]. A similar result was obtained by You-
nis et al. [30] when studying the impact of pyrolysis
process on tannery solid waste. The surface area of
biochar was 134.9 m?-g~!, which indicates the pres-
ence of fewer tiny pores. Suliman et al. [36] observed
that the maximum surface area was in the range
of 145-500 m?-g~! from different biochars prepared
at 400-600 °C. The extra volatile release, caused by
higher temperatures, explains also the generation of
higher microporosity, as the micropores get larger
by 58% (from 0.062 to 0.098 cm3-g~!). The inorganic
contents of the three studied biochars were deter-
mined thanks to AAS analyzes (Table 2). The tested
biochars produced from TFW contained the heavy
metals Cr, Cd, Zn, Cu, and Fe along with, K and Mg,
with Fe being the highest as compared to all others.
Among the essential metals, Mg was the highest fol-
lowed by Fe and Zn (Table 2). The high metal con-
tent in the three biochars produced from TFW might

be due to chemicals used in beamhouse treatment
and tanning process This is in line with Younas et
al. [37] who reported high concentration of Cr, Zn,
Cu, and Pb due to the tanning process and bioaccu-
mulation of fumes of burnt tannery solid waste. Fur-
thermore we can see from Table 2 that the contents
of K, Cr, Zn, Mg, Cd, Fe, and Cu increased by about
230%, 150%, 114%, 88% and 40%, 26% and 7.75% re-
spectively, when the pyrolysis temperature was in-
creased from 400 to 600 °C. The same trend was ob-
served by Haddad et al. [38] when they explored the
effect of pyrolysis temperature on biochar produc-
tion yields from selected lignocellulosic biomasses.
They suggested that temperature increase upgrades
ash elemental concentrations relative to its yield.

3.1.3. Surface functionalities

The adsorption capacity of biochar produced
from TFW depends on the chemical reactivity of
functional groups at the surface. The FTIR spectra
of three used biochars were compared and are given
in Figure 3. The biochar peaks obtained were: The
O-H symmetric stretching at 3230 cm™! showed
the presence of alcohol and carboxylic acid. An
aliphatic asymmetric and symmetric stretching of C-
H bond in CH, and CH3 was observed at wavelength
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Figure 3. FTIR spectra of three tested biochar produced at different temperature.

2920.23 cm™~!. The peak formed at 1616.35 cm~l as-
signed to carboxyl C=N stretching, shows that amine
groups stick to the surface of biochar [39]. The peak
at 1519.91 cm™~! wavelength attributed to aromatic
C=C bonds indicates the presence of unsaturated
aryl substituent alkenes. The peak at 1404.18 cm ™
assigned to C-H bond confirms the aliphatic nature
of biochar. The peaks at 1107 cm™! formed due to C—
O and C—C ring indicate the presence of alcohol and
esters [40]. The spectra of all the studied biochars
were relatively similar and no significant differences
were noticed. The remaining peaks were 997.20 cm ™!
C-H in plane bending, 871.82 cm~! amines H-N,
746.45 cm™! alkyl halide C-Cl, 673.45 cm™! alkynes
bend and 555.50 cm™! alkyl halide C-Br. The result-
ing groups might enhance the adsorption process
during the dye removal process and thus offer more
fixation sites for dye molecule adsorption. Similar
results were obtained by Palani et al. [41]. It was
found that activated carbon derived from tannery
fleshing compared to commercial activated carbon
has more functional groups on the surface to trap
the dye on the surface of adsorbent, which leads to
higher adsorption capacity.

3.1.4. SEM analyzes

SEM analysis was employed to perceive the sur-
face morphologies of the prepared biochars pro-
duced from TFW (Figure 4). The SEM image showed
that BTFW has a homogenized surface mainly com-
posed of spherical particles of 10 pm size that may be
explained by the presence of high content of mineral
deposited on the surface of biochars. Furthermore,
Figure 4 reveals the presence of pores with different
sizes. This high number of pores is expected to im-
prove the rate of dye adsorption.

3.2. Batch sorption experiments

3.2.1. Kinetic studies of SFR dye removal

In order to determine the required adsorption
equilibrium time of SFR onto three tested biochars
as well as the probable involved mechanisms, a ki-
netic study was elaborated for contact times varying
from 1 to 360 min at an initial dye concentration of
75 mg-L~! for three tested biochars. As illustrated in
Figure 5, experimental results showed that SFR ad-
sorption process is clearly time dependent.

Indeed, the amounts of adsorbed SFR dye (g;)
rapidly rose for contact times lesser than 90 min.
At this moment, they attained about 63%; 79% and
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Figure 5. Effect of contact time on SFR dye adsorption by three tested biochars (Cy = 75 mg-L™! pH = 6;

dosage =2 g-L™!; T =20°C).

86% of the whole adsorbed amounts for BTFW-400;
BTFW-500 and BTFW-600, respectively. For duration
greater than 90 min, the adsorbed SFR dye continued
to increase but with a smaller slope. The equilibrium
state, corresponding to quasi-constant amounts was
observed at 240 min. The registered important red
dye removal rate at the beginning of the assays could
be attributed to the fact that SFR dye was mainly
adsorbed at the exterior surfaces of the biochars.
Afterwards, when the adsorption at the exterior sur-

faces of the studied biochars attained complete satu-
ration, the SFR dye diffused inside the solid biochar
particles and were adsorbed. This diffusion process
is generally constituted of two steps: (i) the first one
corresponds to dye diffusion through the bound-
ary layer where the surface groups were saturated,
then (ii) the second step is related to SFR dye dif-
fusion through the intra-particle layer and the pores
through the surface of the adsorbents for additional
uptake [42]. It is important to underline that SFR
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Figure 6. FTIR analyzes of BFETW-600 °C before and after SFR dye removal.

dye adsorption efficiency at equilibrium significantly
increased when raising the pyrolysis temperature.
Indeed, the SFR dye amounts were determined to
about 26; 28,52 and 39,86 mg/g mg-g~! for, BTFW-
400; BTFW-500 and BTFW-600, respectively. This be-
havior should mainly be due to the modification of
the physicochemical properties of the biochars in-
duced by the pyrolysis treatment, especially the sur-
face areas, and functional groups, which suggests
that chemisorption would be the main driving force
for the removal of SFR dye. Therefore, the adsorp-
tion of SFR dye onto the BTFW might be due to
(1) active sites formed during the pyrolysis process,
(2) high specific surface area from the porous struc-
ture of BTFW-600, and (3) chemical bonding between
biochar compounds and SFR dye.

In order to better understand the chemical inter-
action between the dye molecules and the surface
of the tested biochars, the FTIR spectra of BTFW-
600 °C and biochar-dye were analyzed. As shown in
Figure 6, the adsorption peaks of dye-bound biochar
at 1515, 1451, 1421, 1385, 1034, and 800-500 cm™*
display a changed intensity of adsorption compared

to those of the dye-free biochar. These indicate that
the—NH>, —~OH, carboxyl, carbonyl, and alkyl func-
tional groups are involved in the possible chemical
adsorption process. According to some authors [18,
43] the possible actions in the intensities of the ad-
sorption bands mentioned above can be attributed
to: (1) hydrogen bond formation between nitrogen
and oxygen containing functional groups of dyes and
biochars; (2) -7t dispersion interaction between the
aromatic rings in the dyes and biochars; (3) the in-
teraction of sharing electron, in which the carbonyl
oxygen present in biochar can act as electron accep-
tor and the aromatic ring of SFR dye can be as an
electron acceptor; (4) the electrostatic interaction be-
tween dyes and biochars, which can be proved by the
investigated results in the effects of pH.

The SFR dye adsorption by the three tested
biochars was fitted with the pseudo-first- and
pseudo-second-order models. The related kinetic
constant values of each model (K; and K>), the cor-
relation coefficients, R2, the predicted adsorbed
dye amounts at equilibrium in comparison with the
experimental ones are given in Table 3.
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Table 3. SFR dye adsorption kinetic parameters of three tested biochars

Sample First order Second order
K Gel R?>  APE (%) K> Gel R?>  APE (%)
BFTW-400 0.008 20.98  0.9270 9.20 0.0008 20.41 0.9668  2.65
BFTW-500 0.0200 26.199 0.9449 8.12 0.0007 33.00 0.9652  3.36
BFTW-600 0.0020 37.96 0.922 11.3 0.0009 40.32 0.9895  4.21
Table 4. SFR dye isotherms parameter of three tested biochars
Sample Freundlich Langmuir
Kf n R* APE%) K.  Qm R* APE (%)

BTFW-400 1.72
BTFW-500 2.56
BTFW600 4.50

1.02 0.905

1.13 0.919 12.6
1.37 0.858 15.6

0.025 39.5 0.994 4.5
0.03 53.8 0.996 3.7
0.18 62.7 0.999 2.6

From Table 3, it could be clearly noted that the cor-
relation coeflicients calculated for both pseudo-first-
order and pseudo-second-order models were rela-
tively high, indicating a good fit to the experimen-
tal data [44]. However, the calculated amounts of re-
moved SFR dye at equilibrium (qg,) for all the tested
biochars by the pseudo-first-order model were very
low compared to the experimental ones and the re-
lated APE was important, presuming that SFR dye
removal kinetics is not a pseudo-first-order process.
On the contrary, the “g.1;” values corresponding to
pseudo-second-order kinetic model were very close
to the experimental data. Besides, its APE values
were significantly lower than the ones determined
for the pseudo-first-order kinetic mode. As a con-
sequence, for all the tested biochars, the pseudo-
second-order model is most appropriate for the resti-
tution of the experimental data (Table 3). This find-
ing suggests that SFR dye adsorption by biochars de-
rived from TFW might be mainly a chemisorption
process including electronic bonding between the
surface biochars’ functional groups and the tested
dye, since a similar finding has been reported [22] in
which the adsorption and desorption of Congo red
on biochars produced from leather shavings waste
was investigated.

3.2.2. Effect of initial dye concentrations, isotherm
modeling

The SFR dye uptake increased with increasing
initial dye concentration. For instance, raising ini-

tial dye concentrations from 50 to 250 mg-L~! al-
lowed the BTFW-400, BTFW-500 and BTFW-600 to
increase their recovery abilities from 14.52 to 33.9
mg-g~! and from 16.2 to 36.62 mg-g~' and from
19.11 to 59.54 mg-g !, respectively (Figure 7). This
trend could be explained by the fact that the higher
the initial aqueous dye concentration, the higher
the concentration gradient between aqueous solu-
tion and biochar particles, which results in more
important diffusion rates. Furthermore, for high
initial aqueous concentrations, the contact prob-
ability between SFR dye contained in the aqueous
phase and the adsorbent might be more privileged.
The Langmuir and Freundlich constants, the corre-
sponding correlation coefficients and APE are pre-
sented in Table 4. For all the tested biochars, the
highest regression correlation coefficients (0.996)
and the lowest APE values (13.8%) were observed for
Langmuir model. Thus, this model successfully fits
the experimental data (Figure 7). This finding sug-
gests that SFR adsorption by the tested biochars
occurs on a uniform surface with constant en-
ergy. The SFR dye Langmuir’'s adsorption capac-
ity, gmax, of BTFW-400, BTFW-500 and BTFW-600
were assessed to about 39, 53.8 and 62.7 mg-g ™!,
respectively, confirming that the increase in
pyrolysis temperature positively impacts the
biochar’s ability of red dye adsorption from aque-
ous solutions. The Langmuir’s coefficient values
(Ry = 1/(1 + K¢y ge)) for the studied aqueous con-
centrations range varied from 0.12 to 0.35 for BTFW-
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Figure 7. SFR at equilibrium by the biochars produced from TFW at different temperatures and their
fitting by Langmuir and Freundlich isotherm models (contact time = 240 min; pH = 6; dosage = 2 g-L.™!,

temperature = 20 °C).

400; from 0.13 to 0.33 for BFTW-500 and from 0.01
to 0.2 for BFTW-600, respectively. These values are
low, showing that the SFR dye adsorption by these
biochars is a favorable process. About Freundlich
model which supposes the presence of a heteroge-
neous surface, its APE values were higher than the
ones determined for Langmuir’s model (Table 4 and
Figure 7). On the other hand, the Freundlich expo-
nent “n” values were estimated to 1.02, 1.13 and
1.37 for BFTW-400; BFTW-500 and BFTW-600, re-
spectively (Table 4). These values were in the range
of 1-10 which indicates a favorable adsorption of
SFR dye by the used biochars. In order to situate
the biochars generated from TFW efficiencies in re-
covering dye from aqueous solutions, a comparison
with other biochars based on Langmuir’s maximal
recovery capacity “qmax’ or otherwise its capacity
at a given aqueous concentration was carried out
(Table 5). According to this table, BTFW-600 has rela-
tively higher recovery capacities compared to various
biochars. As a consequence it could be considered
as an attractive and promising material for red dye
removal from aqueous solutions.

3.2.3. Effect of pH

The effect of initial aqueous pH on SFR dye re-
moval by three tested biochars was performed ac-
cording to the experimental conditions given in Sec-
tion 2.5. Figure 8 showed that the initial aqueous pH
plays an important role in removing SFR dye from
aqueous solutions by the three tested biochars. In-
deed, the biochars’ removal capacities significantly
decreased when increasing the initial pH. For ex-
ample, for BTFW-600, for an initial concentration
of 75 mg-L™!, the removed dye amounts decreased
from about 42.9 mg-g~! at an initial pH of 3 to less
than 35.9 and 25.6 mg-g~! for initial pH values of
9 and 12. This trend is in concordance with those
reported when investigating Congo red removal by
vermicompost biochar [43] and biochar from crab
shell [47]. The pHzpc is an important parameter
to describe the adsorption behavior of the tested
dye. The pHzpc of BTFW-400, BTFW-500 and BTFW-
600 were 8.5, 9.25, and 10.3, respectively. It is well
known that electrostatic attraction exists between the
negative charge of the anionic dye and the proto-
nated -OH and —COOH groups on the surface of the
biochars as pH was lower than pHzpc. Therefore,
the lower pH below the pHzpc will facilitate adsorp-
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Table 5. Comparison of red dye by biochars generated from the pyrolysis of TFW with other biochars

Biochar Dyes Adsorption capacity (mg-g~') Reference
Biochar from chrome-tanned leather Acid Black 210 44 .4 [45]
shavings

Bamboo hydrochars Congo red 33.7 [46]
Vermicompost-derived biochars Congo red 20 [43]
Calcium-rich biochar from crab shell Congo red 20.317 1471
Biochar from liquefaction of rice Malachite green dye 46.6 (48]
husk with water

Coir pith carbon Congo red 6.7 [49]
Biochar produced from TFW at 600 °C SFR dye 62.7 This work

tion. When the pH was higher than pHzpc, the func-
tional groups of the biochars were completely de-
protonated and the electrostatic attraction was weak-
ened with the pH increase, resulting in the decrease
of SFR adsorption. In addition, the OH™ ions in the
solution compete with the anionic SFR molecules for
the adsorption sites, leading to a decrease in adsorp-
tion of the anionic dye at higher pH, especially in al-
kalinity.

3.2.4. Influence of biochar dosages

The effect of the used biochar dosages on SFR dye
efficiencies was determined under the experimen-
tal conditions cited in Section 2.5. Results (Figure 9)
indicated that for all the tested biochars, the SFR
removal efficiencies increased with the increase in
biochar dosages. Moreover, all the tested biochars
could be considered as promising materials for SFR
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dye since even for a small dosage (5 g-L7!), rela-
tively high efficiencies of 97%, 88%, and 70% were
registered for BTFW-600, BTFW-500, and BTFW-400,
respectively. A complete SFR dye removal was ob-
tained with low biochar dosage of 8 gL ™! for the
three tested biochars, which confirms the attractive-
ness of the used biochars. Therefore, the three tested
biochars could be considered as interesting prod-
ucts for red dye removal from solutions compared to
coffee-waste-activated biochar [50] and commercial
activated carbon [51], where solid dosages of 20 and
10 g-L~! were needed to ensure significant efficien-
cies. This finding is linked also to the existence of im-
portant available active sorption sites.

3.2.5. Thermodynamic parameters

The effect of temperature is another significant
physicochemical parameter because any change in
the temperature of reaction will directly contribute
to the change in the adsorption efficiency and capac-
ity of the adsorbent. The selected temperature values
were set at 20, 30, 40, and 50 °C, and the results of this

study is shown in Table 6. For the three biochars, ad-
sorbed amounts increased with increase in temper-
ature (Table 6). It rises from 39.8 mg/g at 20 °C to
50.98 mg/gat 50 °C for BTFW-600 °C. Increase in tem-
perature may increase the rate of diffusion of the ad-
sorbate molecules across the external boundary layer
and in the internal pores of adsorbent particles and
may decrease the viscosity of the solution [52]. The
thermodynamic parameters associated with adsorp-
tion processes, namely standard free energy changes
AG® (kJ/mol), enthalpy AH° (kJ/mol) and entropy
changes AS° (kJ/mol/K), were investigated for a bet-
ter understanding of the probable mechanisms lead-
ing to SFR sorption onto the three tested biochars.
These parameters were calculated according to the
following equations:

AG° = —-RTIn(Kc) 4
AG° = AH°— TAS® (5)
Kc =qelce, (6)

where R is the universal gas constant (8.314 J/mol/K),
T is the temperature (K), and K¢ is the distribution
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Table 6. Thermodynamic parameters for SFR adsorption onto the three tested biochars

AG° (kJ/mol) q. (mg/g)
AS° (kJ/mol/K) AH° (kJ/mol) 293K 303K 313K 323K 293K 303K 313K 323K
BTFW-400 27.3 21.98 165 232 325 4.33 26.1 28,6 326 37.6
BTFW-500 46.8 23.35 265 277 3.87 5.36 289 315 356 405
BTFW-600 49.32 25.65 299 325 436 5.87 39.8 43,5 46.6 50.98
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Figure 10. Effect of initial pH on SFR dye removal, BTFW-600 °C desorption from BTFW-600 °C (dose =

1 g/L; contact time = 2 h; temperature = 20 + 2 °C).

coefficient. The thermodynamic parameters were
calculated from the Van't Hoff plot of In(K¢) as a
function of 1/T. The calculated slope and intercept
from this plot were used to determine AH° and
AS°, respectively (Table 4). For all tested biochars
the AH° value was positive confirming that the SFR
adsorption process was endothermic. Besides, AS°
was also positive which revealed the increase in
randomness at the solid/solution interface during
the SFR adsorption process [53]. In general, it is
stated that sorption is considered as physical sorp-
tion if the enthalpy lies in the range between 2.1
and 20.9 kJ-mol~!, while if the enthalpy lies in be-
tween 20.9 and 418 kJ-mol~!, then it is termed as

chemical sorption [52]. Since in our case the value
of AH was higher than 20.9 kJ-mol™!, for the three
tested biochars, it is suggested that SFR anionic dye
sorption onto biochar surface takes place due to
chemisorption [53,54]. The findings from the adsorp-
tion thermodynamics study were in agreement with
the results of adsorption kinetics and isotherm stud-
ies demonstrated earlier, which confirm chemisorp-
tion mechanism for CR anionic dye. Similar observa-
tions have been reported by Huang et al. [24] when
investigating Congo red removal by biochar pro-
duced from leather waste.
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3.3. Desorption test

The SFR desorption experiments were performed
according to the experimental procedure presented
in Section 2.6. The results, reported in Figure 10,
showed that SFR dye desorption percent yields for
BTFW-600 increase with increasing alkalinity of the
used solutions. The desorption slowly increased from
14.66 to 52.4% with pH changing from 5 to 9. This
regeneration yield could be significantly improved
if successive cycles were applied. This finding could
be attributed to the fact that the adsorption is dom-
inated by electrostatic interaction and hydrogen
bonding in the adsorption process [55,56]. The fact
that these adsorbents have the ability to be easily
regenerated, confirms that they could be considered
as attractive and promising materials for anionic
dye removal from aqueous solution. Similar results
were obtained by Faheem et al. [57], who studied
desorption of Congo red from biochar derived from
Corncobs agricultural waste. The results confirmed
that alkaline medium (NaOH) constitutes the best
desorbing agent as it has the highest desorption
efficiency of over 70%.

3.4. Batch experiments for SFR dye removal from
real wastewaters

For further valorization of the studied biochar pro-
duced from the TFW, the adsorption of real textile in-
dustry effluent, containing SFR dye as the main dye,
was investigated to assess the effectiveness of the
treatment.

The effluent was characterized by determining
its pH, conductivity, color, COD, BOD5, total solids,
chloride and total chromium. The values of these pa-
rameters along with the Tunisia regulation are given
in Table 7. The solution of the studied wastewater has
ared color, a sign of the presence of a significant load
of dye and suspended solids (MES). Table 7 shows
that the effluent has a pH of about 7.2 and therefore
does not require any neutralization. A conductivity
of around 7.14 ms-cm™! at 22 °C is explained by the
high content of chloride. Likewise, the effluent has a
very low value of biological oxygen demand (BODs)
which is equal to 11 mg-L™! and a chemical oxygen
demand (COD) of 45 mg-L™!. The values of these two
parameters indicate that the effluent is not too
loaded with organic and mineral matter due to the

physicochemical precipitation and biological treat-
ment of real effluent conducted in the wastewater
treatment plant of TMM industry. Red dye from real
wastewater collected from a TMM industry has been
performed using different doses of BTFW-600, since
it has exhibited more efficiency compared to BTFW-
500 and BTFW-400. The adsorption studies were
conducted using 100 mL of textile wastewater with 2,
10, 15, 20, and 25 g-L ™! of BTFW-600 for 4 h of reac-
tion time at 25 °C. The measurement of absorbance
after treatment shows that 15 g-L™' of BTFW-600 is
the optimal dose. Figure 11 shows the absorbance
spectra of the initial solution, after being diluted 50
times, and after 4 h of effluent treatment (without
dilution), which clearly indicates its total discol-
oration. The main characteristics of textile wastewa-
ter after treatment are presented in Table 6. Besides
the elimination of color, adsorption using BTFW-
600 °C drastically decreases the significant charac-
teristic parameters of the effluent. This treatment
decreases the COD value and CI concentration by
about 98% and 90% respectively. Hence, except for
the conductivity, the treated effluent has all the char-
acteristic properties well within the specific limit
values of rejection by textile industries. Only addi-
tional treatment is required in terms of conductiv-
ity to comply with the Tunisian regulations for the
discharge.

4. Conclusion

The present work proved that biochars produced
from TFW could be considered as highly effec-
tive, attractive and promising materials for dye re-
moval from solutions compared to various previ-
ously studied biochars in term of both rapid kinetic
and equilibrium recovery capabilities. The relatively
high SFR dye desorption yields allow us to consider
this low-cost material as an attractive solid matrix
for the removal of basic dyes from aqueous solutions
with the possibility of multiple reuse. For further
application, 15 g-L~! was found to be the optimum
amount of biochar to treat the real wastewater. Be-
sides the elimination of color, adsorption on biochar
decreases drastically the main characteristic param-
eters of the effluent. Parameters are within the speci-
fied limit values of rejection by the textile industries
except for the conductivity of the effluent. Hence, the
biochar produced from the pyrolysis of TFW can be
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Figure 11. UV-Visible spectra of tannery wastewater before and after 4 h of treatment.

Table 7. Main physicochemical characteristics of the used real wastewater before and after treatment

Parameter Before treatment After treatment Tunisian standard
Temperature (°C) 18 19 -
pH () 7.3 7.87 5.5-8.5
Electrical conductivity (mS/cm) 7.14 6.2 5
Color Red Colorless Clear
COD (mg-L™1) 43 2 250
BODs5 (mg-L™!) 11 10 50
Total solid (mg-L™1) 10 5 80
Cl (mg/1) 1.74 x 103 10 1200
Total chromium (mg/L) 0.293 - <0.2
used efficiently for the treatment of textile effluents References

containing mainly SFR dye. It would be interesting to
continue testing on real wastewater using not only
batch processes but also column processes, on the
pilot scale.

Conflicts of interest

Authors have no conflict of interest to declare.

[1] K. Chojnacka, D. Skrzypczak, K. Mikula, A. Witek-krowiak,
G. Izydorczyk, K. Kuligowski, B. Paulina, M. Kulazynski,
J. Clean. Prod., 2021, 313, article no. 127902.

[2] J. Hu, Z. Xiao, R. Zhou, W. Deng, M. Wang, S. Ma, J. Clean.
Prod., 2011, 19, 221-228.

[3] Y. Tang, J. Zhao, Y. Zhang, J. Zhou, B. Shi, Chemosphere, 2021,
263, article no. 127987.

[4] M. A. Moktadir, H. B. Ahmadi, R. Sultana, E-T. Zohra, J. J. H.
Liou, J. Rezaei, J. Clean. Prod., 2020, 251, article no. 119737.

[5] K. Fela, K. Wieczorek-Ciurowa, M. Konopka, Z. Wozny,
J. Cheml. Technol., 2011, 13, 53-55.



60

[6]

[7]

(8

9

(10]

(11]

[12]

[13]

(14]

[15]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(271

(28]

[29]

(30]

[31]

Khouloud Haddad et al.

Q. Hu, L. Bin, P Li, E Fu, J. Mol. Lig., 2021, 331, article
no. 115719.

Y. Tang, T. Lin, S. Ai, Y. Li, R. Zhou, Y. Peng, Int. J. Biol. Macro-
mol., 2020, 159, 98-107.

Y. Xia, Y. Jin, J. Qi, H. Chen, G. Chen, S. Tang, Environ. Technol.
Innov., 2021, 23, article no. 101659.

S. Payel, M. A. Hashem, M. A. Hasan, Environ. Technol. Innov.,
2011, 24, article no. 102010.

S. Jellali, B. Khiari, M. Usman, H. Hamdi, Y. Charabi,
M. Jeguirim, Renew. Sust. Energ. Rev., 2021, 144, article
no. 111068.

M. Jeguirim, M. Goddard, A. Tamosiunas, E. Berrich-
Betouche, A. Azzaz, M. Praspaliauska, S. Jellali, Renew. Energ.,
2020, 149, 716-724.

C.-C. Kung, B. A. McCatrl, C.-C. Chen, L.-]J. Chen, Energy Pro-
cedia, 2014, 61, 679-682.

J. Lehmann, M. C. Rillig, J. Thies, C. A. Masiello, W. C. Hocka-
day, D. Crowley, Soil Biol. Biochem., 2011, 43, 1812-1836.

L. Wang, C. Xue, X. Nie, Y. Liu, E Chen, J. Plant. Nutr. Soil Sci.,
2018, 181, 635-643.

J. Zheng, X. Zhu, Q. Guo, Q. Zhu, Waste Manage., 2006, 26,
1430-1435.

M. Ahmad, A. U. Rajapaksha, J. E. Lim, M. Zhang, N. Bolan,
D. Mohan, M. Vithanage, S. S. Lee, Y. S. Ok, Chemosphere,
2014, 99, 19-33.

S. Fan, J. Tang, Y. Wang, H. Li, H. Zhang, J. Tang, J. Mol. Liq.,
2016, 220, 432-441.

X.Yang, W. Zhu, Y. Song, H. Zhuang, H. Tang, J. Mol. Liq., 2021,
340, article no. 116617.

J. Wu, J. Yang, P. Feng, G. Huang, C. Xu, B. Lin, Chemosphere,
2020, 246, article no. 125734.

K. Mahmoudi, N. Hamdi, M. B. Alj, S. Jellali, E. Srasra, C. R.
Chim., 2020, 23, 689-704.

M. Wakkel, B. Khiari, E Zagrouba, C. R. Chim., 2020, 23, 671-
687.

X. Huang, E Yu, Q. Peng, Y. Huang, RSC Adv., 2018, 8, 29781-
29788.

S. Payel, M. A. Hashem, M. A. Hasan, Environ. Technol. Innov.,
2021, 24, article no. 102010.

X. Tan, Y. Liu, G. Zeng, X. Wang, X. Hu, Y. Gu, Z. Yang, Chemo-
sphere, 2015, 125, 70-85.

A. Mlayah, S. Jellali, A. A. Azzaz, M. Jeguirim, H. Sellalmi,
N. Hamdji, C. R. Chim., 2021, 24, 7-22.

R.Jain, V. Gupta, S. Sikarwar, J. Hazard. Mater., 2021, 182, 749-
756.

K. Haddad, M. Jeguirim, S. Jellali, C. Guizani, L. Delmott,
B. Simonna, L. Limousy, Energy, 2021, 134, 10-23.

S. Amdouni, A. Ben Hassen Trabelsi, A. Mabrouk Elasmi, Fuel,
2021, 294, article no. 120423.

T. Chen, Y. Zhang, H. Wang, W. Lu, Z. Zhou, Y. Zhang, Biore-
sour. Technol., 2014, 164, 47-54.

H. Younis, A. Nazir, E Bareen, Pol. J. Environ. Stud., 2020, 30,
453-462.

R. R. Gil, R. P. Gir6n, M. S. Lozano, B. Ruiz, E. Fuente, J. Anal.
Appl. Pyrolysis, 2012, 98, 129-136.

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

M. Velusamy, B. Chakali, S. Ganesan, E Tinwala, S. Shan-
mugham Venkatachalam, Environ. Sci. Pollut. Res., 2020, 27,
29778-29790.

M. I. Inyang, B. Gao, Y. Yao, Y. Xue, Crit. Rev. Environ. Sci.
Technol., 2016, 46, 406-433.

E Li, X. Cao, L. Zhao, J. Wang, Z. Ding, Environ. Sci. Technol.,
2014, 48,11211-11217.

Y. Palani, R. R. Jonnalagadda, N. E Nishter, Environ. Prog.
Sustain Energy, 2017, 36, article no. 12637.

W. Suliman, J. B. Harsh, N. I. Abu-Lail, A.-M. Fortuna,
I. Dallmeyer, M. Garcia-Perez, Biomass Bioenergy, 2016, 84,
37-48.

E Younas, N. K. Niazi, I. Bibi, M. Afzal, K. Hussain, J. Hazard.
Mater., 2022, 422, article no. 126926.

K. Haddad, S. Jellali, M. Jeguirim, A. Ben Hassen Trabelsi,
L. Limousy, J. Environ. Manage., 2018, 216, 305-314.

M. Chen, J. Wang, M. Zhang, M. Chen, X. Zhu, J. Anal. Appl.
Pyrolysis, 2008, 82, 145-150.

W. Buss, M. C. Graham, J. G. Shepherd, O. Masek, Sci. Total
Environ., 2016, 547, 314-322.

Y. Palani, R. R. Jonnalagadda, N. E Nishter, Environ. Prog.
Sustain Energy, 2018, 66, 197-2012.

K. Haddad, S. Jellali, S. Jaouadi, M. Benltifa, A. Mlayah, A. H.
Hamzaoui, C. R. Chim., 2021, 18, 75-87.

G. Yang, L. Wu, Q. Xian, E Shen, J. Wu, Y. Zhang, PLoS One,
2016, 11, article no. 154562.

S.Jellali, A. A. Azzaz, M. Jeguirim, H. Hamdi, A. Mlayah, Water,
2021, 13, article no. 164.

J. A. Arcibar-Orozco, B. S. Barajas-Elias, E Caballero-Briones,
L. Nielsen, J. R. Rangel-Mendez, Water Air Soil Pollut., 2019,
230, article no. 142.

Y.Li, A. Meas, S. Shan, R. Yang, X. Gai, H. Wang, N. Tsend, Data
Brief, 2018, 19, 49-54.

L. Dai, W. Zhu, L. He, E Tan, N. Zhu, Q. Zhou, M. He, Bioresour.
Technol., 2018, 267, 510-516.

L. Leng, X. Yuan, G. Zeng, J. Shao, X. Chen, Z. Wu, Fuel, 2015,
155, 77-85.

C. Namasivayam, D. Kavitha, Dyes Pigm., 2002, 54, 47-58.

R. Lafi, I. Montasser, A. Hafiane, Adsorp. Sci. Technol., 2019,
37, 160-181.

N. Kannan, M. Meenakshisundaram, Water Air Soil Pollut.,
2002, 138, 289-305.

E. Deliyanni, A. Arampatzidou, N. Tzoupanos, K. Matis, Ad-
sorp. Sci. Technol., 2012, 30, 627-646.

K. Litefti, M. S. Freire, M. Stitou, J. Gonzélez-Alvarez, Sci. Rep.,
2019, 9, article no. 16530.

R. Muralikrishnan, C. Jodhi, ChemistrySelect, 2020, 5, 7734-
7742.

A. A. Azzaz, S. Jellali, M. Jeguirim, L. Bousselmi, Z. Bengharez,
H. Akrout, C. R. Chim., 2021, 24, 71-84.

G. Ravindiran, R. M. Jeyaraju, J. Josephraj, A. Alagumalai,
ChemistrySelect, 2019, 4, 7437-7445.

Faheem, J. Du, J. Bao, M. A. Hassan, S. Irshad, M. A. Talib, Arab.
J. Sci. Eng., 2021, 44, 10127-10139.



Comptes Rendus

Chimie

2022, Vol. 25, Special Issue S2, p. 61-79
https://doi.org/10.5802/crchim.181

Sustainable Biomass Resources for Environmental, Agronomic, Biomaterials and Energy
Applications 3 / Ressources de biomasse durables pour des applications environnementales,
agronomiques, de biomatériaux et énergétiques 3

Cationic dye removal using Pergularia tomentosa L.
fruit: kinetics and isotherm characteristics using
classical and advanced models

Hafedh Belmabrouk® * % ?, Marwa Selmi® ¢ ?, Thamraa Alshahrani® ¢,
Zeineb Raddaoui® ¢, Abdullah Bajahzar/, Mahjoub Jabli® 8 and Thamer Alharbi®

4 Department of Physics, College of Science Al-Zulfi, Majmaah University,
Al-Majmaah 11952, Saudi Arabia

b Laboratory of Electronics and Microelectronics, Faculty of Science of Monastir,
University of Monastir, Monastir 5019, Tunisia

¢ Department of Radiological Sciences and Medical Imaging, College of Applied
Medical Sciences, Majmaah University, Al Majmaah 11952, Saudi Arabia

d Department of Physics, College of Science, Princess Nourah bint Abdulrahman
University, Riyadh 11671, Saudi Arabia

¢ Institut de Recherche sur les Céramiques (IRCER), UMR 7315 CNRS, Université de
Limoges, 12 Rue Atlantis, F-87068 Limoges, France

f Department of Computer Science and Information, College of Science Al-Zulfi,
Majmaah University, Al-Majmaah 11952, Saudi Arabia

& Department of Chemistry, College of Science Al-Zulfi, Majmaah University,
Al-Majmaah 11952, Saudi Arabia

E-mails: Ha.Belmabrouk@mu.edu.sa, Hafedh.Belmabrouk@fsm.rnu.tn

(H. Belmabrouk), m.selmi@mu.edu.sa (M. Selmi), thmalshahrani@pnu.edu.sa
(T. Alshahrani), zeineb.raddaoui@unilim.fr (Z. Raddaoui), a.bajahzar@mu.edu.sa
(A. Bajahzar), m.jabli@mu.edu.sa (M. Jabli), t.alharbi@mu.edu.sa (T. Alharbi)

Abstract. The agricultural crops prove to be low-cost and abundant biosorbents that are able to adsorb
dyes from contaminant water. In the present study, different techniques were used to characterize
the powdered Pergularia tomentosa fruit. After that, the biomaterial was exploited to investigate the
adsorption of methylene blue in batch mode. The effects of initial pH, contact time, dye concentration,
biosorbent dose, and temperature on the biosorption capacity have been performed. The fit of the
adsorption isotherms was performed by means of several classical models and advanced models
derived from statistical physics. The two-energy monolayer model proves to be the more suitable.
It appears that two functional groups of the biosorbent are involved in the dye biosorption. The
adsorption energy ranges from 14 to 18 kJ-mol~! which indicates a physiosorption mechanism.

* Corresponding author.

ISSN (electronic) : 1878-1543 https://comptes-rendus.academie-sciences.fr/chimie/


https://doi.org/10.5802/crchim.181
https://orcid.org/0000-0003-0840-0271
https://orcid.org/0000-0002-8424-5405
https://orcid.org/0000-0002-4862-9954
https://orcid.org/0000-0002-4727-4389
https://orcid.org/0000-0003-1556-7774
mailto:Ha.Belmabrouk@mu.edu.sa
mailto:Hafedh.Belmabrouk@fsm.rnu.tn
mailto:m.selmi@mu.edu.sa
mailto:thmalshahrani@pnu.edu.sa
mailto:zeineb.raddaoui@unilim.fr
mailto:a.bajahzar@mu.edu.sa
mailto:m.jabli@mu.edu.sa
mailto:t.alharbi@mu.edu.sa
https://comptes-rendus.academie-sciences.fr/chimie/

62 Hafedh Belmabrouk et al.

The maximum adsorption capacity is 152 mg-g~ 1. Pergularia tomentosa fruit proves to be attractive
for the efficient removal of cationic dyes from polluted water.
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1. Introduction

Recently, the control of water quality and the protec-
tion of the environment prove to be important funda-
mental and industrial issues because of the develop-
ment of industrial activities. Additionally, industrial-
ization and urbanization lead to the accumulation of
many pollutants which should be treated efficiently.
Many biological, chemical, and physical techniques
are available [1]. By taking advantage of adequate ad-
sorbents, the adsorption mechanism can be used to
resolve this issue and eliminate the contaminants.
Pesticides, herbicides, drugs, heavy metals, and dyes
are among the essential contaminants which are dis-
charged from numerous industries such as pharma-
ceutics, cosmetics, plastics industry, textiles, food in-
dustry, etc. [2-13].

The contaminants’ removal from polluted water
may be achieved using several low or no-cost ad-
sorbents which are attractive because of their abun-
dance and availability. Many agricultural crops were
studied as biosorbents in the literature They were
extracted from leaves, steam, and fruits, of a large
number of plants [14-17]. These crops contain, with
different amounts, cellulose and other non cellu-
lose compounds such as hemicellulose, lignin, and
pectin. Therefore, they are expected to be rich in hy-
droxyl groups. As aresult, the interaction of these bio-
materials with several organic contaminants is en-
hanced which infers them a significant advantage
and increases their attractiveness. The previous stud-
ies on cationic dyes removal by lignocellulosic mate-
rials have revealed the potential of many biomateri-
als. The present study will continue in this line and
investigate a new biomaterial.

Pergularia tomentosa L. ranks among the family
of Asclepiadacea. It is widespread in the desert re-
gions of several African and Asian countries such
as Tunisia and Saudi Arabia. A limited number of
papers investigated the medicinal applications of
this plant [18]. They are exclusively restricted to
this kind of application. Sakji et al. and Sebeia et
al. investigated the physicochemical characteristics

and the adsorption capacity of the seed fibers of
Pergularia tomentosa L. [19,20]. The adsorption en-
ergy was not accurately evaluated since empirical
models were used. To overcome these shortcom-
ings, we can take advantage of exploiting advanced
models based on statistical physics. It should be
mentioned that the research of many others [21-24]
used only classical adsorption models and were un-
able to compute accurately the adsorption. In the
present work, adsorption models derived from sta-
tistical physics will be employed. The superiority of
advanced models is revealed since these models are
naturally able to assign physical meanings to the pa-
rameters inherent to the different models. Further-
more, they lead to a more accurate value of the ad-
sorption energy. Some intrinsic parameters, in par-
ticular, the adsorption energy, will be assessed. The
main novelty of this work is to investigate a new low-
cost and abundant biomaterial and to compare its
capacity for cationic dye removal with other available
biosorbents. The second novelty is related to the use
of classical and advanced models to fit the adsorp-
tion isotherms and to evaluate some parameters re-
lated to the adsorption mechanism involved in the
cationic dye removal.

Methylene blue is a cationic dye. It is a toxic
and mutagenic product. In fact, wastewater contain-
ing methylene blue can cause tachycardia, cyanosis,
eye damage, skin irritation, dyspnea, and paroxysms
[25]. It can cause also vomiting, diarrhea, and nau-
sea. It stops the penetration of sunlight into water,
reduces the photosynthetic function in plants, and
harms both marine vegetation and aquatic ecosys-
tems. Many studies demonstrated the exploration of
efficient adsorbents of methylene blue [26,27].

The first objective of this work consists of charac-
terizing the new biosorbent and evaluating its abil-
ity to adsorb methylene blue (MB). Three charac-
terization methods, explicitly FT-IR, SEM, and TGA
were used. In the matter of adsorption kinetics,
many models have been checked. Concerning the
adsorption isotherms, several classical models are
investigated. Then, three advanced models derived
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from statistical physics are used to fit the adsorption
isotherms.

2. Experimental
2.1. Reagents

All the chemical reagents used in this work were of
analytical grade. No additional purification is oper-
ated. The cationic dye methylene blue was provided
from Sigma-Aldrich. The molecular weight of this dye
319.85 g-mol . To prepare methylene blue solutions,
distilled water was employed.

2.2. Preparation of Pergularia tomentosa fruit

The collection of the biomaterial, i.e. Pergularia to-
mentosa fruit was operated in the littoral region of
Monastir city (Tunisia) and the desert region of Zulfi
city (Saudi Arabia) (Figure 1). Primary, the fruits were
meticulously washed by tap water to remove the at-
tached impurities on its surface, like sand particles
and debris. A complementary wash of the fruits was
then achieved using distilled water. After that, the
fruits were firstly sun dried, and secondly dried in an
oven for 24 h at 70 °C. Afterwards, they were grinded
to fine powders. To remove the impurities that result
from grinding, the obtained powders were washed,
once more, using distilled water. Lastly, the sieved
grains were dried in oven for 24 h at 70 °C, stored in
air tied bottles and used for further experimental es-
says.

2.3. Characterization techniques

To characterize the biomaterial, three techniques
have been used, namely, Fourier Transform Infrared
spectroscopy (FT-IR), Scanning Electron Microscopy
(SEM), and Thermogravimetric Analysis (TGA). The
identification of the chemical group characteristics
of the biomaterial was performed by means of a FT-
IR spectrum. A Perkin Elmer model was used for this
pupose. The spectral span extends over the interval
from 4000 cm™! to 400 cm™'. The spectral resolu-
tion of the instrument is 2 cm™~!. The measurements
are performed using the attenuated total reflection
mode. The surface morphology of the biomaterial is
investigated using a SEM Hitachi S-2360N apparatus.

The powdered fruit was coated with Au by a vacuum
sputter-coater with 30 kV accelerating voltage. Sev-
eral magnifications have been tested. TGA measure-
ments were performed in airflow at a heating rate of
10 °C/min in a Pt crucible with NETZSCH STA 449F3
apparatus. To obtain the point of zero charge pHp,c
of the biomaterial, the salt addition technique was
used. Indeed, 0.1 g of powdered fruit was immersed
in 107! M KNO; solutions (50 mL) at different pH
values ranging from 2 to 11. To adjust the initial pH,
HCI or NaOH was added. The solutions were shaken
under magnetic stirring during 48 h. The final pH
value (pHy) was plotted versus the initial pH value
(pH;). The point of zero charge pHp, is defined by
(pH = pH;). More details are available in [28].

2.4. Batch biosorption experiments

In order to investigate the biosorption isotherms,
batch adsorption experiments were performed in a
set of 500 mL beakers containing 25 mL of methy-
lene blue with different initial dye concentrations
and 0.025 g of powdered fruits. To reach the equi-
librium, the above mixture was stirred at a speed of
100 rpm and a temperature of 19 °C. A UV-Vis spec-
trophotometer calibrated at a maximum wavelength
of 665 nm was used to measure the concentrations of
MB in the solution before and after biosorption. The
following equation is used to compute the biosorp-
tion capacity at equilibrium g, (mg-g~'):
Co—Ce

qe = o Vv, )
where C, (mg-L™!) is the equilibrium concentration
of MB, Cy is its initial concentration, V is the vol-
ume of the solution (L), and m is the mass of the ab-
sorbent used (g). To obtain the adsorption isotherms,
the temperature was varied from 19 °C to 55 °C. The
batch kinetic measurements for the MB adsorption
onto Pergularia tomentosa fruit are monitored in an
identical way as that followed to perform the ex-
periments at equilibrium. The measurements are re-
peated for different periods of time ranging from 0
to 120 min. The effect of salt concentration (NaCl)
on the biosorption of methylene blue onto Pergu-
laria tomentosa fruit was studied in the range of 0—
10 g-L”!. MB adsorption assays were carried out in
triplicate. This allows estimating the errors in the
measurements. For this reason, some results will be
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Figure 1. Picture indicating the plant, its fruits, and the fine powders.

plotted using bar errors. This concerns especially the
parameters extracted from the isotherms.

In this paper, we will start by the characterization
of the biomaterial as above mentioned. After that,
the effect of contact time, pH, initial concentration,
temperature will be investigated. The kinetic data
will be fitted using several models. The adsorption
isotherms will be fitted using classical models as well
as models derived from theoretical considerations
based on statistical physics. An important issue will
be discussed is related to the comparison between
classical and advanced models.

3. Theoretical models for the equilibrium
isotherms

Two groups of models representing the adsorption
isotherms are exploited in the present study. The first
group integrates classical models which are fully em-
pirical or semi-empirical. These models are very fa-
mous and have been extensively employed in the
literature [8,21]. However, the physical meaning of
the parameters involved are not always obvious.
The second group contains more advanced models
which are obtained from statistical physics theory.

The assumptions considered to deduce the differ-
ent expressions and the reasoning schemes are more
explicit. Furthermore, a clear physical meaning is as-
signed to each parameter.

3.1. Classical models

In this first category, many models are elaborated to
fit different types of experimental results and they
involve many assumptions. In general, they contain
two or three parameters to adjust the equilibrium
isotherms [29-32]. The following isotherm models
are used in present study: Langmuir, Freundlich,
Hill, and Dubinin—-Radushkevich models. It should be
mentioned that there are many other models. How-
ever, they have some resemblance with one of the
above models. For this reason, only the performance
of the aforementioned five classical models will be
evaluated.

3.1.1. Langmuir isotherm model

The Langmuir model is the most common one. It
is deduced using many assumptions. Indeed, the ad-
sorption process is assumed to be monolayer. A ho-
mogeneous surface and a constant energy are also
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assumed. Furthermore, the interaction between ad-
sorbate molecules on adjacent sites are neglected.
The adsorbed pollutant amount at equilibrium g,
(mg-g™!) versus its concentration in water at equilib-
rium C, (mg-L™!) is given by:
_ GmaxKrCe

7 1+K 1Co
where gmax is the maximum adsorption capacity and
K7 (L-mg™!) is the Langmuir constant.

(@]

3.1.2. Freundlich isotherm model

This model has been elaborated from empirical
considerations in the aim to account for the multi-
layer adsorption. The adsorbed pollutant amount at
equilibrium g, is formulated by:

ge= Kf(C;)”" where C,; = Ce/ Cret. 3)

Two empirical parameters, viz. the constant Ky and
the exponent 1/7 are involved in this model. A refer-
ence constant Cer = 1 mg/L is introduced to satisfy
the requirements of dimension analysis and conse-
quently express the unit of the parameter K¢ in more
eloquent manner. Obviously, the reduced concentra-
tion C; = C./Cyr is dimensionless. The unit of the
constant Ky is the inverse of that of g, i.e. mg~l.g.
The exponent n has no unit.

Depending on the surface heterogeneity, the value
of n may be greater than one. Freundlich model as-
sumes that the adsorption energy decays exponen-
tially moving away from the surface. When the ex-
ponent n increases, the adsorption isotherm reaches
rapidly the saturation and the adsorbed pollutant
amount becomes smaller.

3.1.3. Hill isotherm model

In this model, the adsorption process is consid-
ered as a cooperative mechanism. The adsorbed pol-
lutant amount at equilibrium g, is expressed by:

_ CImax,H(C:)nH

© Kp+(CHm
Three adjustable parameters are contained in this
model. The fits one is Gmax iz (Mg-g~!). It represents
the maximum adsorption capacity. The second pa-
rameter is ny. It represents the Hill cooperativity co-
efficient of the binding reaction. The last parameter is
the Hill constant Kp. The use of dimensionless equi-
librium concentration C; allows to obtain easily and
accurately the units of the paramters Kp and gmax, 1.

(@]

3.1.4. Dubinin—-Radushkevich isotherm model

The adsorbed pollutant amount at equilibrium g,
is given by [33]:

Ge = gsexp(—kaqe?) and &=RTIn(1+Cs/C,). (5)

This model involves two adjustable parameters, viz.
the saturation capacity ¢; (mg-g~!) and the constant
kaq (mol?-kJ~2). The the solubility of the adsorbate C
is also involved in the model. The mean free energy
of adsorption E,q (kj-mol_l) is related to the constant
kaq according to [34]: Eaq = 1/1/2kag-

The temperature is explicitly involved in this
model. Dubinin-Radushkevich model produces ac-
ceptable fitting in the intermediary range of concen-
trations. Nevertheless, at small and large concentra-
tions, this does not match adequately the isotherm
curve [35]. For that reason, unrealistic maximal ad-
sorption capacities have been reported by several
studies [8,21].

It is important to mention that erroneous expres-
sions have been used by many authors to calcu-
late the energy. Some well-known relations contain
a problem of unit. They lead to a non-reliable esti-
mation of the adsorption energy and other thermo-
dynamic quantities. To avoid this problem, the units
of all the quantities and mathematical expressions
should be cautiously scrutinized.

3.2. Advanced models derived from statistical
physics

As above mentioned, a large number of classical
models have been elaborated to fit a wide variety
of experimental data. The usefulness and potential
of these models have been recognized. Nevertheless,
they present some shortcomings. Actually, the elab-
oration of the classical model is, in general, empir-
ical and is not bot based on theoretical considera-
tions. Moreover, the physical significance of the pa-
rameters inherent to each model is not obvious. To
overcome these shortcomings, an alternative method
has emerged throughout recent decades. The num-
ber of models developed in this framework has con-
tinued to grow [36-41]. In parallel, the fields of ap-
plication of these new models become widener and
widener progressively. Among all the models recently
developed, we will confront our data with only three
models.



66 Hafedh Belmabrouk et al.

3.2.1. Monolayer model characterized by one energy

The monolayer model characterized by one en-
ergy presumes that only one layer participates to the
adsorption mechanism over the adsorbent surface.
Furthermore, all the receptor sites are linked to the
adsorbate with the same energy. Nevertheless, each
receptor site S is able can be linked to a fluctuating
number n. The adsorption reaction reads: nA+ S =
A, S where A, S denotes the produced complex. In
fact, the steric or stoichiometric number »n should
be regarded as an average number. It is not neces-
sarily an integer number and it may be greater or
lesser than one. If n > 1, n corresponds to the aver-
age number of molecules attached to a particular re-
ceptor site. On the contrary, when n < 1, its inverse
n' = 1/n denotes the expected number of receptor
sites occupied by one molecule [42,43].

When only the translation degrees of freedom are
taken into account, the average number of occu-
pied sites N, or equivalently the adsorbed pollu-
tant amount at equilibrium g, as a function of the
concentration C, is given in Table 1 [44]. It is clear
that three adjustable parameters are involved in this
model. In particular, the half-saturation concentra-
tion is one of the parameters constituting the model.
This quantity depends on the temperature 7. More
precisely, it is related to the temperature T and the
adsorption energy E, according to the relation [37]:

Cij2 = Cye Ea/RT) (6)

where C; is the solubility of the adsorbate.

The physical significance attributed to each pa-
rameter is obvious. The mathematical relation of the
one-energy monolayer model is identical to the clas-
sical Hill model. To grasp further the physical signifi-
cance of the different parameters which are intrinsic
to the model, a parametric study may be performed.
This study may also help to evaluate the effect of the
error on each parameter.

3.2.2. Monolayer model characterized by two energies

This model also accepts that only one layer is in-
volved in the adsorption mechanism. However, this
layer encloses two varieties of receptor sites. Each
variety has its own energy. Therefore, two differ-
ent energies E,;; and E,p are engaged in the model.
This model is in some ways a generalization of the
one-energy monolayer model The expression of this
model is given in Table 1 [45]. The energies E;;

and E; can be computed from the half-saturation
concentrations C; and C, as previously specified. It
should be mentioned that the subscripts 1 and 2 may
be permuted without changing the model. Therefore,
no constraint is imposed on the energies E,; and E;.

3.2.3. Double-layer model characterized by two ener-
gies

The double-layer model characterized by two en-
ergies admits that two consecutive layers are in-
volved in the adsorption process. Each layer is char-
acterized by its own energy. We denote by E,; and the
E,» the energy of the first and the second adsorbed
layer respectively. It is straightforward to derive the
model presented in Table 1 [38]. The energy E, re-
lated to the first layer should be greater than the en-
ergy Eg» that characterizes the second layer. There-
fore, the half-saturation concentration C; should be
smaller than the half-saturation concentration C,.
On the contrary of the above model, the subscripts
1 and 2 cannot be mutually permuted.

3.3. Adsorption kinetic models

To fit the kinetic data, a large number of kinetic mod-
els have been developed during the last decades. The
majority of the models are empirical. They are de-
scribed by an ordinary differential equation such as
in the linear driving force model. They may also be
formulated using a mathematical relationship such
as the pseudo first order (PFO) model, pseudo sec-
ond order (PSO), Elovich model, intra-particle diffu-
sion model and Bangham model [46].

3.3.1. PFO adsorption kinetic model

At any the instant ¢, the pollutant adsorbed quan-
tity is expressed by: g; = g.(1 — e~¥1%). This model in-
volves the rate constant k; and the equilibrium ad-
sorbed quantity g.. The meaning of these two param-
eters is obvious. In particular, the rate constant is re-
lated to the slope of the curve at small contact times
whereas the quantity g, is reached at saturation.

3.3.2. PSO adsorption kinetic model

At any instant ¢, the pollutant adsorbed quan-
tity is expressed by: q; = (k2g2t)/(1+ keqet). This
model involves two adjustable parameters, namely
the rate constant k, and the equilibrium adsorbed

quantity qe.
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Table 1. Advanced models for the adsorption isotherms

Model Equation Parameters
nN,
Monolayer model qe = ﬁ Ny, is the density of receptor sites of adsorbent.
with one energy T (C1r2/Ce) n is the number of adsorbed molecules per site.
Cj/2 is the concentration at half saturation.
n N, ny N,
Monolayer model Ge = 1 tml 2 Tm2 N;;1 and Ny,,» are the densities of the two kinds
. . 1+ (C1/Ce) 1+ (Co/Ce)™ .
with two energies receptor sites.
n; and ny are the numbers of adsorbed
molecules per site.
C; and C; are respectively related to the first and
second kind of receptor sites.
Co n Co 2n
&) +2(&)
Double-layer model ge=nNpy C; and C; are related to the first and second layer

with two energies

respectively.

3.3.3. Elovich adsorption kinetic model

At any instant t, the pollutant adsorbed quan-
tity is expressed by: ¢; = (1/6)In(1 + afr). It is clear
that the constant « is called the adsorption rate
(mg-g~!-min~!). The unit of the constant §is g-mg~"'.

3.3.4. Intra-particle diffusion kinetic model

At any instant ¢, the pollutant adsorbed quantity
is expressed by: g; = kqv/1/£3'* + C. This model also
involves two adjustable constants, namely the intra
particle diffusion rate constant k; and the constant
C which is associated to the boundary layer effect.

3.3.5. Bangham adsorption kinetic model

At any instant t, the pollutant adsorbed quan-
tity is expressed by: q; = qgell — exp(—kpt"/ £} ).
The Bangham model involves three adjustable pa-
rameters, namely the equilibrium adsorbed quantity
g, the rate constant kj; but also the exponent n.
The Bangham model is more universal than the PFO
model since it contains the adjustable exponent n. It
is expected that this model is susceptible to fit more
accurately the experimental data.

The reference time is f) = 1 min. It is a judicious
artefact that permits that all the rate constants ki,
k4 and kj, have the same unit. Moreover, the conver-
sion from one system of units to another becomes
straightforward using this reference time.

All the above models were expressed using the
nonlinear formula. For each model, one or more lin-
ear form are available. However, the nonlinear form
leads to more accurate results and proves to be more
powerful.

3.4. Error analysis

To evaluate the parameters involved of a model, the
root means square error (RMSE) function is mini-
mized. This function is defined according to:

1

2

) Q]

1 N
RMSE = N Z (Gefit,i — Qe,meas,i)z
i=1

where N is the total number of data for a particular
CUIVe, (e meas,i 1S the ith measured value, and ¢, f ;
is the ith theoretical value deduced using a partic-
ular model. It is clear that this theoretical value de-
pends on the adjustable parameters to be identified.
It is worth mentioning that the utilization of abso-
lute errors is more convenient than relative errors
since the concentration for the adsorption isotherms
and the time for the kinetics data vary in a large
interval.

Iterative algorithms are used to identify the pa-
rameters that minimize the above function. Mat-
lab programs and built-in Microsoft Excel or Origin
functions are used. The standard deviation related
to each adjustable parameter is also calculated. This
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quantity allows judging on the quality of the identi-
fication process and the model veracity to adjust the
experimental data. Indeed, the standard deviation on
all the identified parameters should vary in a small
range to accept the model.

The first criterion used to coarsely qualify the per-
formance of the fit process is the correlation coef-
ficient R between the experimental and theoretical
curves. This quantity is defined by:

Zi‘\il (Gefit,i — E) (ge,meas,i — Gmeas)

R=

)

Nl

[Zi\il (e fit,i — ﬁ)z Zﬁ\il (ge,meas,i — Qmeas)z] ®

where gg; and Gmeas are the mean value of the the-
oretical results that obtained using the model and
the mean value of the experimental data respectively.
When the experimental and theoretical curves are
very similar, the correlation coefficient R is close to
one. However, this coefficient is not sufficient on its
own. One or two further criteria prove to be necessary
to accurately evaluate the conformity of the fitting
process and the model. As above mentioned, the first
additional criterion is the root mean square error.
The model and the identification of the parameters
are all the more adequate as this quantity is smaller.
The second auxiliary criterion is standard deviation
on the identified parameters.

4. Results and discussion
4.1. Characterization of the biomaterial

FT-IR spectroscopy was used to determine the main
functional groups of the powdered biomaterial. Fig-
ure 2 exhibits the FT-IR spectrum. The most impor-
tant absorption peaks are indexed. A broad absorp-
tion peak is recorded at 3292 cm™!. It is attributed to
the hydroxyl groups. Two absorption peaks are regis-
tered at 2918 cm™! and 2848 cm™!. They are respec-
tively the sign of the existence of C-H and CH; groups
[47]. The absorption peak observed at 1726 cm~!is
accredited to C=0 group in hemicellulose composi-
tion [48]. The absorption peak shown at 1596 cm™!
is assigned to C=C aromatic groups present in the
lignin composition [49]. The absorption peak ob-
served at 1418 cm™! is related to the angular defor-
mation of CH groups in cellulose [50]. The absorp-
tion peak seen at 1235 cm™! could be defined as
the angular deformation of CH groups in hemicellu-
lose [49]. The peak at 1012 cm™! is related to C-O-C

Transmittance (%)

3292------

[1‘1

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

Figure 2. FT-IR spectrum of the biosorbent
and identification of the main adsorption
peaks.

ring stretching vibration of cellulose. These absorp-
tion peaks prove that Pergularia tomentosa fruit is
rich of oxygeneous groups on its surface [51]. These
massive oxygeneous groups are the origin of the in-
teraction between MB dye and the cellulosic Pergu-
laria tomentosa fruit through hydrogen bonding in-
teraction.

Figure 3 exhibits the SEM features of Pergularia to-
mentosa fruit observed at different higher magnifica-
tions (x50 and x500). The images of the powdered
fruits show rough and heterogeneous surface. The
particles have irregular shapes and present also some
cavities. The surface structures are likely to enhance
the number of receptor sites offered to the biosorp-
tion of methylene blue. The decomposition pattern
and thermal stability of Pergularia tomentosa are
shown in Figure 4. After decomposition, it was ob-
served that the maximum weight loss of the bioma-
terial was around 73%. The first thermal decompo-
sition was seen at 98 °C and it was accompanied by
mass loss of 10%, which could be in general assigned
to the moisture evaporation found in the hydrophilic
biomaterial [52,53]. The second thermal decomposi-
tion registered at 233 °C indicated the decomposition
of all organic compounds of the biomaterial includ-
ing cellulose and non-cellulose compositions [54].
This behavior is in agreement with FT-IR results. The
thermal decomposition at 393 °C could be assigned
to the depolymerisation and decomposition of glyco-
syl units of the cellulosic biomaterial [55].
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Figure 3. SEM images of Pergularia tomentosa
fruit.
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Figure 4. TGA curve of Pergularia tomentosa
fruit.
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Figure 5. Parametric study on the biosorption
of the cationic dye: (a) plot of final pH as a
function of the initial pH, (b) (3 combined
curves): effects of pH, biosorbent dosage and
NaCl dosage. The initial dye concentration is
Co = 10 mg-L™}, the temperature T = 19 °C and
contact time ¢ = 30 min.

4.2. Effect of the experimental parameters on the
adsorption of methylene blue

The main experimental parameters that affect the
biosorption process are the final pH of the solu-
tion, the initial concentration of MB, the amount
of fruit added, the temperature, and contact time.
As explained above, to determine pHp,. value of
biosorbent, the final pH and the initial pH are mea-
sured. Figure 5a depicts the curve of the final pH
(pHp) versus the initial pH (pH;). The experimental
may be fitted a second order polynomial function.
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The intersection of this curve with the first bisector
correspond to the value pHy = pH; = 6.1£0.2. In
other words, the point of zero charge corresponds
to pHp, = 6.1+0.2. We deduce that the biomaterial
was positively charged below the value of pHp,c and
it becomes negatively charged above this value. Fig-
ure 5b exhibits the evolution of the equilibrium ad-
sorbed quantity g, versus the initial pH value (blue
curve and bottom horizontal axis). It appears clearly
that when this pH increases from 3 to 6, the adsorbed
quantity ¢, increases significantly. Then it reaches a
maximum value. When the pH continue to increase,
the adsorbed quantity g, decreases slowly. This trend
corroborates the results related to the effect of initial
pH (Figure 5a). The results obtained from FT-IR and
TGA characterization indicated that Pergularia fruit
has many oxygeneous groups allowing different be-
haviors at different pH values. Indeed, at acidic pH
conditions, Pergularia surface was positively charged
due to the protonation which opposed the positively
charged methylene blue ions. At alkaline pH condi-
tions, Pergularia surface was negatively charged due
to deprotonation of oxygeneous groups favoring an
electrostatic interaction with methylene blue. Com-
parable behaviors were obtained in some previous
works [56,57].

The effect of Pergularia fruit dosage on the
biosorption capacity of methylene blue is also plot-
ted in Figure 5b (green curve and top secondary
horizontal axis). It was observed that the biosorption
amount decreased shapely with the increase of the
biosorbent dosage. This adsorbed amount decreased
from 1.37 t0 0.15 mg-g ™! for an increase in the biosor-
bent dose from 1 g-L ™! to 12 g-L™! (Cp = 10 mg-L7},
pH = 6, T = 19 °C). The high capacity observed
within a dosage of 1 g-L™! was attributed to the high
biosorbent surface area and the large availability of
sorption sites at this condition. However, the low
biosorption capacities observed at high biosorbent
dosage was due to the unsaturation of biosorbent
sites, during the biosorption process. Quite similar
results were reported in the literature [58,59]. The
measurement of the adsorbed quantity g, at the
time f reveals that the time required to reach the
biosorption equilibrium was observed at only a pe-
riod of 30 min. Results indicated also that more than
95% of target biosorption occurred during the first
10 min (Figure 6). This indicated the efficiency of the
use of Pergularia tomentosa fruit as biosorbent of
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Figure 6. Time evolution of the adsorbed pol-
lutant amount for three initial concentrations.
Comparison between experimental results and
the theoretical fits using three models.

cationic dyes from water with a very fast biosorption
rate. Indeed, the vacant active sites accessible at the
surface of Pergularia fruit during the initial period
of time were the origin of the rapid biosorption of
MB molecules. At approximately 30 min, the sur-
face of the biosorbent became partly occupied and
consequently no further increase in the biosorption
capacity could be occur [60]. The results related to
the kinetic data will be discussed in more detail in
hereafter.

The measurement of the adsorbed quantity g,
at equilibrium shows that the process for reach-
ing biosorption equilibrium was rapid for methylene
blue concentration <500 mg-L~! and it became al-
most stable at higher dye concentrations. The max-
imum capacity of the adsorbed dye was achieved at
lower dye concentration due to the availability of ad-
sorption sites in Pergularia tomentosa fruit surface
[61,62]. At equilibrium, the maximum biosorption
capacity was equal to 152 mg/g (pH = 6, ¢ = 60 min,
T =19 °C). This capacity removal of the pollutant is
compared to other published biosorbents Table 2. It
suggested again the efficiency of Pergularia tomen-
tosa to be used as inexpensive and effective biosor-
bent of cationic dyes from water. The decrease of the
biosorption capacity with the increase in tempera-
ture was ascribed to the escaping of the adsorbed MB
ions at higher energy or temperature. It decreased
from 152 mg-g~! to 132 mg-g~! when the tempera-
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ture moved from 19 °C to 55 °C. The results related to
the isotherms will be analyzed with further detail in
Section 3.4.

The effect of salt concentration on the biosorp-
tion of methylene blue onto Pergularia tomentosa
fruit is also plotted Figure 5b (red curve and bottom
horizontal axis). Data showed that the biosorption
of methylene blue declined significantly with the in-
crease in NaCl concentration from 0 to 10 g-L™!. This
was assigned to the decrease of interaction between
methylene blue ions and the oxygeneous groups of
Pergularia fruit surface. Indeed, Na* ions entered in
competition with the nitrogen atom of methylene
blue to interact with the hydroxyl groups of the bio-
material leading to lowest biosorption levels.

4.3. Kinetic data modeling

To understand the affinity between methylene blue
and biomaterial during time, kinetic measurements
were performed. The results may deliver evidences
on the biosorption process. They also helps to de-
cide on its kind (i.e. chemical or physical). They can
also give evidence on the mass transport. Figure 6
exhibits the kinetics curves for the following initial
concentrations Cy = 10 mg‘L‘l, Cop =20 mg‘L‘l, and
Co = 50 mg-L™!. The five models above mentioned
are used to fit the experimental data. The nonlin-
ear expression is directly used to deduce the parame-
ters inherent to each model. The convergence of the
parameter identification and optimization is ensured
by an iterative algorithm. Table 3 summarizes the ki-
netic parameters. It appears clearly that the obtained
values of the correlation coefficient R are very close
to one for four models, explicitly PFO model, PSO
model, Bangham model, and Elovich model. How-
ever, the values of R are exceptionally small con-
cerning the intra diffusion model. In the matter this
model, even if the boundary layer constant C is taken
into consideration, the correlation coefficient R does
not come close to its nominal value one. We can con-
clude that, in the investigated samples, the kinetics
is controlled by adsorption and pore diffusion and
not by the intra-particle diffusion. It is also clear the
behaviors of the different kinetic models are signifi-
cantly dissimilar for short durations (approximately
lesser than 15 min). The initial slope of the curves
changes notably from one model to another. Grad-
ually, when time increases, the various models lead
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Figure 7. Equilibrium adsorption isotherms:
experimental results and theoretical fits using
advanced models.

to the same results and collapse. A more attentive
inspection of the errors related to different models
proves that Bangham and PFO models adjust more
accurately the experimental data. We deduce that, in
the present samples, the adsorption can be consid-
ered as a pore diffusion and physiosorption process.
The values of the adsorption energy that will be ob-
tained in the Section 4.6 will corroborate this result.
The curves obtained from the theoretical PFO and
PSO models are also represented in Figure 6 for the
three studied initial concentrations. The equilibrium
time may be evaluated by 7 = 3/k;. In other words,
depending on the initial concentration and using the
values of the constant ki, the equilibrium is approxi-
mately achieved in 6-8 min.

4.4. Isotherms modeling using classical models

As above mentioned, the adsorption isotherms will
be fitted using classical models and advanced mod-
els based on statistical physics. In the matter of
the first category, five models are exploited. Three
of these models involve two adjustable parameters.
These three models are Langmuir, Freundlich, and
Dubinin-Radushkevich models. The Hill model in-
cludes three adjustable parameters. For this reason,
it is expected that the last model is likely to fit more
precisely the experimental data. Table 4 presents the
parameters inherent to each model as well the cor-
relation coefficient and the RMSE value. It appears
clearly that all models fit accurately the experimen-
tal. Indeed, for all the models, the correlation coef-
ficient R is approximately equal to one with an er-
ror smaller than 3%. Furthermore, the absolute error
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Table 2. Comparison of the capacity of removal of methylene blue using many low-cost and abundant

biosorbents

Biosorbent Maximum removal capacity (mg-g~!) Reference

Pergularia tomentosa fruit 122 Present work
Mountain soursop seeds 89 [45]
Typha angustifolia (L.) dead leaves 107 [51]
Cocos nucifera 112 [27]
Rice (Oryza sativa L.) 158 [26]
Brazilian berries seeds 171 [63]
Nerium oleander fruit 259 (28]

Table 3. Values of the parameters involved in the kinetic models and error criteria

Kinetic models

Parameters involved in the

Dye initial concentration C (rng-L’l)

model and error criteria 10 20 50

ge (mg-g™1) 1.390 3.915 8.224

Pseudo first order k; (min™1) 0.354 0.448 0.499
R 0.9997 0.999 1.0000

RMSE (mg-g™}) 0.007 0.024 0.013

de (mg-g™h) 1.426 3.983 8.326

Pseudo second order kp (min~1) 0.707 0.412 0.273
R 0.9962 0.9994 0.9992

RMSE (mg-g™}) 0.027 0.029 0.075

« (mg/g-min) 1.32x 107 3.33x10'9  7.30x10'6
Elovich B (mg-g~!) 16.70 8.93 5.41

R 0.9883 0.9966 0.9971

RMSE (mg-g™!) 0.047 0.071 0.139

Intra-particle diffusion kg (mgg" -min™0?) 0.183 0.519 1.090

R 0.451 0.420 0.397

de (mg-g™!) 1.389 3.927 8.228

kp, (min~1) 0.286 0.809 0.592

Bangham n 1.129 0.636 0.894
R 0.9998 0.9999 1.0000

RMSE (mg-g™}) 0.007 0.013 0.011

ranges from 2 to 9 mg-g~! depending on the model.
This error is relatively small compared to the maxi-
mum value of ¢,. This confirms that all the investi-
gated classical models prove to be satisfactory. In ad-
dition, it appears that Hill isotherm model is prob-
ably more suitable for smoothing experimental data
curves. Figure 7 exhibits the adsorption isotherms.

As above mentioned, Dubinin-Radushkevich model
gives the opportunity the evaluate the mean free en-
ergy of adsorption E,q. The values of this quantity
are presented in Table 4 for several temperatures. It
is clear that this energy does not vary significantly
in the range of the investigated temperatures. It re-
mains approximately in the range from 6 to 7 J-mol .
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Table 4. Values of the parameters involved in the classical models of the adsorption isotherms and some

error criteria

Classical models

Parameters involved in the

Temperature (°C)

model and error criteria 19 40 50
Gmax (mg-g™ 1) 375 382 456
Langmuir isotherm model K (L'mg™1) 7.71x107%* 6.61x107* 4.61x107*
R 0.988 0.987 0.985
RMSE (mg-g™!) 6.9 6.8 6.8
n 1.32 1.27 1.18
-1
Freunlich isotherm model Ky (mg-g™) 0.905 0.686 0.426
R 0.978 0.977 0.978
RMSE (mg-g™!) 9.2 8.7 8.1
Gmax-7 (mg-L™1) 184 168 157
Kp 6.58x10* 1.35x10° 3.64x10°
Hill isotherm model ni 1.85 1.97 2.12
R 0.998 0.998 0.999
RMSE (mg-g™!) 3.1 2.7 1.5
qgs (mg-g~1) 487 608 646
2.1,71-2 -2 -2 -2
Dubinin-Radushkevich kaq (mol®-kJ~4) 1.46 x 10 1.11x 10 1.0x10
isotherm model R 0.986 0.984 0.984
RMSE (mg-g™!) 1.9 1.9 2.0
Eaq (J-mol™) 5.9+0.2 6.7+0.2 7.1+£0.2

We can deduce that the nature of the adsorption pro-
cess taking place in the present biomaterial is phys-
iosorption [45,64-66]. However, the above estimation
of the adsorption energy is very rough. In the next
section, we will obtain a more adequate value ob-
tained from statistical models.

At first sight, the values of gmax obtained from
the Langmuir model seem to be overestimated since
the plateau region seems to appear. A more atten-
tive screening of the curves reveals that the plateau is
not reached. Different techniques are used to obtain
the values of the two adjustable parameters involved
in the Langmuir model, namely the saturation value
gmax and the constant K;. Among these techniques,
we adopt the following linearized form of the Lang-
muir model:

Ce _ 1 N C.

de  qmaxKp
As above mentioned, the Langmuir model involves
only two adjustable parameters. The value of the

)

Jmax

constant Ky has an important effect on the slope of
the curve at small concentrations whereas the value
of gmax corresponds to the saturation value when
the plateau is reached. One of the limitations of the
model comes from that this model does not con-
tain another parameter that allows the adjustment of
the transition region for intermediate concentrations
and the tuning of the curve inflection. For the con-
centrations in the range 600-1000 mg-L~!, the satu-
ration regime is not actually reached. For these rea-
sons, the values of gmax are larger than the values of
ge in the region 600-1000 mg-L~!. Langmuir’s model
is therefore not appropriate to adjust the present ex-
perimental data.

4.5. Isotherms modeling using models based on
statistical physics

The second category for adjusting adsorption
isotherms contains the advanced statistical mod-
els. As above mentioned, only three models will be
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run. Table 5 encloses the values of the adjustable
parameter intrinsic to each model as well as the cor-
relation coefficient R and the RMSE. The values of
the coeflicient R is approximately equal to one with
an error lesser than 0.2%. The values of the RMSE
are also relatively small compared to the maximum
value of g.. The two-energy single-layer model is
adopted since it is likely to lead to the best match
of the data. Figure 7 displays also the curves related
to the three statistical models. It is obvious that the
monolayer model with one energy is identical to the
Hill model. Indeed, the both models are represented
by similar equations.

The saturation value is respectively equal to
Gesat = NNm, g1+ g2 = N1 Nm1 + N2 Nipo, and 2nNp,
for models 1, 2, and 3. These saturation values are
reported on Table 5. Both models 1 and 3 are un-
successful in assessing the actual saturation value.
Only model 2 is capable of correctly evaluating this
value. Models 1 and 3 fails to track the curves at large
concentrations and therefore they diverge progres-
sively from the real trend and yield a biased satu-
ration value. This proves that the statistical models
are more powerful than the empirical ones since the
best classical model has been faulted using statistical
models. Another argument that works against model
3 and consequently model 1 and Hill model is the
fact of obtaining the constant C» less than C;. This
leads to assume that the adsorption energy of the
second layer E; is greater than the ones character-
izing the first layer E,;. This result is meaningless.
For all the above-indicated reasons, models 1 and 3
are rejected. The adoption of the model 2 is corrobo-
rated by SEM image (Figure 3) which reveal that the
surface is rough, heterogeneous, and contains some
cavities.

Figure 8 shows the variation of the evolution of the
densities N,;; and Ny, as well as the saturation val-
ues g1 = n1 Ny,1, and g2 = n2 Ny as a function of the
temperature. All the aove quantitiesaturation values
of the two kinds of receptors, namely g; = 1) Ny,
and g2 = ny N2 decrease when the temperature in-
creases. It is obvious that these quantities are pro-
portional to the number of adsorbed dye molecules
per site and the concentration of receptor sites. When
the temperature increases, the thermal collisions be-
tween dye molecules are intensified whereas the in-
teraction between the adsorbate and adsorbent de-
cays. This is a sign of the presence of a weak bind-
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Figure 8. Evolution of the densities N,,; and
Np.2, and the saturation values g, = n; Ny;1 and
g» = na Np2 as a function of the temperature.

ing energy such as hydrogen bonding and/or Van der
Waals interactions [45].

The errors related to the different parameters are
provoked by two sources. The first source of error is
of course the unavoidable experimental uncertainty.
The second source comes from the parameter iden-
tification process. Indeed, each parameter may vary
in a more or less wide interval while the function to
be minimized, i.e. the root means square error, does
not change significantly. Therefore, an average value
and a standard deviation are obtained for each pa-
rameter. Obviously, the model is only considered as
acceptable if the standard deviation linked to each
parameter is relatively small compared to the mean
value of this same parameter. Otherwise, the model
is considered unsatisfactory and does not unequivo-
cally fit the experimental data. This criterion is cru-
cial to evaluate the reliability of the parameters de-
duced from the fit. In the present work, it has been
systematically checked. The dependence of the con-
centrations of receptor sites Ny;; and N2 on the
temperature is depicted on Figure 8. The concentra-
tions are almost independent of temperature.

It should be noted that since g» = n2 Ny,;2 and ny
ranges in the interval from 1.11 to 1.44, the values of
g» and Ny, are close to each other. However, since
n; takes larger values ant it ranges in the interval
from 2.76 to 2.82, the values of ¢q; and N, are signif-
icantly different from each other. This behavior ap-
pears clearly in Figure 8.
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Table 5. Values of the parameters involved in the advanced models of the adsorption isotherms and some
error criteria
Models Parameters involved in the Temperature (°C)
model and error criteria 19 40 50
Ge-sat = NN, (mg-g™h) 184 168 157
Cuyz (mgL™h) 396 401 422
Model 1: monolayer model with one energy n 1.86 1.97 212
R 0.998 0.998 0.999
RMSE (mg-g™}) 3.1 2.7 2.0
q1=n1 Ny (mg-g™h) 133 130 126
C; (mgL™h 409 426 430
n 2.82 2.78 2.76
Model 2: monolayer model with two energies g2 = N2 N2 (mg/g) 30.2 26.0 20.7
Co (mg-L™h 85.4 100 122
np 1.44 1.23 1.11
R 0.9994 0.9993 0.9998
RMSE (mg-g™!) 1.4 1.5 0.7
nN,, (mg-g™h) 91.7 84.0 78.7
C; (mg-L™h 487 489 531
Model 3: double-layer model with two energies Cp (mgL™h) 396 402 424
n 1.31 1.39 1.47
R 0.9982 0.9985 0.9993
RMSE (mg-g™!) 6.3 4.6 3.6
Model 1 Gesat = NNy, (mg-g™h) 184 168 157
Model 2 g1+ q> (mg-g™h) 164 156 147
Model 3 2nN,, (mg-g™1) 183 168 157

The steric numbers n; and ny are two other im-
portant parameters that describe the adopted model.
The values of the stoichiometric numbers n; and n,
versus the temperature are reported in Table 5. These
quantities are none other than the numbers of dye
molecules captured for each one of the two types
of available receptor sites. It appears that both n;
and ny, are greater than one. Therefore, the biosor-
bent could be attached to 1 or 2 or perhaps 3 dye
molecules per site. The stoichiometric number n,
ranges in the interval from 1 to 2 (the limits of the in-
terval should be integer numbers). Therefore, the re-
ceptor sites of the second kind are susceptible to be
linked to 1 or 2 dye molecules. We designate x,; and
X2 be the corresponding percentages of occupation:
X21+X22 = 1. The number n, is regarded as an average

value of 1 and 2 which are weighted by the percent-
ages X1 and xp2. We deduce ny = xp1 x 1+ x22 x 2. The
two above equations permit the computation of the
above percentages. By solving the linear set with two
variables and two equations, we obtain percentages
X1 and X, concerning the second kind of receptor
sites. More precisely, we obtain that, at the tempera-
ture 19 °C, 56% of the occupied sites are linked to only
one dye molecule while 44% of the occupied sites are
linked to two dye molecules. These percentages vary
the temperature. Their respective values are 77% and
23% at 40 °C and 89% and 11% at 50 °C.

According to Table 5, the stoichiometric number
np ranges in the interval from 2 to 3 (the limits of
the interval should be integer numbers). We deduce
that the receptor sites of the first kind can be linker
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to 1 or 2 or 3 dye molecules. We designate by xi;,
X12, and x;3 the corresponding percentages of occu-
pation. These percentages satisfy the equation x;; +
x12 + x13 = 1. Since the number n; is regarded as an
average value of 1, 2, and 3 which are respectively
weighted by the percentages x;;, x12, and x;3, we
deduce that n; = x11 X 1+ x12 x 2+ x13 x 3. The two
above equations are not sufficient to obtain the val-
ues of x11, x12, and x;3. The range of each quantity
can be computed. For example, when the tempera-
ture is 40 °C, x;; varies from 0 to 11%. We deduce that
x12 and x;3 vary from 22% to 0% and from 78% to
89% respectively. These values depend on the tem-
perature. It appears that the value of x;3 is larger
than x1; and x;2. We can conclude that the predom-
inant part of first-type receptor sites adsorbs three
MB molecules. Hanafy et al. used a multilayer model
to investigate the removal of remazol black B dye us-
ing natural and carbonized pine-fruit shells. The ob-
tained steric number n ranges from 0.83 to 1.83 for
the natural product, and from 1.10 to 2.88 for the car-
bonized product [65]. The increase of the value of
number of the adsorbed dye molecule by adsorbent
binding site was imputed to the generation of adsor-
bent porosity. The number n depend on many factors
and principally the temperature. When, the number
n increases, the adsorption capacity increases also.
Pang et al. investigated the adsorption of indigotine
blue dye onto a CoFe,04/chitosan magnetic com-
posite. Depending on the temperature, the number
of dye molecules per adsorbent site varies from 3.66
to 3.83. Pang et al. speculated that each receptor site
was anchored to an average number of dye molecules
varying in the range from 3 to 4. They consequently
deduced the proportion related to each case [5]. Sel-
laoui et al. studied the adsorption of MB on Brazil-
ian berries seeds. They showed that the monolayer
model with two energies is the most adequate one
to fit the experimental data. Two functional groups
are therefore involved in the pollutant removal. The
steric numbers obtained may be smaller or greater
than one. They ranges from 0.35 to 2.44 [63]. It should
be mentioned that the value of steric number n also
informs us on the nature of the anchorage orienta-
tion. In fact, three cases may be generally encoun-
tered. The first situation correspond to the case n >
1. The inclination of dye molecules captured the
biosorbent is called horizontal inclination. Indeed,
each receptor site is linked may one or more dye
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Figure 9. Evolution of the adsorption energies
E4 and E,4 as a function of the temperature.

molecules [3]. In the second case, the steric number
ranges between 0.5 and 1: 0.5 < n < 1. In this configu-
ration, a mixed inclination occurs. Parallel and hori-
zontal are simultaneously present. The steric number
n may be decomposed as: n = xx0.5+(1—x) x1 where
x is the percentage of molecules having a parallel ori-
entation while (1 — x) is the percentage of molecules
having a non-parallel orientation [64]. In the third
configuration, we have 0 < n < 1. The biosorbent
captures a fraction of a dye molecule. This case is
called parallel orientation or multi-molecular mech-
anism. A dye molecule is shared by several recep-
tor sites. To obtain the number of sites involved, one
can use the decomposition of the anchorage number
1/n [45,64].

The half-saturation concentrations C; and C, are
the last two parameters involved in model 2. These
values give the concentration for which half avail-
able sites, of each type, are occupied. The greater
this quantity, the more the isotherm will be di-
lated and the saturation will be reached for greater
values of the concentration. Table 5 indicates that
the half-saturation concentration C; is almost in-
dependent of temperature however C, varies mod-
erately versus the temperature above the investi-
gated range. It appears that C; is almost four times
greater than C,. We deduce that the adsorption en-
ergy E;) is about 1.4 times smaller than the activation
energy E,».

The adsorption energies E;; and E,, associated
to the two types of receptor sites are calculated from
values of half-saturation concentrations C; and C,.
Figure 9 shows the curves of these energies versus the
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Scheme 1. Probable adsorption mechanisms for the binding between the dye and biosorbent surface.

temperature. A continuous increase of these energies
is observed versus the temperature. The obtained
results have the same order of magnitude as that re-
ported in previous papers [42,43,63]. The obtained
values of the adsorption energy corroborate the sev-
eral above mentioned comments about the physio
sorption nature of the adsorption mechanism occur-
ring in the current samples. The value of the adsorp-
tion energy obtained by the advanced model is con-
sidered to be more truthful compared to that ob-
tained by the classical models. Indeed, the mono-
layer model having two kinds of receptors proves to
be the most suitable to represent the experimental
results. This model takes into account the hetero-
geneities on the biosorbent surface. The above dis-
cussion reveals clearly that not only the experimen-
tal results are important, but also the data processing
process.

4.6. MB adsorption mechanisms exploration

The probable adsorption mechanisms concerning
the interaction between the cationic dye and the in-
vestigated biomaterial is depicted in Scheme 1.

5. Conclusion

The first part of this work focused on the charac-
terization of a low-cost biomaterial, namely the Per-
gularia tomentosa fruit. The second part is dedi-
cated to investigating the capacity of this biomate-
rial for the adsorption of methylene blue. The ki-
netic curves prove to be accurately adjusted by ei-
ther pseudo first order and Bangham models. The
biosorption isotherms have been adjusted by classi-
cal and statistical models. Concerning the classical
models, Hill model proves to be the most suitable to
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adjust the experimental data. In addition, the mean
free energy E,q for the adsorption of the cationic
dye onto the biomaterial is about 7 kJ/mol according
the Dubinin-Radushkevich model. Concerning the
advanced statistical physics models, it appears that
the most appropriate model is the monolayer model
which involves two types of receptors sites. Each re-
ceptor has its own adsorption energy, namely E,;
and E,,. In other words, two functional groups are
involved in the dye removal process. Furthermore,
each receptor site can be linked to a variable number
of dye molecules. The superiority of this model over
the classical models has been demonstrated. The ad-
sorption energy E,;; ranges in the interval from 10 to
15 kJ/mol while the adsorption energy E,, varies in
the interval from 14 to 18 kJ/mol for the investigated
temperature. This implies that the nature of the ad-
sorption process taking place in the present bioma-
terial is physiosorption. These values are of course
more accurate than that estimated from Dubinin-
Radushkevich model. The half-concentrations have
also been computed. Concerning the stoichiometric
numbers inherent to the adopted model, it appears
that the investigated biosorbent can be attached to a
variable number of dye molecules per site. This num-
ber varies from one to three depending on the tem-
perature and the involved functional group. The er-
ror on the above parameters due either to experimen-
tal uncertainty or the identification process has been
evaluated. In summary, the investigated biomaterial
proves to be attractive for the efficient elimination of
cationic dyes from contaminated water.
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Abstract. In this work, six Tunisian local biomasses, namely ziziphus wood (ZW), almond shells (AS),
olive stones (OS), vine stems (VS) and date palm leaflets (DPL) and trunks (DPT) were slowly pyrolyzed
under inert atmosphere at a heating rate of 5 °C/min through thermogravimetric (TG) analyses.
The thermal degradation of samples involves the interaction in a porous media of heat, mass and
momentum transfer with chemical reactions. Heat is transported by conduction, convection and
radiation and, mass transfer is driven by pressure and concentration gradients. Thermal degradation
curves have been studied with minute details for each degradation step. The Coats-Redfern model
was used to extract the kinetic parameters from the TG data, then the kinetic parameters such as the
activation energy, the pre-exponential factor and the order of the reaction were calculated. Results
showed that the total mass losses amounts and kinetics are dependent on the type of the used
biomass. Moreover, the devolatilization could be described by the first order model, while the char
formation stage was better described by the second and third order reactions model. The physico-
chemical characteristics of these samples were also determined. The volatile matter (VM) content
varies considerably, with values ranging from 67.19% for AS to 77.4% for ZW. The maximum values
were obtained for ZW and VS with values of 77.4% and 71.9%, respectively. The lowest value (67.19%)
was determined for AS. In addition, the ash contents vary between 0.8% for OS and 5.66% for DPT.
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The ashes vary significantly from one sample to another, with the values being even lower than 1% for
OS, whereas the higher values in the DPT is 5.66%. Further, activation energies corresponding to main
devolatilization regions were 59.5, 47.0, 55.8, 41.1, 89.1, 45.2 kJ/mol for ZW, AS, OS, VS, DPL, and DPT
respectively. Among all the tested biomasses, the ZW and VS appear to have an important potential to

be used for energy production.

Keywords. Biomass, Characterization, Thermal degradation, Kinetic parameters, Zizphus wood.
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1. Introduction

The utilization of renewable resources derived from
plant biomasses for energetic purposes will re-
duce the reliance on the limited fossil fuels and
has various positive environmental impacts such
as the reduction of greenhouse gas emissions and
the preservation of water resources against pollu-
tion [1]. Biomasses have been considered as the old-
est source of energy since several millennia. Nowa-
days, biomasses represent about 14% of the overall
available world’s primary energy reserves and its use
accounts for 3% and 35% for developed and devel-
oping countries, respectively [2]. Energy recovery
from biomasses is currently considered as an attrac-
tive and sustainable management option as long as
there is no overexploitation of these resources [3]. In
addition, the use of biomasses as an energy source
participates in the natural carbon cycle. Indeed,
the quantity of carbon dioxide released during the
thermal treatment of biomasses corresponds sub-
stantially to that absorbed by photosynthesis during
plants growth. Basically, thermogravimetric analysis
(TGA) is an analytic method that allows the following
of the mass loss of a given sample versus tempera-
ture or time. The application of this technique for
biomasses has also various applications such as the
determination of their thermal stability, the impu-
rities, the hydration rate, and the volatile matter,
the fixed carbon and the ash contents [4]. It is also
the adapted tool for calculating the main kinetic
parameters such as the activation energy, the in-
volved reaction order and the frequency factor [5,6].
The thermogravimetric analysis was applied and
discussed for various biomasses [7-9]. The use of
kinetic models for the interpretation of the thermal
degradation of biomasses experimental data could
be very helpful for the optimization of the overall
pyrolysis process [10]. For instance, Gasporovic et
al. studied the thermal degradation of wood wastes.
They found that this operation occurs in three stages

corresponding to water evaporation, an active, and a
passive degradation phase, respectively [11]. More-
over, Gronli et al. investigated the thermal decom-
position of two types of wood (hardwoods and soft-
woods) [12]. Comparison between these samples
thermal behavior shows that the degradation of soft-
wood starts at lower times and the hemicellulose and
cellulose decomposition zones are wider than the
hardwood biomass. Besides, Slopiecka et al. exam-
ined the kinetic degradation of a poplar wood, using
three different models, namely Kissinger, Kissingere—
Akahirae-Sunose (KAS) and Flynne-Walle-Ozawa
(FWO) methods [13]. The results showed that both
FWO and KAS models fitted well the experimental
date and were suitable for the assessment of the in-
volved mechanisms during the degradation of the
used lignocellulosic materials. Thermogravimetric
analysis is the most common technique used to es-
timate the kinetic triplets and thermodynamic pa-
rameters of pyrolysis process [14,15]. In addition,
Jeguirim et al. investigated the thermal degradation
behavior of five tropical biomasses using thermo-
gravimetric method [16]. Their research highlighted
the importance of a better understanding of the in-
volved mechanisms in the thermal degradation for
the optimization of energy production. This is a very
important step for the pyrolysis process design, ex-
pediency, assessment and scaling up for industrial
processes. It is however very important to underline
that the involved mechanisms during the pyrolysis
of biomasses is still misunderstood due mainly to
the little real progress made on the precise quan-
tification of the chemical reactions on the solid ma-
trix [17]. In Tunisia, various agricultural residues and
agro-industrial byproducts are produced in relatively
important amounts all over the year. Among these
wastes, zizyphus wood, almond shell, olive residues,
vine stems and date palm residues are abundant lig-
nocellulosic biomass resources in Tunisia [18]. The
sustainable management of these wastes has been
stressed by the national concerned stakeholders
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since several decades ago. The thermochemical con-
version of these biomasses for energy and resources
recovery has been pointed out as technically fea-
sible, economically attractive and environmentally
friendly option [19-22]. For instance, in 2017, the
produced olive mill solid wastes in Tunisia were eval-
uated to 0.450 million tonnes. Different valorization
options have been studied at small laboratory scale.
They included their combined treatment through ad-
sorption onto sawdust and electrocoagulation [23],
their thermal conversion through pyrolysis into bio-
fuels and biochars for energetic, environmental and
agronomic purposes [7,24] as well as their thermo-
chemical modification for the generation of acti-
vated carbons for efficient industrial effluent treat-
ment [25-27]. The use of kinetic models for fitting
the experimental data obtained during the pyrol-
ysis of these wastes is a very important. The ther-
mal kinetics of date palm residues samples can be
examined under non-isothermal conditions at var-
ious different heating rates [18]. The calculation of
these parameters are usually based on the Arrhenius
equation and, the linear regression method is often
used [4,9,28]. However, to the best of our knowledge,
this task has not been carried out for the ziziphus
wood. The main aim of the current work is to assess
the devolatilization kinetic parameters characteriz-
ing six Tunisian biomasses: ziziphus wood, almond
shell, olive stones, vine stems and date palm leaflets
and trunks by using the experimental data from non-
isothermal TG and the Coats and Redfern calculation
method. In addition, a comparison of these thermal
characteristics was carried out in order to determine
their ability for bioenergy production.

2. Materials and methods

2.1. Biomasses preparation, characterization
and TG analysis procedure

The six used biomasses (Figure 1) were collected
form the region of Gafsa (south of Tunisia). They
were firstly air-dried under sunlight for a period
of 7 days. Then, they were manually crushed and
grounded in order to obtain homogenous samples.
The retained fraction during this work has parti-
cle dimensions lower than 1 mm. Elementary com-
position was investigated with a CHNS-O Analyzer
model 2400. The proximate analysis was based on

the thermogravimetric analysis (TGA) results carried
out by using the ATG/ATD Setaram Setsys Evaluation
instrument. Inherent moisture content is determined
by heating an air-dried sample at 105 °C-110 °C un-
der specified conditions until a constant weight is
obtained. Volatile matter is defined as the gases re-
moved when the sample is heated to 950 °C under in-
ert atmosphere. The ash content is the amount left
when oxygen is injected at 950 °C after volatiles re-
moval. Fixed carbon is obtained by difference.

The thermal degradation behavior of the differ-
ents samples were performed using TG analysis. Dur-
ing these analyses, 10 mg of each sample was heated
up to a final temperature of 800 °C for a fixed heat-
ing gradient of 5 °C/min. These assays were carried
out by using nitrogen as an inert gas at a flow rate
of 12 NL/h. The used parameters, final temperature
reactions of 800 °C, 10 mg of each sample, and the
heating rate of 5 °C/min are chosen when doing TGA-
experiments for kinetic studies which are considered
one important task to decide the heating rate with
an appropriate sample size [6]. The optimal condi-
tion, which causes minimal heat and mass transfer
problems, can be obtained by using very low heat-
ing rates and very small sample size. The determina-
tion of kinetic mechanisms is mainly carried out un-
der regimes controlled by chemical kinetics, by using
very small samples in powder form so that effects of
transport phenomena such as heat and mass transfer
can be neglected [29-31].

2.2. Thermal degradation kinetics assessment

The obtained experimental data (TG and DTG)
curves for all the six followed biomasses were used
to determine the corresponding kinetic parameters
in a first step and then to deduce the most probable
involved degradation mechanisms.

The biomass degradation kinetic model is typi-
cally given by the Arrhenius equation as follows:

da

T k() f(a) 1)
where a represents the degree of degradation of the
biomass, f(a) is a function depending on the in-
volved decomposition mechanism, k(T) is the de-
composition rate function, T is the temperature and
t the time.
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Figure 1. Lignocellulosic materials: (a) ziziphus wood, (b) date palm trunk (c) date palm leaflets, (d) olive

stone, (e) vine stems, (f) almond shell.

The « parameter can be calculated for the TG
curves as below:
m;—m
a=——" @)
m;—m f
where m;, m; and my are the initial biomass mass, at
a given time ¢ and at the end of the analysis, respec-
tively.
The function f(c«) depends on the order of the
reaction “n” as follows:

fl=01-a" 3)

The constant rate k(T) is given by the Arrhenius
equation:

4

ki:koi( m)

RT

where ky; is the pre-exponential factor (time™!), E,;
is the activation energy (kJ-mol™), T is the tem-
perature (°C) and R is the universal gas constant
(J-K~1-mol™1).

In the case of a constant heating rate (f): f =
dT/dt = cste, the variation of degree of decomposi-
tion can be written as a function of temperature as
follows:

_=_ep

i 500

T) fla) (5)

where A is the Arrhenius—pre-exponential factor.
da A

—— =—¢x
f@ 7P ( RT
The integration of (6) gives:

)dT (6)

a

gl f(a) ﬁf ep(__)dT @

The right hand side of (7) has no exact analyti-
cal solution. However, its resolution can be carried
out by the asymptotic approximation according to
the Coats and Redfern method. When neglecting the
high order terms of this solution, the (7) can be trans-
formed as follows:

= AT (hﬂ) x (—i) ®)
819 ="5p E )P\ kT

Then, after division by T2 and taking logarithms,
Equation (8) becomes:

g(a) AR ( 2RT) E

L?—L‘B—E 1—T - . (9)

Since (2RT/E « 1), the (9) can be transformed in:

=ln—-—. (10)

The plots giving In[g(a)/T?] versus 1/T give ac-
cess to the E parameter through the calculus of the
corresponding slope. The term Ln(AR/BE) is nearly
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Table 1. Algebraic expressions of functions used for biomass thermal degradation

a
Kineticmodel  f(a) gla) = fo % Symbol
First order 1-«a -In(1-o) F1
Second order (1 — )2 1/1-0)]-1 F2
Third order 1-)® Q/2)(1/0-00?-1) F3

constant and its calculus permits the assessment of
the Arrhenius—pre-exponential factor A [18]. The ex-
pressions of the functions f(a) and g(a) depend
on the conversion mechanism and its correspond-
ing mathematical models. Table 1 gives the kinetic
models used in the current study for deducing, from
the TG curves, the most probable mechanisms dur-
ing the pyrolysis of the six studied biomasses. Three
chemical reaction models were used, namely the
first-order (F;), the second order (F») and the third
order (F3) models.

3. Results and discussion
3.1. Biomasses characterization

The ultimate and proximate analysis for the six stud-
ied biomasses were carried out according to the ex-
perimental protocols given in Section 2.1 and the cor-
responding results are given in Tables 2 and 3 and
compared with some reults of literature [33]. Table 2
gives the elementary analysis as well as the “H/C”
and “O/C” ratios of the ziziphus wood (ZW), almond
shell (AS), olive stones (OS), vine stems (VS) and date
palm leaflets (DPL) and trunks (DPT) which are 0.13,
0.14, 0.10, NC, 0.13, 0.13 and 0.79, 1.06, 0.86, 1.03,
0.79, 0.82 respectively. All samples have an elemen-
tary composition close to the classical value for ligno-
cellulosic biomass [34]. From Table 2, it can be seen
that all the studied biomasses have relatively high C
and O contents. The maximum C contents were ob-
served for olive stones followed by vine stems with
respective values of about 52.9% and 48.2%, respec-
tively. This might be attributed to the high lignin per-
centage in OS and VS. Actually, the lowest C con-
tents were observed for DPL and DPT with values
of about 46.2% and 43.7%, respectively. The O con-
tents varied between about 36.2% and 49.9% for DPT
and VS, respectively. Similar results were reported by
Slopiecka et al. for Poplar wood [13]; the elements of

carbon (C), hydrogen (H), nitrogen (N) and oxygen
(O) were 45.5%, 6.26%, 1.04% and 47.2%, respectively.
According to Pala et al., apple pomace also have the
greatest elemental amount of carbon (47.98%) and
oxygen (37.44%) [35]. In addition Kim et al. also re-
ported similar results for Pinyon pine wood. Carbon,
hydrogen, nitrogen and oxygen O were 41.92%, 6.0%,
2.97% and 49.11%, respectively [36]. Present results
revealed O/C ratios ranging from 0.79 to 1.06. The
comparison of the different samples shows that ZW,
DPL have the lowest O/C ratio while the highest O/C
ratios are for AS and VS. Furthermore, the S con-
tents were low for AS and ZW (Table 2) indicating that
the SO, gas emissions during the pyrolysis of these
biomasses would be low for these two biomasses as
previously reported by Grioui et al. for the Tunisian
olive wood [37]. In general, N and S contents are low
(around 1% or lower). Yet, small amounts of N and
S might be advantageous because they could mini-
mize the corrosion problems associated with the for-
mation of acids in the process equipment [38]. Un-
fortunately, N and S contents were high for the two
date palm biomasses and therefore the related emis-
sions of NO, and SO, could result in corrosion prob-
lems. These results are consistent with previous re-
ports in the scientific literature [39]. On the other
hand, the proximate analysis results showed that, for
all the studied biomasses, volatile matter (VM) con-
tents are quite high (Table 3). Volatiles vary consid-
erably, with values ranging from 67.19% for AS to
77.4% for ZW. The VM correspond mainly to the cel-
lulose and hemicellulose that will be degraded dur-
ing the pyrolysis process for the formation of bio-
fuels (biogas and bio-oil). This composition makes,
therefore, AS and ZW attractive materials for bioen-
ergy production. Similar results concerning for ex-
ample the grape pomace biomass were reported [40].
In addition, the ash contents vary between 0.8% for
OS and 5.7% for DPT. These values are in the range
of reported values in the literature [41-43]. The fixed



86

Table 2. Ultimate analyses of the used biomasses
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Biomass Carbon  Hydrogen  Oxygen Nitrogen Sulfur H/C ratio O/C ratio

W 46.21+0.85 5.78+0.09 36.54+1.44 0.51+0.02 0.021+9x107* 0.13+4x1073 0.79 £ 0.02

AS 46.86+0.92 6.19+0.10 49.75+1.24  <0.5 <0.05 0.14 +4x1073 1.06 +0.037

0S 52.89+1.31 5.28+0.11 45.85+1.65 ND ND 0.10+3x1073 0.86+0.01 This work

VS 48.16 + 1.46 ND 49.85+1.34 ND ND NC 1.03 +£0.04

DPL 46.16+1.76 5.84+0.14 36.54+1.41 2.15+0.08 0.39+£0.01 0.13+5x107% 0.79+0.01

DPT 43.74+1.11 5.66+0.12 36.20+1.66 0.69+0.02 0.35+£0.01 0.13+4x107% 0.82+0.02

Cassava pulp residue 35.89 5.47 58.27 0.36 ND 1.829 1.218 [32]

Palm kernel cake 47.19 6.38 43.28 3.15 ND 1.622 0.688 [32]

Longan fruit seed 43.75 6.30 48.81 1.14 ND 1.350 0.668 [32]

Coconut shell 49.76 5.60 44.30 0.35 ND 1.727 0.837 [32]
Table 3. Proximate analyses of the used biomasses

Biomass type Moisture FC VM Ash HHV (MJ/kg)

DPT 7.32+0.34 17.26+0.67 69.76 +2.11 5.66 +0.02 17.68 +£0.72

AS 7.07+£0.52 223+092 67.19+1.96 3.45+0.01 19.76 £1.13

VS 6.45+0.29 19.94+0.88 71.9+2.32 1.71+0.03 NC This work

ALY 5.75+0.12 15.44+0.54 77.44+3.12 1.37+0.01 18.50 +£0.54

DPL 6.75+0.29 17.67+0.76 70.21+3.11 5.37 +£0.04 18.52 +£0.79

(0N 9.19+0.04 22.68+1.08 67.33+2.09 0.80+2x1073 20.84+0.32

Cassava pulp residue ND 11.83 81.98 6.19 22.41

Palm kernel cake ND 16.74 79.57 3.69 21.91 [33]

Longan fruit seed ND 14.80 84.51 0.70 21.16

Coconut shell ND 16.33 82.38 1.29 21.28

carbon values of the studied biomasses vary between
15.4% and 22.7% for ZW and OS, respectively. This
is typical for biomass types derived from hard tis-
sues such as trunks, while in case of soft tissues (such
as leaves, young branches, bushes, grasses, etc.), the
content is as low as 17.67% for DPL. Moreover, the
low ashes (1.37%) and the high volatiles (77.44%)
for ziziphus wood, are characteristic of lignocellu-
losic materials, which make this biomass very attrac-
tive for the thermal degradation processes. The veg-
etable biomass samples coming from different plant
types or even from different parts of the same plant
have significantly different fixed carbon and ash
contents [44,45]. The higher ash content associated
with AS, DPL and DPT would likely make lignin dif-
ficult to decompose during the pyrolysis; the gen-
erated solid residue would be very high. The min-
eral composition of the followed biomasses is given
in Table 4. The presence of K, Na and Ca ele-

ments in biomasses with important contents could
negatively impact their thermal degradation and
therefore promote the formation of biochars. More-
over, the calculus of the sum of the main con-
tents (P and Mg) is particularly important to high-
light if the generated biochars could be valorized
as biofertilizers in agriculture. To sum up, it is in-
teresting to note that the low moisture and ash
content and high volatile make ziziphus wood and
vine stems two potential sources for energy genera-
tion and/or bio-chemicals production in Tunisia. Fi-
nally, for the feedstock producing higher amounts
of ash during pyrolysis, ash removal systems should
be envisaged when designing the conversion pro-
cess. composition of biomasses is volatile contents
and carbon and oxygen are the major elements. The
gross heating values of all biomasses varied approx-
imately from 17.68 to 20.84 MJ/kg. According to
Damartzis et al. who studied the Tthermal degrada-
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Figure 2. TGA curves of the different samples
under nitrogen atmosphere.

tion and kinetic modeling of cardoon (Cynara car-
dunculus) pyrolysis using thermogravimetric analy-
sis (TGA), the highest calorific value corresponded
to stems (21.5 MJ/kg), due to their lower ash and
higher volatiles content while the HHV value of Car-
doon leaves was 17.9 MJ/kg. The stems are lower in
inorganic constituents than the leaves (ash content
7.6%) [46]. In fact, even if the main goal of this study
is to identify the biomass that is considered the most
energetic for the production of three components:
bio-oil, gas, and char, the yielded char characteristics
are so interesting that it may be used in different ap-
plications, such as the production of chemicals, acti-
vated carbon, carbon nanotubes, carbon fibers, etc.
The produced char is also a better fuel than the pre-
cursor biomass, which means that it can be used as
a high-efficiency solid fuel (converted into briquettes
alone or mixed with biomass) in boilers.

3.2. Thermal analysis

The thermal analysis of the six studied biomasses
was carried out under the experimental conditions
given in Section 2.2. The corresponding TGA and
DTG profiles were given in Figures 2 and 3, respec-
tively. For all the followed biomasses, the curves re-
vealed the presence of three identical degradation
zones corresponding to the moisture evaporation,
the decomposition of the volatile matter and the pro-
duction of the solid residue, in agreement with pre-
vious findings [47,48]. The deshydratation zone is
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Figure 3. DGA curves of the different samples
under nitrogen atmosphere.

observed at temperature values between room tem-
perature and 105 °C, 108 °C, 90 °C, 145 °C, 90 °C
and 110 °C respectively for ZW, AS, OS, VS, DPL and
DPT. During this phase, the mass loss is negligible at-
tributed to the removal of moisture and the start of
polysaccharide hydrolysis [49,50]. The second stage
of mass loss depicted in Figures 2 and 3 ranged from
145°Cto 400 °C and corresponds mainly to the degra-
dation of hemicelluloses, cellulose and lignin. Hemi-
celluloses typically decomposes between 160 and
360 °C, while cellulose degrades at higher interval of
240-390 °C. The third stage of decomposition (from
400 to 900 °C) is attributed to lignin. The degradation
of lignin typically happens at a slow rate over a much
wide temperature range of 180-900 °C [51]. Such vari-
ations in the lignin starting degradation tempera-
tures of the six biomasses could be linked to the dif-
ferences in their elemental and chemical composi-
tions. The maximum weight loss occurs in the range
200-400 °C. During this period, the hemicelluloses
and cellulose were degraded and, volatiles, gases,
and primary bio-char are produced [52]. According
to Miranda et al., this stage of biomass decomposi-
tion corresponds to the beginning of secondary de-
composition of heavier volatiles and the formation
of char [53]. Furthermore, a similar behavior was ob-
served by Ceylan ef al. during the pyrolysis of hazel-
nut shells at 5 °C/min [54]. The authors assumed that
the decomposition of a part of the biomass (hemi-
cellulose and cellulose) occurs in two ways. In the
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Table 4. Mineral composition of the studied biomasses (%)

Element ZW AS 0S VS DPL DPT
Na 0.216 0.089 - 0.319 0.100 0.102
Mg 0.080 0.084 0.115 0.198 0.281 0.575
Al 0.023 0.050 0.008 0.042 0.024 0.011
Si 0.081 0.146 0.058 0.096 0.223 0.187

P 0.058 0.089 0.110 0.019 0.261 0.148
Cl 0.070 0.038 0.132 0.273 1.858 2.847
K 0.063 0.956 0.435 0.176 2.544 2.485
Ca 0.779 0.732 0.085 0.645 0.494 0.492
Fe 0.063 0.061 0.103 0.050 0.035 0.026
Cu 0.029 0.018 0.019 0.015 0.041 0.040
/n 0.322 0.047 0.091 0.070 0.021 0.035
Sr 0.011 0.013 - 0.017 0.04 0.005

first mode, which occurs at low temperature (up to
355 °Cin their study), the boundaries of the polymers
decompose and generate CO and CO, gases as well
as the carbon residue. In the second way, which oc-
curs at high temperatures, leads to the formation of a
liquid. In the third stage, the mass loss of the ZW, VS,
0S, AS, DPL and DPT was less than that obtained
in the second stage. The authors also showed that
lignin is the main compound responsible for the pro-
duction of char. The percentage of this carbonaceous
residue is in the range 45-50% of the initial mass. The
same percentage of char (40%) was found by Yang et
al. in a wider temperature range (160-900 °C) [55].
These authors stated that in terms of energy con-
sumption during pyrolysis, the behavior of cellulose
differs from hemicellulose and lignin. During the first
decomposition zone, the DTG curves of all biomasses
show two distinct peaks (Table 5).

On the DTG profiles, the temperatures at which
the maximum rate of mass loss occurred are de-
scribed by the position of the peaks in the curve.
The DTG peaks are much closer to each other for
ZW than for OS and the maximum of hemicellu-
loses and cellulose peaks occurring at lower temper-
atures. Orfao et al. reported that the DTG peak dur-
ing the decomposition of pure cellulose occurred at
(332 °C, 0.9 wt%-s~1) [56]. The second DTG peak,
has a much higher rate of weight loss than the first
stage. The thermal decomposition depends on the
chemical composition of the biomasses as individ-
ual components of lignocellulosic materials have dif-

ferent thermal behaviors. Numerous studies on the
thermal degradation of lignocellulosic materials in-
dicated that the decomposition of hemicelluloses
starts first, followed by the cellulose cracking and
ends with the lignin degradation [57-59].

The comparison between the samples thermal be-
havior shows that the degradation of softwood starts
at lower temperature and the hemicellulose and cel-
lulose decomposition zones are wider than the hard-
wood biomass. It has been debated in the literature
that the two different regions of weight loss observed
for wood pyrolysis may be represented as a combi-
nation of the individual decomposition of hemicel-
lulose and cellulose. The decomposition of parts of
the biomass, due to pyrolysis, takes place in two ways
because the kinetic model supposes that degradation
reactions are beginning separately. First, hemicellu-
lose and cellulose decompose and then lignin. For
each decomposition reaction kinetic parameters are
determined but they are only valid for a temperature
domain.

The different chemical composition of wood, i.e.
the different percentage of cellulose, hemicellulose
and lignin, the different amount and composition
of inorganic matter which leads to different starting
degradation temperature.

This is consistent with the relatively simple chem-
ical structure of cellulose, hemicellulose and lignin.
However, some differences may be observed with re-
spect to: (1) the width of the DTG peaks; (2) the tem-
perature where the maximum rate of decomposition
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Table 5. Peaks of pyrolysis DTG

First peak Second peak
Biomass Temperature (°C) Mass loss rate (%-s~1) Temperature (°C) Mass loss rate (%-s~!)
IW 285 0.035 344 0.084
VS 287 0.031 330 0.053
AS 207 0.006 310 0.054
(ON] 205 0.031 290 0.071
DPL 270 0.031 326 0.067
DPT 269 0.035 320 0.071

occur (Tpeak); and (3) the final char yield among the
different samples analyzed. The Ziziphunus wood
has different behavior due to higher cellulose con-
tent comparing the other polymers. In fact, it is well
known that in the pure cellulose decomposition peak
temperature is around 360 °C in similar TGA condi-
tions. Woody biomasses are known to have higher
cellulose content. For the other biomasses, the con-
tent of hemicellulose and cellulose is quite similar.
Therefore, the peak of decomposition occurs earlier
at lower decomposition rate.

In contrast to cellulose, lignin shows a gradual loss
of weight from about 200 °C to the final temperature
of 500 °C consistent with the wide variety of func-
tional groups and hence bond strengths exhibited in
the structure oflignin. In order to prove this behavior,
one can see the weight or percentage of char at the fi-
nal temperature (approximately 50% of the original
lignin substance), which means that the lignin part
of wood is mainly responsible for the char portion of
the products.

Other studies of xylan have indicated a much
lower char yield for the hemicelluloses and that they
are the least thermal stable major component of
wood. This is probably due to their lack of crys-
tallinity.

ZW and DPL have almost similar chemical com-
position, which is reflected by their almost similar
thermal fingerprints. It has been shown in the lit-
erature that the two different regions of weight loss
observed for wood pyrolysis may be represented as
a combination of the individual decomposition of
hemicellulose and cellulose.

3.3. Kinetics parameters

The kinetic parameters obtained during the pyroly-
sis of the six studied biomasses are presented in Ta-
ble 6. Initial pyrolysis temperatures, the peaks posi-
tion and height in TGA and DTG curves show the re-
activity of these samples. Samples with the highest
cellulose content have the highest activation ener-
gies. In deed, the energy activation value of cellulose
is the highest one (between 100-200 kJ/mol). When
cellulose is present in significant amount, the acti-
vation energies or the frequency factors are higher
(case of Ziziphunus Wood). The calculated average
activation energies are comparable to those met in
literature [60,61]. For example, Parthasarathy et al.
carried out a similar study on rice husk [62]. They
reported an activation energy around 55 KJ/mol for
the first reaction zone of dehydration, 84.1 KJ/mol
for the second zone (hemicelluloses and cellulose
cracking) and 21.2 KJ/mol for the third reaction zone
(lignin degradation). The kinetic approach shows
that the devolatilization step could be described by
the first order chemical reaction model (F1) while
the second and third reaction orders (F2, F3) could
fit the char formation. Moreover, several investiga-
tions showed that F1 could be a reasonable mecha-
nism for describing the devolatilization phase of the
biomass species. A similar conclusion was reached
by Gil et al. who noted also two devolatilization
stages during their work on the thermal behavior
of pine and pine/coal blends [63]. The chemical re-
action F1 mechanism could not be selected as an
effective mechanism for this type of tropical biomass.
Finally, the activation energy values do agree reason-
ably well with those obtained for other agricultural
and forestry residues while applying the Coat Redfern
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Table 6. Kinetics parameters of the thermal degradation of the studied biomasses

Biomass Temperaturerange  Activation energy Frequency factor R? Function f (o)
(kJ-mol 1) s™hH
241-362 59.5 182.6 0.9908 F1
YAl 362-612 17.9 0.092 0.9965 F2
362-612 48.3 527.1 0.9979 F3
228-362 47.0 17.64 0.9906 F1
AS 362-645 18.8 0.091 0.9968 F2
362-645 50.3 505.3 0.9982 F3
241-362 55.8 18.5 0.9908 F1
0s 362-612 17.7 0.088 0.9965 F2
362-612 49.2 29.3 0.9979 F3
228-378 41.1 3.233 0.9933 F1
VS 378-553 14.6 0.026 0.9924 F2
378-553 38.4 26.90 0.9908 F3
241-362 89.1 4.78 0.9968 F1
DPL 362-612 15.88 0.067 0.9908 F2
362-612 58 505.9 0.9987 F3
241-362 452 3.88 0.9956 F1
DPT 362-612 19.3 0.077 0.9906 F2
362-612 45 405.3 0.9986 F3
method [5,32]. matter contents, related to the oil contentment of

4. Conclusions

Thermal decomposition of six Tunisian biomasses
was analyzed by the thermogravimetric technique,
which helped (i) assessing the main thermal charac-
teristics such as the degradation temperature corre-
sponding to the loss of mass and (ii) calculating the
kinetic constants (the activation energy and the pre-
exponential factor). The kinetic approach showed
that the devolatilization step could be fitted by the
first reaction order model while the char formation
is better described by the second and third reaction
orders. The average activation energies ranged from
15 to 89.1 kJ/mol for the first decompistion, from
14.6 to 19.3 kJ/mol for the second one and, from 38.4
to 58 kJ/mol in the last one. Ziziphus wood (ZW),
almond shell (AS), olive stones (OS), vine stems (VS),
date palm leaflets (DPL) and date palm trunks (DPT)
have low sulphur and ash contents. The high volatile

the residues, make them interesting sources for ther-
mal energy production, notably for ziziphus wood
and vine stems, which appear to be more desirable
feedstock for pyrolysis and upgrading applications
compared to other samples. As for the feedstock that
produce higher amounts of ash during pyrolysis, ash
removal systems should be set up when designing the
conversion process.
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Abstract. An edible palm oil processing industries produces an economical by-product or waste of
palm fatty acid distillate (PFAD). Many researchers have put an effort to utilize uneconomical PFAD to
produce valuable, versatile and high-end products. In this work, polyol ester of green biolubricant base
oil was synthesized through the esterification of unsaturated palm fatty acid distillate (USFA PFAD)
with polyhydric alcohol, trimethylolpropane (TMP) in the occurrence of sulphuric acid catalyst. The
optimization process was conducted by using D-optimal design of the response surface methodology
(RSM). The results showed that the highest yield percentage of resultant polyol ester, USFA-TMP
ester was obtained at 96.0 + 0.5% with 99.9 + 0.9% of tri-ester selectivity. These were obtained at the
esterification optimal condition at reaction temperature of 150 °C for 6 h with 5% H»SO4. The polyol
ester chemical structure was characterized by using spectroscopy analysis techniques of infrared
(FTIR), proton (1H) and carbon (13C) nuclear magnetic resonance (NMR). The resultant USFA-TMP
ester recorded viscosity index of 163, pour points at —45 °C, flash points at 298 °C, and thermal
oxidative stability temperatures at 215 °C. I was found that the ester product as a Newtonian fluid with
viscosity grade lubricant ISO VG 46. In overall, the resultant polyol ester has shown good lubrication
properties that make it conceivable to be used for many industrial green biolubricant applications.

Keywords. D-optimal design, Esterification, Green biolubricant, Trimethylolpropane, Unsaturated
palm fatty acid distillate.
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1. Introduction

Transportation and industrial sectors are now us-
ing lubricants based on plant oils as its renewable
resource [1]. Since products based on plant oil are
* Corresponding authors. less toxic and friendly to the environment, their
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waste disposal will less delinquent to the surround-
ing. Erhan et al [2], Salimon et al [3], Srivastava
and Sahai [4] noted that plant oils could not be
used on its own as a base stock for lubricants,
as they were thermally and cold-flow naturally
unstable. Therefore, plant oil-based oleochemical
esters could be improved upon these characteristics
or to be converted into plant oils-based polyolesters.
Trimethylolpropane (TMP) and pentaerythritol (PE)
are the examples of the polyhydric alcohols used to
produce polyolesters for the industrial green biolu-
bricants application [5-8]. The advantages of these
polyolesters for biolubricants application are due
to the good lubrication properties such as excellent
fluidity at low temperatures, high in thermal oxida-
tion stability, viscosity index and volatility. Although
they are not meant for extremely high temperatures
biolubrication application, they can still be used in
more moderate conditions [9-11].

Monounsaturated fatty acid-based biolubricants
have advantages over the saturated fatty acid-based
lubricants in terms of low cloud point and pour
point, better wear protection performance and mod-
erate viscosity index [3,12]. Plant oils in the same
sense, high degree of unsaturation poses a better
pour point compare to the plant oils with less degree
of unsaturation [13]. Therefore, fatty acid composi-
tion of specific interested plant oil being used as raw
materials in the production of biolubricants should
be “know-how” selected. Non-edible oils and waste
oils are among researchers of interest to be known
prior the production and formulating of good green
biolubricants.

The refining process of crude palm oil (CPO) pro-
duces by-product or waste known as palm fatty acid
distillate (PFAD). PFAD is a semi-solid at room tem-
perature and turn to liquid on mild heating. It colours
change from light brown to darker brown liquid upon
melt. PFAD comprises mixtures of palm fatty acid
(PFAs) (>80%), nonlipids and impurities. These large
amounts of PFAs in PFAD were recovered from the
deodorization process. Oleochemical industries have
used PFAD as the raw materials for an intermedi-
ate product to make plastic, animal feed, and for
medium-grade cleaners. Some researchers have re-
ported the promising PFAs extracted from PFAD for
biodiesel production [14-18].

PFAD comprises palmitic acid and oleic acid as
the major saturated and unsaturated FAs composi-

tion, respectively. Its major fatty acids are the same
as the major fatty acid composition in CPO. The re-
maining components are partial glycerol and non-
lipids substances such as unsaponifiable matters,
vitamin E, sterols, squalene, and volatile substances
[19-21]. Numerous researchers have analysed the
chemical composition of PFAD. Malaysian PFAD
samples showed the major fatty acid composition
were 45.7 + 1.3% of palmitic (Ci6,9) and 40.2 + 1.2%
of oleic (Cyg:1) acids, respectively [22,23]. Surveys
on the characteristics and properties of PFAD from
Malaysia refineries have been conducted by Ping
and Yusof (2009) [24] and the results show PFAD
consist of more than 80% fatty acids comprises of
myristic; Cy4:0 (1.2%), palmitic; Ci6:0 (46.9%), palmi-
toleic; Cig:1 (0.15%), stearic; Cig.g (4.3%), oleic; Cig:1
(36.7%), linoleic; Cig.2 (9.1%), linolenic; Cig.3 (0.3%),
arachidic; Cyg.9 (0.2%) and others (0.1%). This study
seems to be in line with the findings by Jumaah et
al [25] and Baharudin et al [26], who noted that
palmitic acid (47.1%) was the dominant fatty acid in
the Malaysian PFAD, followed by oleic acid (36.6%)
and linoleic acid (9.6%), respectively. Beside that
PFAD consists of 14.4% glycerol, 0.5% vitamin E,
0.8% squalene, 0.4% sterols and 2.2% others [27,28].

The development of specific biolubricants indus-
trial application has attracted many researchers to
isolate and separate saturated palm fatty acids dis-
tillate (SFA-PFAD) and unsaturated palm fatty acids
distillate (USFA-PFAD). For example, the separation
of USFA-PFAD from PFAD through low tempera-
ture methanol solvent recrystallization (LTSC) has
produced significant difference in unsaturated fatty
acids composition in its liquid fraction. Under the
optimum separation conditions, the percentage of
USFA-PFAD in liquid fraction was determined to be
93% and 7% of SFA-PFAD with 48% yields. Oleic acid
as the main unsaturated fatty acid constituent surged
from 37.6% in PFAD to 76% in USFA-PFAD, while
main constituent of saturated palmitic acid declined
from 49% in PFAD to 6.2% in USFA-PFAD [25].

To date, there was no single work has been re-
ported the use of USFA-PFAD to produce available
or high-end oleochemical products such as polyol
ester based biolubricant. Therefore, our aim of the
research was to utilize the USFA-PFAD obtained from
the separation process by using LTSC technique, in
the synthesis of green biodegradable biolubricants
base stock oil production through the esterification
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process. The unsaturated oleic acid was chosen as
the representative of USFA-PFAD due to its major
composition (76%) with the ratio of 4.4:1 to linoleic
acid (17%). In this paper, the esterification reactions
between the USFA-PFAD with selected polyhydric
alcohol of trimethylolpropane (TMP) to produce
polyol ester, USFA-trimethylolpropane (USFA-TMP)
as potential base stock for green biodegradable bi-
olubricants. Polyol ester-based TMP biolubricants
has been reported as highly potential versatile green
product for the replacement of the petroleum-based
lubricants [1,7,17]. The process was optimized by
using Response Surface Methodology (RSM) of
D-optimal design software to produce high yield
and tri-ester selectivity of the final polyol ester prod-
uct, USFA-TMP. The effects of different reaction pa-
rameter conditions toward the reaction responses of
the percent yields and the tri-ester selectivity were
optimized and resolute by using D-optimal design
approach. The results of this study could portray
that the high-end USFA-PFAD based polyol ester
biolubricant can be produced through conventional
esterification strategy to large-scale esters produc-
tion, which is an encouraging approach to achieve
cost-effective polyol ester production from palm oil
processing by-product of palm oil processing.

2. Materials and method
2.1. Materials

Unsaturated palm fatty acid distillate (USFA-PFAD)
represented by oleic acid (76%) was obtained from
PFAD separation by low-temperature methanol crys-
tallization [25]. Alcohol used was trimethylolpropane
(TMP) purchased from Sigma Aldrich. All analyti-
cal grade chemicals, e.g., sulfuric acid, methanol and
sodium hydrogen carbonate were used without fur-
ther purification.

2.2. Structural characterization analysis

The structure of synthesized ester was determined
and confirmed by using Nuclear Magnetic Reso-
nance (FI-NMR) and Fourier Transform infrared
spectroscopy (FTIR). FI-NMR JEOL-ECP 400 spec-
trometer (\H and '3C NMR) was used for molec-
ular structural analysis. The spectra were recorded

by using CDClI3 solvent. Perkin Elmer Infrared Spec-
trophotometer was used to record the FTIR spec-
tra between wavenumber of 700 and 4000 cm™!.
The ester composition was analyzed by Shimadzu
GC-17A Gas Chromatography furnished with Flame
Ionization Detector. High temperature column of
DB-5HT (30 m x 0.25 mm x 0.25 pum) was used to sep-
arate the sample eluent. In a vial of 10 mL, 0.5 mL es-
ter sample was diluted with 5 mL GC grade ethyl ac-
etate solvent prior to the GC injection. The GC oven
was first set at initial temperature of 100 °C for 1 min.
The oven temperature was then increased by a step
increment of 5 °C/min to 380 °C and allowed con-
stant for 25 min. The GC column temperature was
then attuned at 100 °C and amplified to 380 °C with
a5 °C/min temperature rate increments. The column
temperature was kept constant at 380 °C for 20 min.
The injector and detector temperatures were set at
380 and 400 °C, respectively. Helium was used as the
GC carrier gas system at a flow rate of 1ml/min. The
ester sample (1 pL) was used for the GC-FID analysis
according to Nowicki et al [28]. The ester peaks were
recognized by the retention times comparison to the
authentic standards.

2.3. Lubrication characterization analysis

The lubrication characteristics of the esters were de-
termined according the American Society for Test-
ing Materials standards (ASTM). The ASTM D-97
was used for pour point [29] and ASTM D-93 for
flash point determination [30]. The pressurized Dif-
ferential Scanning Calorimeter was used for ther-
mal oxidative stability determination [31]. A con-
trolled DSC822e Metter Toledo Differential Scanning
Calorimeter was used to determine the oxidative
property. The instrument was set with a temperature
sensitivity of 0.2 mV-cm™! and maximum sensitivity
of 5 mV-cm™!. A hermetically sealed type aluminum
pan was used to place a 3.0 mg sample with a pin-
hole lid for sample interaction with the reactant gas
(dry air). The hole greatly restricts the volatilization
of the ester sample by controlled diffusion of the gas
through while still allowing for saturation of the liq-
uid phase with air. Less than 1 mm film thickness was
required to warrant appropriate ester-air interaction
and to eradicate any inconsistency in the result due
to gas diffusion limitations. The unit was first temper-
ature calibrated using indium metal (melting point of
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156.6 °C) at 10 °C-min~! heating rate. Dry air was har-
ried in the unit at a persistent pressure of 3450 kPa
with a scanning rate of 10 °C-min~! throughout the
experiment. The peak onset (T,) temperature and
height (T,) were calculated from the exotherm plots
whereas the induction time (I;) was restrained from
an isothermal scanning rate. Kinematic viscosity was
measured by using Anton Paar Physical MCR 301
Rheometer Instruments (Germany). The kinematic
viscosity and viscosity index (VI) were premeditated
according to ASTM D 2270-93 method [32]. In a hot
plate heater set at 40 and 100 °C, 1 ml of sample was
used for the measurement. According to ASTM refer-
ence table, the L and H values were calculated by us-
ing the kinematic viscosity value at 100 °C. The vis-
cosity index of USFA-TMP ester was then calculated
from the L and H values, and the kinematic viscosity
at 40 °C (U) by using (1):

. - U
Viscosity index = % 100. 1)
L-H

Where; Viscosity index was calculated in cSt, U: kine-
matic viscosity at 40 °C of the ester, L: kinematic
viscosity at 40 °C of an ester of zero viscosity index
having the same kinematic viscosity at 100 °C as the
ester, H: kinematic viscosity at 40 °C of an ester of 100
viscosity indexes having the same kinematic viscos-
ity at 100 °C. The viscosity index was reported as a
mean + SD of triplicate determinations.

2.4. Esterification reaction

Biolubricant was synthesized from the esterification
reaction between USFA with high degree polyhydric
alcohols, TMP according to Jumaah et al [15]. In a
flask with a reflux condenser and three necks, USFA-
PFAD (0.037 mol, 104.7 g) was mixed with 1 mole
trimethylolpropane (0.037 mol, 5 g) at molar ratio of
3.5:1 in Dean-Stark distillation unit. The esterifica-
tion was carried out in oil bath equipped with stir-
rer magnetic heater at reaction temperature between
110-160 °C. At required temperature, 2% concen-
trated H,SO, (as weight percentage of USFA-PFAD)
was added at specific reaction time. About 20-30 mL
of toluene as azeotrope distillation agent was then
slowly added to the mixture during the esterification
process. After the reaction end, the flask was allowed
to cool at room temperature, followed with the re-
moval of toluene by using rotary evaporator at 100 °C.
The reaction product was dissolved into 100 ml of

ethyl acetate and transferred into a 150 ml separa-
tion funnel. About 30 ml of saturated sodium bicar-
bonate (NaHCO3) was added to the separation fun-
nel and shaken for neutralization of the remaining
USFA-PFAD and acid catalyst. The funnel separator
was left until two layers formed. The aqueous layer at
the bottom was removed, leaving the organic layer.
The organic layer was further cleaned three times
with NaHCOs solution. Subsequently, the organic
layer was further washed with 20 ml of 26% satu-
rated sodium chloride (NaCl) and 20 ml of distilled
water twice to avoid formation of emulsion. Once the
two layers were formed, the bottom aqueous layer
was removed. The washing process was repeated un-
til the organic layer with pH7 was obtained. Then,
the sample was poured into a round flask and con-
nected to a rotary evaporator apparatus (90-100 °C)
to remove any excess toluene and unreacted alco-
hol. The remaining water in the sample was absorbed
by sodium sulfate (Na;SO4) over night and filtered
off. The ethyl acetate solvent was then removed by
rotary-evaporator at 80 °C, producing a yellowish vis-
cous liquid polyol ester product.

2.5. Experimental design and statistical analysis

Many studies used response surface methodology
(RSM) to optimize of the intended procedure such
as in the esterification process of the polyhydric al-
cohols with fatty acids. D-optimal design is one of
the reliable common RSM mode of optimization. It is
generated for both quantitative and qualitative fac-
tors with multi-factor experiments. It is constructed
to diminish the total comprehensive variance of the
predictable regression constants. As a result, the
“optimality” of a specified D-optimal design is model
reliant on. In this study, the optimization of ester-
ification reactions of USFA-PFAD with TMP by us-
ing D-optimal design will be cost operative by reduc-
ing the amount of experimentation numbers. To as-
sess the esterification reaction, the D-optimal design
was applied with the Design-Expert version 11 (Stat-
Ease, USA) software. Three independent variables,
acid catalyst (X;), esterification time (X»), and esteri-
fication temperature (X3), The self-determining vari-
ables denoted as X; for H,SO4 (%) concentration (as
a percentage of the weight of USFA-PFAD), X, for es-
terification time (h) and X3 for esterification temper-
ature (°C) were used to conduct the RSM. This is be-
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Table 1. Parameters and levels for D-optimal
design for the esterification reaction of the syn-
thesized USFA-TMP

Table 2. Design of experiment runs parame-
ters and response of the USFA-TMP synthesis
of Biolubricant base stocks

Independent variables ~ Factor Variable levels Experiment Variables levels, X Responses, Y

-1 0 +1 run X3 X2 X3 Y Yo
H,S04 catalyst amount (%) X 1 3.20 5 1 5.00 4.00 150.00 92 89
Reaction time (h) X2 3 438 6 2 5.00 2.00 150.00 56 82
Reaction temperature (°C) X3 110 130 150 3 1.00 6.00 110.00 70 67
4 5.00 2.00 110.00 49 59
cause these variables affected the reaction response > 1.00°6.00°150.00 o1 o4
ofyield % and tri-ester %. On the other hand, through 6 3.00 4.00 110.00 67 2
the manual one factor optimization has shown that 7 5.00 6.00 110.00 90 90
the molar ratio of reactants was insignificant affect 8 1.00 2.00 150.00 56 61
toward the reaction responses (unpublished data). 9 3.00 6.00 130.00 82 75
The low value (-1) and high value (+1) of X;,X; and 10 1.00 2.00 110.00 43 28
X3 as can be realised from Table 1 were comparable 11 4.00 3.00 130.00 64 55

with the series set of each parameter: 1-5% for X;, ’ ' ’
2-6 h for X, and 110-150 °C for X3. The ester yield, Y; 12 5.00 6.00 150.00 96 99
(%) and composition of triester Y» (%) as (2) and (3) 13 1.00 4.00 130.00 69 40
were determined. 14 3.00 2.00 150.00 51 66

Weight final
Ester yield = . g <100 @) 15 1.00 6.00 110.00 75 47
Weight reactants 16 5.00 6.00 110.00 91 90
Area tri

Selectivity of triester = - — | x 100. 17 1.00 6.00 150.00 3 93
(Area di +Area tri) 18 1.00 2.00 11000 44 30

3)

The D-optimal design was generating 18 experimen-
tal runs, as presented in Table 2.

3. Results and discussion
3.1. Esterification reaction of USFA

Varieties of acid catalysts have been used for the
esterification of plant oils/fatty acids to biodiesel or
fatty acid-based esters. Heterogenous acid catalysts
such as hydrophilic sulfonated silica (SiO,-SOsH)
[29], heterogeneous magnetic acid catalyst of MoOs/
SrFe, 04 [30], propyl sulfonic acid-functionalized sil-
ica, SiO,—-Pr-SO3H [31-33], Lewis acids such as scan-
dium(III) triflate [34] and quaternary ammonium
salts, Aliquat 336 (ionic liquid) or [(BujN)(BF,) [29]
are among versatile acid catalysts due to their perfor-
mant, repeatability and clean process. On the other
hands among good homogenous acid catalysts used
for the esterification process are hydrochloric acid
(HCD), sulphuric acid (H»SO4) and p-toluene sulfonic

Notes: X; = Acid catalyst (%); X2 = Time (h); X3 =
Temprature (°C); Yy = Yield (%); Yo = Tri-ester (%).

acid. In this study the esterification reaction was per-
formed under the influence of strong acid catalyst,
H,S04 to form resultant polyol ester of USFA-TMP.
The mechanism of the acid-catalysed esterification
was well known [35]. In this esterification process re-
quired strong acid catalyst and therefore there is no
a self-catalytic effect due to the weak carboxylic acid
dissociation. The carbonyl carbocation group of fatty
acids reacted with one of trimethylolpropane (TMP)
OH group. The same process will occur with the sec-
ond and the third trimethylolpropane OH groups.
The esterification starts with a proton donation (H*)
from an acid catalyst. This proton (H*) was attacked
by a single pair of electrons of the carbonyl group of
fatty acid, and a bond was formed with the carbonyl
oxygen (intermediate resonance and reactive to at-
tack). The electrophilic capacity of carbonyl carbon
increased, which caused a nucleophilic attack by the
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oxygen of the alcohol, followed by deprotonation to
form an active intermediate compound. Protonation
of one of the hydroxyl groups of this intermediate
compound formed oxonium ion (oxygen cation with
three bonds). Removal of water molecule from the
oxonium ion, followed by deprotonation process
to produce polyol ester. The schematic mechanism
reaction and chemical structure of polyol ester USFA-
TMP ester is shown in Figure 1.

3.2. Response surface methodology optimization

The esterification reaction of USFA-PFAD with TMP
to synthesize biolubricant was optimized by using
D-optimal design of Response Surface Methodology
(RSM). The percent yields (Y;) of resultant USFA-
TMP ester and the percentage or selectivity (Y») of
tri-ester in the product were investigated. The pos-
sessions of dissimilar progression conditions on the
responses were also optimized and determined. The
response factors and values were determined via ini-
tial screening steps. In this step, parameters of acid
catalyst (X;), reaction time (X»), and reaction temper-
ature (X3) were used to represent the experimental
variables, respectively. Each variable was evaluated
by fluctuating their values within a lowest and high-
est value, as presented in Table 1. The reaction re-
sponses experimental data of the reaction yield (Y;)
and tri-ester selectivity percentage (Y») of the sample
are shown in Table 2.

3.3. D-optimal design model fitting

A quadratic polynomial model signifies the relation-
ship between the self-determining variables and the
percentage of the yield of ester and percentage of tri-
ester selectivity in USFA-TMP ester. The D-optimal
model using the 18 experimental results data has cal-
culated and produced basis correlation equation to
estimate the variable coefficients toward the reaction
responses of ester yield and ester selectivity as quote

in (4) and (5).
USFA-TMP yield (Y;)
= +71.60 +4.25X; + 18.53X, + 6.10X3
+2.20X;Xp — 2.02X) X3 + 1.01X,X3 + 4.69X2
~9.81X5 +3.42X3 (4)
USFA-TMP selectivity (Y2)
= +59.25+11.25X; + 14.70X, + 11.18X3
—1.21X; Xz — 5.10X; X3 + 0.2056X,X3 — 5.69X>
—2.14X5 — 13.45X5. (5)

The coefficient estimate represents the expected
change in response per unit change in factor value
when all remaining factors are held constant. The
intercept in an orthogonal design is the overall
average response of all the runs. The coefficients
are adjustments around that average based on the
factor settings. When the factors are orthogonal the
variance inflation factor (VIF) are one. VIFs greater
than one indicates multi-collinearity, the higher the
VIF the more severe the correlation of factors. All
VIFs values in (4) and (5) are less than 10 which are
tolerable.

The regression coefficients and the model’s analy-
sis of variance (ANOVA) for the yield percent (Y;), and
tri-ester selectivity percent (Y») are shown in Tables 3
and 4, respectively. The R-squared values, which as-
sess the response variability reduction, were based
on the independent variables; a model with good fit
has a high R? correlation value. The fit of a regres-
sion model can also be assessed using the adjusted
R-squared correlation [36]. The model was signifi-
cant concerning Y; and Y, with R-squared values of
0.9522 and 0.9354, respectively. R-squared values for
all responses show a respectable connection among
the predicted values and the actual outcomes of the
dependent variable’s resultant from the model [37].

Furthermore, as regards the percentage of reac-
tion yield (Y;), the 0.9522 R-squared value indicates
that about 95% of the dissimilarity on the response
can be explicated by the model, and the model did
not describe only 5% of the variations. The adjusted
R-squared value (adj. R-squared = 0.8985) shows that
the model is noteworthy, and its value is slightly adja-
cent to the R-squared value of 0.9522. Also, regarding
the percentage of tri-ester selectivity (Y»), the 0.9354
R-squared value indicates that 93.5% of the variation
on the response can be explained by the model leav-
ing only 6.5% of response variations not described.
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Figure 1. Schematic reaction of esterification to synthesis and molecular structure of USFA-TMP ester.

Meanwhile, 0.8628 was the adjusted R-squared value,
showing that the model is important, and its value is
somewhat close to the R-squared value of 0.9354.
The quadratic regression constant was accom-
plished by using a nominal squares method to en-
visage quadratic polynomial models for the USFA-
TMP tri-ester yield (Y;) and selectivity of USFA-TMP

tri-ester (Y2) as shown in Table 3. Table 3 presents
the combined ANOVA data of yield of USFA-TMP
tri-ester and Selectivity of USFA-TMP tri-ester. The
model with sum of square value of 5691.37 for the
yield (Y;) and of 8110.83 for tri-ester (Y2) showed
reasonable variance to the mean value with ade-
quate mean square of 632 and 901, respectively.
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Table 3. ANOVA analysis data and a regression model for synthesis of USFA-TMP

Responses ANOVA value Factors and their interaction
Model X Xo X3 XX XiXs XX X3 X2 X2 Lackof fit
Sum of squares 5691.4 232.0 4399.7 529.2 54.1 49.8 12.4 46.4 202.7 199 58.1
df 9 1 1 1 1 1 1 1 1 1 4
USFA-TMP Mean square 632.4 232.0 4399.7 529.2 54.1 49.8 12.4 46.4 202.7 199 14.5
yield F-value 68.76  25.23 478.40 57.55 5.88 5.4 1.35 5.04 22.04 217 3.75
P-value <0.0001 0.0010 <0.0001 <0.0001 0.0415 0.0484 0.2784 0.0549 0.0016 0.1786 0.1144
Status sk ok ook ook ok ok ook ok
R%=0.9522, adjusted R? =0.8985, predicted R%=0.9904, adequate precision = 14.768
Regression USFA-TMP yield (Y;) = 71.60 + 4.25X; + 18.53X, + 6.10X3 + 2.20X; X, — 2.02X; X3 — 9.81X§ + 3.42X§ (6)
model
Sum of squares 8110.8 1622.1 2770.1 1775.6 68.2 9.6 650.9 164 3159 0.514 182.3
df 9 1 1 1 1 1 1 1 1 1 4
USFA-TMP Mean square 901.2 1622.1 2770.1 17756 68.2 9.6 6509 164 3159 0.514 45.6
selectivity F-value 18.74  33.72 57.59 36.92 1.42 0.1999 13.53 0.3400 6.57 0.0107 9.01
P-value 0.0002 0.0004 <0.0001 0.0003 0.2679 0.6667 0.0062 0.5759 0.0335 0.9202 0.1539
Status ook ok . ook sk .
R? =0.9354, Adjusted R? = 0.8628, Predicted R? = 0.9803, adequate precision = 11.331
Regression USFA-TMP selectivity (Y2) = 59.25+11.25X; + 14.70X5 + 11.18X3 + 0.2056X,X3 — 2.14X§ @)
model

Note X;: Catalyst amount, X,: Reaction time, X3: Reaction temperature, ***: Significant at P < 0.05% level.

Table 4. Optimization criteria for dependent variables

Variables Goal Lower limits Upper limits
Acid catalyst (%) (X;) In the range 1 5
Esterification time (h) (X2) In the range 2 6
Esterification temperature (°C) (X3) In the range 110 150
Yield (%), (Y1) Maximize 43 96.2
Tri-ester (%), (Ys2) Maximize 28 99.9

The respective model F-values of 68 for yield (Y;) and
18 tri-ester % (Y»), implied that the model is highly
significant. These indicated that the model can be
used to elaborate on the synthesis of USFA-based
trimethylolpropane tri-ester with an adequate pre-
cision of 14.768 and 11.331. The lack of fit for all
models shown by F-values of 3.75 for ester yield (Y;)
and 9.01 for tri-ester (Y,) that showed about 11.4%
and 15.4% chance for the lack of fit due to the noise,
respectively [36]. These indicate the models are in-
significant relative to the pure error. Analysis of vari-
ance (ANOVA) was further achieved to determine the
consequence and the fitness of the quadratic model.
The final equations for yield of USFA-TMP tri-ester
(Y1) and selectivity of USFA-TMP tri-ester (Y2) in a
quadratic model as shown in (6) and (7), respectively.

It is known that the numerical simulations have been
proved to be useful to find safe and efficient operat-
ing conditions through a Pareto chart approach and
tested with some laboratory experiments [38]. How-
ever, D-optimal model design used in this study use
probability of seeing the observed F-value (Prob >
F value) if the null hypothesis is true (there are no
factor effects). Small probability values call for rejec-
tion of the null hypothesis. The probability equals the
integral under the curve of the F-distribution that
lies beyond the observed F-value. Prob > F value is
very small (less than 0.05 by default) then the source
has tested significant. Significant model terms prob-
ably have a real effect on the response. Significant
lack of fit, on the other hand, indicates the model
does not fit the data within the observed replicate
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variation.

A Prob-test was focussed to evaluate the coeffi-
cients. Vastly significant values of P (P < 0.01) were
attained for the percentage yield (Y;) and (X;), X»),
and (X3), which represent the linear and quadratic
forms of an acid catalyst, reaction time and reaction
temperature, respectively. Meanwhile, all the vari-
ables (X;, Xy, and X3) in linear and quadratic forms
were also initiated to have a significant connection
(P < 0.01) with the tri-ester (Y,), as shown in Ta-
ble 3. Comparative to the pure error, the lack of fit
of all models showed F-values of 0.1144 and 0.5394,
and so is predictable insignificant [36]. Therefore, the
experimental values had a respectable fit with the re-
gression model [39].

3.4. Model adequacy check

An adequacy check was employed to check the model
accuracy. This is important because a valid mathe-
matical model with high accuracy would enhance the
real process while an inaccurate model may give poor
or false results [40]. The plot of adequacy check of
studentized residuals against the predicted percent-
age of the yields of ester and the percentage tri-ester
can be seen in Figure 2a and b, respectively. The stu-
dentized plots of residuals against values of fitted re-
sponse show catered random distribution of points
around the boundary of 0 + 4. This earning that for all
response values, the discrepancy is constant. It can,
therefore, be established that the models are appro-
priate for application without any alterations to de-
crease the scatter [38].

Instead, the distribution of plots of the actual
data compared to the predicted values of the yields
of ester, and percentages of tri-ester are shown in
Figure 3a and b, respectively. The preliminary exper-
imental results in Table 2 were used as actual data,
while the model provided the predicated data. It is
discernible that all data points gathering around the
line, which designates the models fit with the empiri-
cal data. Therefore, the models should be able to pre-
dict ester yields and the percentages of tri-ester that
concur curiously with the real experimental values.
This was statistically confirmed by the values of R?
and R?adj, as shown in Table 3, indicating a reliable
prediction of results. Later, it was required to progress
to the next stage of investigation using the optimiza-
tion tool.

3.5. Optimization conditions and response sur-
face analysis

The esterification of USFA-PFAD with TMP to pro-
duce USFA-TMP ester involves many variables, the
interaction of which is investigated using 3-D re-
sponse surfaces and contour graphs. The response
surfaces of the consequence of an acid catalyst, ester-
ification time, and esterification temperature on the
proliferation of yield percentages of ester shown in
Figure 4a, b, and c and the same factor in the tri-ester
as shown in Figure 5a, b, and c.

The interaction effect between the acid catalyst
and reaction time is presented in Figure 4a. The
plot demonstrated that the ester yield % was in-
creased from 44 to 96% with an increase in acid cat-
alyst amount from 1 to 5%. The 3D graph shows
that thoroughgoing yields % was attained at an acid
catalyst of 5% and a temperature of 150 °C (Fig-
ure 4b). The combined effect of the reaction time
and temperature demonstrated that the ester yield %
was improved with an increase in time (Figure 4c).
The results demonstrated that the determining reac-
tion variable of both acid catalyst amount and reac-
tion were significantly affect the ester yield %. This
is in agreement with finding for di-TMP tetraester
CPKO [41]. It was observed that the maximum yield
at 96% was obtained at an acid catalyst amount of 5%
and reaction time of 6 h.

The interaction consequence among acid catalyst
and time towards the tri-ester selectivity is revealed
in Figure 5a. The 3D plot displays that increasing
tri-ester selectivity from 28% to nearly optimum in
relation of increasing acid catalyst from 1% to 5%.
In essence, the tri-ester selectivity composition per-
centage of USFA-TMP ester continuously improved
up to 78% at 5% acid catalyst. The outcome of acid
catalyst and temperature relation directed to slight
increase of tri-ester % with an increase in acid cata-
lyst and temperature (Figure 5b). The impact of reac-
tion time and temperature also occasioned in an in-
crease of tri-ester % up to 99.9% with an increase in
the reaction time and temperature (Figure 5c). The
results demonstrated that the determining reaction
variable of both reaction time and reaction temper-
ature were significantly affect the tri-ester selectiv-
ity [15]. The highest tri-ester selectivity of 99.9% was
observed for reaction time of 6 h at 150 °C and 5%
acid catalyst.
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Figure 2. Studentized residuals against predicted value for the USFA-TMP ester percentages of the

yield (a) and tri-ester (b).
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Figure 3. Regression plot of predicted values versus actual data of USFA-TMP ester percentages of the

yield (a) and tri-ester (b).

3.6. Validation model and confirmation of ex-
periment

The conditions for optimality for the response vari-
ables were found, which demands the predicted
model be used, so the model was validated using a

desirability function. The optimal conditions include
yield of ester, and the percentage of tri-ester with
maximum values, as shown in Table 4 and Figure 6. A
justification test was carried out to approve the ratio-
nality of the predicted model. Optimum conditions
were conducted in triplicate, comprising acid cata-
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Figure 4. Three-dimensional response surface (3D) of yield (%) (Y1) as a function of acid catalyst (X;, %)
and time (Xp, h) (a), acid catalyst (X;, %) and temperature (X3, °C) (b), time (X2, h) and temperature

X3, °C) ().

lysts of 5%, esterification time 6 h, and esterification
temperature of 150 °C. As shown in Table 5, the yield
of approximately 96 + 0.5% and tri-ester 99 + 0.9%
were obtained at the optimized condition for the
esterification of USFA-PFAD with TMP.

Results from the study showed that the RSM
optimization by using D-optimal design has high
efficiency to predict and select an optimum condi-
tion for the esterification reaction between USFA-
PFAD and TMP. The resultant ester yield was in-
creased up to 96 + 0.5% and tri-ester composition se-
lectivity was increased up to 99 + 0.9%. These results
were par better as compare to manual optimization
method where gave tri-ester yields of 91% with 87%

tri-ester selectivity, respectively, as shown in Table 5.

3.7. USFA-TMP ester structural characterization

The chemical structure of optimized synthesized
USFA-TMP ester was analysed and verified by using
FTIR, NMR (*H and '3C) spectroscopy and GC-FID
chromatography. FTIR functional group analysis was
conducted to approve the accomplishment of the es-
terification reaction. Mainly FTIR was used to ver-
ify the existence of ester carbonyl functional group
and the disappearance of acid carbonyl functional
group (mainly from oleic and linoleic acids). Due to
the resemblance of ester chemical structure, the FTIR
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Table 5. Result of model validation at the experimental optimum condition (verification test)

Factors

Acid catalyst, Esterification Esterification Yield  Tri-ester,
X1) (%) time, (Xp) (h) temperature, (X3) (°C) (Y1) (%)  (Y2) (%)
Predicted 5 6 150 98.1 99.3
Actual 5 6 150 96+0.3 99+0.7
Manual/classical optimization 2 6 150 91+0.5 87+0.5

spectrum of each of the carbonyl ester exhibits a sim-
ilar pattern at the same wave number.

Figure 7 displays the FTIR spectra of USFA-TMP
ester and USFA-PFAD starting material. The unsat-
urated aliphatic carbon atoms of fatty acid or ester
manifest peaks at 3003-3010 cm™!. The unsaturated

alkene carbon atoms of USFA-PFAD and USFA-TMP
ester are manifested the peak at 3008 cm™! cor-
relating to the unsaturation —C=C-H bond. The
acid carbonyl group (C=0gcq) of USFA-PFAD dis-
played a peak that appeared at 1704 cm™!. As the
USFA-PFAD underwent esterification, the resul-
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Figure 6. Predicted conditions to produce desirable results of dependent variables using D-optimal
design.
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Figure 7. FTIR spectra of USFA-PFAD and synthesized USFA-TMP ester.

tant product USFA-TMP ester produced a peak at unreacted alcohol and acids had disappeared from
1740 cm™! of the ester carbonyl group stretching  the final product (ester). The ester spectrum showing
vibrations (C=Oester). It can be observed that the that there were no peaks for stretching vibrations
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Table 6. The fatty acids composition of USFA
and USFA-TMP ester

Fatty acids USFA USFA-TMP ester
Myristic acid Cy4:0 0.5 0.2
Palmitic acid Cyg:9 6.2 6.0

Stearic acid Cyg. 0.5 0.3

Oleic acid Cyg:1 75.6 76.5
Linoleic acid Cg:» 17.2 17

Y Saturated fatty acid 7.2 6.5

Y Unsaturated fatty acid 92.8 93.5

of alcohol (OH) and stretching vibrations of acids
(~COOH). This distinguishable difference (complete
disappearance peak at 1704 cm™! and the appear-
ance peak at 1740 cm™!) verifies that the given re-
action conditions have resulted in a complete es-
terification process toward USFA-PFAD production.
Meanwhile, the visible bands at 1237-1161 cm™! and
2921-2852 cm™! represent the stretching vibration of
C-0 and the —CH3 groups, respectively.

Highly valuable techniques of 'H and '3C NMR
spectra analysis have great advantage and ben-
efit toward the chemical structure prediction.
The combination of the outcomes from FTIR with
'H and '3C NMR spectra analysis further prove the
success of the esterification reaction. The 'H and
13C NMR spectra of USFA-TMP ester are indicated
by Figures 8 and 9, respectively. The disappearance
of the 'H chemical shift of the proton (H) of the
carboxylic acid group (-COOH) at 11.0 ppm, and for
the alcohol group (-OH) at 4.7 ppm [42], confirmed
the success of the esterification reaction. 'H chemi-
cal shift ranges for aliphatic protons (-CH;) was de-
tected, normally at about 1.25-1.56 ppm. However,
the two protons of the —CH,—0O-C=0 ester group
shift appeared at about 3.80 to 4.0 ppm [43].

The fatty acids of USFA-PFAD mixture are domi-
nated by oleic acid (76%) and linoleic acid (17%) [25].
It is plausible to predict that the same fatty acid
acyls groups recompose in USFA-TMP ester as shown
in Table 6. Alkene functional groups can be identi-
fied to determine the present of unsaturated fatty
acids. The methylene proton signal (-CH-CH-) was
lifted to lower frequency at 5.32-5.38 ppm, repre-
senting the unsaturated fatty acids in USFA-TMP
ester [44].

The 3C NMR spectrum of USFA-TMP ester is
shown in Figure 9. The signal at 171.09-174.07 ppm
designates the ester carbonyl (C=Oester) in USFA-
TMP ester. A comparable result assigning a chemi-
cal shift of 170-185 ppm to ester carbonyl (C=0) at
palm-based polyurethane Awang et al [42]. A peak at
60.32-64.14 ppm, signalling —CH,-O-CO-R for car-
bon atom devoted to the TMP alcohol. Another char-
acteristic signal was observed at 127.87-130.12 ppm,
which denotes to the unsaturated carbon atoms
(C=C) of unsaturated fatty acids in USFA-TMP es-
ter. Furthermore, a signal at 40.57-42.44 ppm was
found to resemble to the quaternary carbon atom of
TMP [45]. The aliphatic carbon chain atoms of —CH
peaks were identified from 22.16-36.46 ppm. It is de-
noting common saturated alkyl chain presence in or-
ganic compounds [46]. The terminal methyl (—~CHs)
peak appeared at 14.04-14.08 ppm.

In this study, USFA-TMP ester was synthesized
and ester chemical composition was identified.
Three advanced reactions have happened through-
out the esterification of USFA-PFAD with TMP that
elaborate the intermediate establishment of mono-
ester, di-ester and tri-ester, which was associated to
the three -OH groups in TMP. The final tri-ester com-
position was determined by using high-temperature
column GC-FID analysis. Figure 10 shows the GC
chromatogram of resultant USFA-TMP ester. The tri-
ester peaks starting to appear at 51.20 min retention
time (Rt) up to Rt 72 min. The results show a 99.9%
major tri-ester composition indicating the successful
conversion of the three OH functional groups in TMP
to USFA-TMP ester group [48].

3.8. USFA-TMP ester lubrication properties

3.8.1. Viscosity and viscosity index

The viscosity index was attained according to
ASTM D 2270 where the kinematic viscosity at 100 °C
was used to find the L and H values right from
the ASTM reference table [49]. The viscosity index
was then calculated on the source of L and H. As
shown in Table 7, USFA-TMP ester has a kinematic
viscosity of 43.7 cSt at 40 and 100 °C, USFA-TMP
ester has 9.83 cSt kinematic viscosity. These values
would remark USFA-TMP in the range of ISO vis-
cosity grade (VG) 46 mineral oil, those obligatory for
high-temperature applications such as hydraulic oil
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Figure 8. 'H NMR spectrum of USFA-TMP ester.
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Figure 9. '3C NMR spectrum of USFA-TMP ester.

and compressor oil [50]. It is intriguing to find that
USFA-TMP ester possess viscosity index (VI) of 163
that similar to a commercial Mobil hydraulic ISO 46,
but higher than other commercial lubricants such as
Polyalphaolefin 8 (PAO8) of 136, Paraffin ISO VG 46

T
100

920 80 70

Il lelLl |

€0 50

of 102, and ISO VG 32 of >90 [51]. The higher the vis-
cosity index, the better the lubricant. So far, USFA-
TMP can be perceived as high-quality biolubricant
with regards to the viscosity index.

The lubricants kinematic viscosity in the range of
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Figure 10. High temperature column GC-FID Chromatography of USFA-TMP ester.

Table 7. Lubrication properties of USFA-TMP ester and commercial lubricants

Esters/Lubricants KV@40°C KV@100°C VI OSr,°C PB°C FB°C ISOVG FC@ FC@

(cSt) (cSt) 40°C 100°C

USFA-TMP 43.7+0.5 9.13+0.6 163 215+3 -—-42+2 298+2 46 0.22  0.20
TMP triolate* 68.0+0.6 125+03 189 213+2 -41+3 300+2 68 025 0.21
PE tetraolate* 65.0+0.3 14+06 185 252+4 -30+2 >300 68 N/A NJ/A
Mobil hydraulic 68.4+0.6 11.7+40.5 135 N/A -38+5 241+6 68 N/A NJ/A
ISO VG 68

Mobil hydraulic 45.6+0.5 845+05 165 N/A —43+4 232+5 46 N/A NJ/A
ISO VG 46

SubsTech hydraulic 46.3+0.7 6.94+06 106 N/A —-38+2 241+2 46 031 0.28
0il ISO VG 46

Denicol compressor  45.7 +0.6 6.8+£0.7 103 198+3 -23+3 23714 46 0.40 0.31
0il ISO VG 46

Maxoline turbine oil 46+0.4 6.7+0.5 98 210+4 -30+2 213+2 46 0.25 0.23
R&O, ISO 46

*Source [47].

Notes: KV = Kinematic viscosity; VI = Viscosity index; PP = Pour point; FP = Flash point; OSt = Oxidative
stability temperature; ISO VG no. = International standards organization viscosity grade number; FC =
Friction coefficient.

5-15 ¢St at 100 °C is obligatory for industrial applica- ture. It upsurges with longer linear C-chain length
tions usage. Generally, most polyol esters hold kine- and higher degree of unsaturation, but less branched
matic viscosities in the range between 5 and 225 cSt in the structure [53].

at 40 °C and 2-20 cSt at 100 °C to give a good viscosity

index [52]. The viscosity index also be contingent on

the length of the fatty acids in their molecular struc-
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3.8.2. Pour point

The pour point is the utmost vital low-
temperature property of any polyol ester used as a
lubricant. It is demarcated as the lowest temperature
at which a liquid polyol ester remains pourable
(i.e., the ester liquid performs as a fluid) [54]. The
pour point of USFA-TMP ester was restrained in ac-
cordance with ASTM D97 and are brief in Table 7.
The obtained pour point of USFA-TMP was —42 °C.
The low pour point was probably due the molecular
structure of the polyol esters, which composes about
94% unsaturated fatty acids. However, the pour point
of USFA-TMP with high degree of unsaturation was
lower compared to many commercial lubricants as
shown in Table 7. This could be due to more effective
interruption of the close-fitting molecular padding
at low temperature. Polyol esters with short-chained
saturated fatty acids (C4—Cj2), high unsaturated
fatty acids, and high number branching are exceed-
ingly good and appropriate for application in low
functioning temperatures, predominantly as winter
automotive engine oils [50,55]. Polyol esters with low
pour points are best suited for hydraulic systems and
machine device applications [56].

3.8.3. Flash point

The flash point should be high enough to war-
rant safe operation with high fire resistance and low-
est volatilization at the extreme operational temper-
ature [57]. The flash point of USFA-TMP is relatively
high, 298 °C compare to other commercial lubricants
such as SubsTech hydraulic oil ISO VG 46 and Mo-
bil hydraulic ISO VG 68 (Table 7). This is owing to
its high molecular weight of carbon chain C;g fatty
acids and number of ester functional groups [47]. The
high flash point (298 °C) would make USFA-TMP es-
ter practical to be used as engine oil at high tempera-
ture. Esters with a flash point of =165 °C are suitable
as hydraulic oils [58].

3.8.4. Oxidative stability

Another important property of biolubricants is the
ability of a constituent to resist oxidative degrada-
tion. The oxidative stability of USFA-TMP ester was
screened to measure it’s an onset (T,) exothermic
peak corresponding to oxidation stability tempera-
ture (OST) by using PDSC. T, was premeditated from

a plot of heat flow (W/g) versus temperature gen-
erated by the sample upon degradation [5]. Higher
OS7 temperature reflects a greater degree to sustain
against oxidation and evaporation [58]. The effects
of evaporation designated by tailing, split peaks, and
change in baseline were due to loss of sample mass
in the DSC thermogram. These effects were appar-
ent at temperatures higher than the initial oxidation
peak. The OSt temperature indicating the thermal
oxidation degradation of USFA-TMP was observed
starting at temperature of 215 °C. This remark is in
agreement with finding by Wu et al for triolate-TMP
(213 °C) [59]. This moderately low thermal oxidation
stability compared to many commercial lubricants
is due to USFA-TMP contains high unsaturated fatty
acids about 94%. The esters with excellent oxidative
stability have a tendency to work better under high
temperatures and extreme environments [47]. How-
ever, the overall lubrication properties of USFA-TMP
are excellent as shown in Table 7. These results indi-
cated that USFA-TMP ester is suitable for biolubri-
cant at moderate temperature operating condition
and at high temperature operating with anti-oxidants
addition.

In general, the results are indicative that the USFA-
TMP ester has good lubrication properties. The com-
parison of USFA-TMP ester to its starting material
USFA-PFAD creating them as a good contender for
the green biolubricant. The results showed that the
separation of USFA-PFAD and followed by the es-
terification reaction with TMP are the modification
process that might appreciably adopted to produce
high-end product such as biolubricant base stocks.
USFA-TMP ester is thus of plausible to be used in for-
mulating a suitable green biolubricants for both cold
and warm climates and tropical such as Malaysia,
South East countries etc.

4. Tribological analysis

The interactions of the biolubricant with any mov-
ing metal surfaces are depend on the its tribological
performances. The biolubricants performance of
under boundary or hydrodynamic lubrication envi-
ronments highly count on their chemical composi-
tion and molecular structures. The existence of polar
head and nonpolar straight-chain carbon tail groups
in their molecular structure of the synthesized esters
ended them amphiphilic characteristic in nature.
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Figure 12. Shear rate plot versus (a) shear stress (b) viscosity of USFA-TMP ester at 25 °C.

Therefore, most esters can be worked as boundary
lubrication condition. Adsorption of the polar head
groups on a metal surface will minimize the surface
energy and causes a decrease of the friction coef-
ficient (FC) [60]. In turn, polarity of the biolubri-
cant upsurges its effectiveness in reducing wear. The
results of this study showed that USFA-TMP ester
designated a minimum FC for the hydrodynamic
conditions at 40 °C of 0.22 whereas at 100 °C was
0.20 as shown in Figure 11. It exhibited lower coef-
ficient of friction values compared to of SubsTech
Hydraulic Oil ISO 46, Denicol Compressor Oil ISO 46
and Maxoline Turbine Oil R&O, ISO 46 lubricants
(Table 7). The biolubricant USFA-TMP ester logged a
low friction coefficient below 0.5 at 40 and 100 °C as
recommended for commercial lubricants [61]. The

chemical composition and molecular structure of
USFA-TMP ester with high polarity has high propen-
sity to form an adsorbed shielding layer on the metal
surfaces. This is good characteristic quality of tri-
bological properties and is able to participate with
many commercial lubricants in the market.

5. Rheological properties

The rheological property of the USFA-TMP ester
was identified through its connection between shear
stress and shear rate. The classification either as
Newtonian or non-Newtonian fluids depends on
their viscosity behaviour when shear rate increase.
The ester is classified as Newtonian fluid when the
relationship is linear as shear rate increase. On the
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other hand, non-linear or inconstant viscosity when
shear rate increase is known as non-Newtonian
[61-63]. Figure 12 shows a linear relationship be-
tween shear stress and shear rate (a) and a con-
stant viscosity against shear rate (b) at regions of
10-100 s~'. This indicates that USFA-TMP ester
shows a Newtonian fluid characteristic. The viscos-
ity of USFA-TMP ester will not change as the shear
stress increases and would be working well in the
hydrodynamic lubrication environment.

6. Conclusions

The D-optimal approach was successfully used for
optimization of the esterification of USFA PFAD
with TMP to produce resultant polyol ester of USFA-
TMP. The possessions of the interactions between
self-determining variables on the USFA PFAD with
TMP esterification were successfully investigated.
The ANOVA results confirming a constancy among
the predictions results from the model and the
experimental data. The study results established that
the determining reaction variable of both acid cata-
lyst amount and reaction were significantly affected
the ester yield % whereas both reaction time and
reaction temperature were significantly affected the
tri-ester selectivity. The optimal condition for the
esterification was obtained at reaction temperature
of 150 °C for 6 h and with 5% H,SO,4. The USFA-TMP
was successfully produced in high yields (96 + 0.5%)
with high selectivity of tri-esters (99 + 0.9%). The
resultant USFA-TMP ester shows good lubrication
properties such as high VI, low PP, high FP as well as
good thermal oxidative stability. It is classified as a
Newtonian fluid with viscosity grade lubricant ISO
VG 46. The resultant USFA-TMP ester is credible to
be used as green biolubricant in many industrial
applications.
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1. Introduction

Biomass when burned properly could be consid-
ered as a renewable and an environmentally friendly
source of energy. Indeed, it can be used for the gen-
eration or the cogeneration of heat and/or electric-
ity [1]. Biomass combustion is relatively complex to
model due to the presence of reaction at different
phases involving charcoal, tars and volatile mixtures
of organic compounds. Moreover, the presence of
large amounts of ash and minerals are a source of
corrosion and slagging inside the combustion cham-
ber. However, fixed bed reactors powered by solid fu-
els offer high automation and low costs. The Mod-
elling and experimentation on the complex phenom-
ena inside these reactors and the solid biomass con-
version process must address the coupling of differ-
ent processes, including heat and mass transfer, gas
flow, moisture evaporation, pyrolysis and the com-
bustion and the gasification processes. Yet, Com-
putational Fluid Dynamics (CFD) of biomass com-
bustion can provide important insight, and often
complementary information to experiments, to these
complex processes [2—4].

Details on the Modelling of biomass combustion
as well as on the solid phase and on the gas phase
reactions are reported in the literature [5-14]. Typi-
cally, a configuration consisting of two coupled zones
(the bed and the free-board) is considered [15-17] in
which the two zones are separated by an interface al-
lowing mass and energy exchanges [2,6,17-20]. Two
general types of models are incorporated that are as-
sociated with the homogeneous and heterogeneous
phases of the process [5,18,21]. Based on the solid
phase combustion in the heterogeneous models, one
may use continuous models (macro-scale models),
which treat the solid phase as a porous medium [6,10,
18,22] and discrete element models (DEM) (micro-
scale models), which describe particles in a mov-
ing grate [18,23,24]. Currently, most studies have fo-
cused primarily on the solid phase combustion in
fixed beds, but, the simultaneous Modelling of both
the solid and the gas phases is still needing more at-
tention [5,6,11,13,22,25-27].

Gollaza et al. studied a transient 3D CFD model for
the combustion of densified wood [6]. The compu-
tational domain was divided into two zones: a fixed
bed described as a porous medium and the free-
board. They simulated both the gas and the solid

temperature profiles at different positions inside the
reactor. Their results reproduced many of the key fea-
tures of the experiments. Mehrabian et al. [5] devel-
oped a transient 3D CFD model for biomass combus-
tion in similarly coupled zones (fixed bed and free-
board). The authors also measured the gas concen-
trations of CO, CO,, CHy, H,O, H, and O, and the
temperature at various heights in the reactor for both
the bed and the freeboard. Moreover, they evaluated
the reaction front velocity. Their predicted results
were also in a good agreement with experiments.
Sun et al. [28] carried out a 2D unsteady CFD using
municipal solid waste in a fixed bed reactor. They
showed that their predictions of the gaseous species
emissions CO, CO,, O, and CH4 and the tempera-
ture profiles at different heights as a function of time
for different moisture content were also in agreement
with experimental data. These above studies under-
score the importance of coupled 2-zone models for
fixed bed reactors.

The objective of this study is to investigate numer-
ically the combustion of pellets prepared from oleic
by-products, and more precisely, Olive Pits (OPi) in
a 40 kW counter-current fixed bed reactor. Indeed,
Olive solid wastes (Olive Pomace and Olive Pits)
when dried and free of residual oil, could be blended
with woody biomass and densified as pellets, bri-
quettes or logs in order to be used as fuels for feed-
ing boilers, stoves and furnaces in many countries
such as Spain and Italy. This energy policy is justi-
fied by the renewable character of the biomass and
by its high heating value reaching 19 MJ/kg. Hence, it
is highly important by the present study to simulate
the combustion of OPi in a fixed bed reactor in order
to give guidance later on the reactor design and ge-
ometry, the manner of feeding it by the primary and
the secondary air, and on the level of gaseous emis-
sions that should be reduced.

The simulations based on a cylindrical reactor
are implemented using a transient 2D configuration
using the COMSOL Multiphysics software. Consis-
tently with earlier studies, the computational do-
main was divided into two zones: the bed and the
freeboard zones. Due to the strong coupling of the
mass and heat transfer between the two zones, equa-
tions describing the various sub-models were solved
simultaneously to represent moisture evaporation,
VOC devolatilization, pyrolysis, gasification, gas
phase combustion and residual char combustion.
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Figure 1. The 2D geometry model.

The homogenous gas phase reactions are mod-
elled for a fuel mixture of CO, CO,, O,, CHy, H,
and H,O in the freeboard zone. A weak turbulence
x — & model is used for turbulence closure. From the
simulations, we report the temperature profiles at
different heights inside the reactor in the two re-
gions and the gaseous emissions and the mass loss
as a function of elapsed time. The CFD were vali-
dated using experimental data from a prior experi-
ment [29] as well as additional data reported in the
literature [5,11,22,28,30-32].

2. Model description and hypothesis

2.1. Computational configuration and mod-
elling assumptions

The 2D axisymmetric model used is a cylindrical ge-
ometry with 400 mm height (H) and 115 mm diam-
eter (d) is shown in Figure 1. The cylinder is divided
into two zones: the fixed bed denoted (D1) and the
freeboard (D2).

The model used to simulate the entire combustion
process is based on the following assumptions and
conditions:

e The computational domain is divided into
two fully coupled zones: the fixed bed and
the freeboard.

 The fixed bed is bounded by adiabatic walls
and treated as a porous medium.

¢ In the counter-current configuration, the ig-
nition starts from the top towards the bot-
tom of the bed during which the combustion
evolves layer by layer.

» The solid phase and the gas phase are mod-
elled with their own energy equation while
allowing for mass and energy exchange be-
tween the two zones via a permeable inter-
face.

e The biomass particles are modelled as per-
fectly spherical and randomly packed.

e The evaporation process occurred at a spe-
cific temperature and is assumed thermally
controlled.

e The pyrolysis phase of the Olive Pits pellets
(OPi) is modelled by a three-step reaction
mechanism yielding biogas, tars and Volatile
Organic Compounds (VOC).

» The solid fraction and the particles’ sizes vary
during the residual char combustion and
gasification.

» VOC produced during pyrolysis and gasifica-
tion is mainly CO, CO3, Hz, CH4 and HzOyap.
The combustion of the residual char (in the
bed zone), CO, H, and CH, in the freeboard
zone governs the entire process.

e The residual char obtained by pyrolysis is
gasified by CO, and H,O and oxidized by
air. A flame front starts at the top bed and
propagates to the bottom with a characteris-
tic speed.

¢ No assumptions are used concerning the
heat transfer and the three modes; conduc-
tion, convection and radiation are consid-
ered. The radiative transfer is modelled using
an effective thermal conductivity.

e The gas emissions and the heat leaving the
packed bed (D1) are considered as the inlet
conditions for the freeboard zone (D2).

o The bed, which is electrically heated in the
experiment, is assumed to be heated by
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incident radiative transfer from the walls
with a prescribed constant wall temperature,
Twall, equals to 1173.15 K.

¢ The incoming radiation flux from the free-
board region is modelled as an incident ra-
diative heat to the fixed bed.

The reactor is fed by two air inlets: the primary
air with a flow rate of 10 Nm3/h is injected under
the bed bottom and passes through the fixed parti-
cles. Whereas the secondary air used to enhance the
gas phase combustion is introduced at the side of the
freeboard zone with a flow rate of 25 Nm?®/h as illus-
trated in Figure 1. Both air injections occur at an am-
bient temperature of 298.15 K. In the actual experi-
mental study [29], the fixed bed was equipped with
thirteen type K-thermocouples, which are spaced at
20 mm increment along the reactor, but, only six type
K-thermocouples (Figure 1) are considered during
the present numerical study in order to reduce the
simulation time.

2.2. Modelling of rate processes

The overall combustion process can be divided into
four different sub-processes: drying, pyrolysis and
combustion of VOC, and combustion and gasifica-
tion of the residual char. In this study, the drying
process is modelled as a heterogeneous reaction at
the solid temperature [32-34]. This process is repre-
sented by a first-order kinetic reaction based on the
Arrhenius law:

Humidity Ky Water vapor 1)
with E
ky = Aexp|—— 2
v eXp( RTS) @)
and
w=kyps Yu,0,s- 3)

Here, A is the frequency factor, E, is the activation
energy and tmoig; is the reaction rate (kg/ (m3-s). The
values of these rate constant parameters are given in
Table 1.

Pyrolysis is a complex process, which involves a
number of coupled chemical reactions [10,35-38].
Here, the lignocellulosic samples containing mainly
hemicelluloses, cellulose and lignin produce, via py-
rolysis, three products; biogas, tars and biochar. The
rate contents of these products depend on the type
of samples and especially on the type of pyrolysis

(slow, fast or flash). The total devolatilization rate [34]
is modelled as follows:

[ — Hemicelllose ( —.k : Gas
Dry biomass | — Cellulose P, k- Tar
‘ —_— Ligllil] / ‘ L Char

.

. 3 E;
Wpy = (K1 + K2 + K3) Pmoist = Pmoist Z Ajexp RT.
i=1 s

4)
where the rate constant parameters for K, K> and K3
are given in Table 1.

The reaction of the combustion and gasification
of the residual char is considered as a heterogeneous
and exothermic reaction [39,40]. The oxidation of the
residual char with the O, of injected primary air is
described by the following 2-step reactions:

C+0,; — COy 5)

c+1i0,-co 6)
while the gasification processes with CO, and H,0O as
gasifier can be represented by:

C+H,0—H,+CO (7)

C+CO, —2CO (8)

The reaction rates of (5)-(8) are estimated using the
following expressions:

E
e? = Ki [Oa; K1=A1exp(— 1) 9)

RT,

E

. 0y 0.5 2
=K [0:1°%; K,=A - 10
we 2[02] 2 zexp( RTS) (10

E
w20 = K3 [H,01; K3=A3exp(— 3) an

RT,

E

. CO, 4
=K [COsl; Ki=A - .z
we 4[CO2] 4 4exp( RTS) (12)

The combustion of gaseous emissions is modelled
using the following reactions:

CHy + 30, — 2H, + CO,

E
with wop, = As [CHa] [02]%° exp (—5) (13)
RT,
CO+ 0y — COy,
E
with twco = Ag [02] [CO] exp (—6) (14)
RT,
H, + O, — H,0,
E
with 1y, = A7 [02] [H] exp (—7) (15)
RT,

The values of the different constants A; and E; are
given in Table 1. The parameters presented in Table 1
are not taken from literature because there isn't any
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Table 1. Rate constant’s parameters

Olive pits pellets Pre-exponential factor A (1/s) Activation energy E (kJ/mol)
Drying 1.06 x 103 88.5
Pyrolysis
Cellulose 2x 1012 185
Hemicellulose 3.5x 10! 105
Lignin 108 192
Tar 1.5x 10° 192
Residual char combustion 9x108 2.25x10° (ky)

7x10° 1.3x10°% (ky)

Residual char gasification 1.6 x 10° 2.2 x 10* (k3)
3.5x 107 225 x 10* (kq)

Combustion of pyrolysis gases 107 1.89 x 10° (ks)
1.674 x 10° 1.25 x 10° (kg)

1.95x 107 1.67 x 10° (ky)

reported work using the same fuel type as us. Hence,
we are inspired by a similar reported work in the lit-
erature [11] to calibrate our model so that it matches
our previous experimental results [29].

2.3. Governing equations in the fixed bed and the
freeboard

Solid and gas phase equations are solved as a tran-
sient two-dimensional formulation in cylindrical co-
ordinates. Various conservation equations describ-
ing the fuel conversion of mass, momentum and en-
ergy were solved in two coupled zones as reported
in literature for similar studies [2-4,10-13]. The gases
emitted from the bed, CO, CO,, H, and CHy, and
their composition are prescribed as inlet conditions
for the freeboard zone. These gases are likely to react
with oxygen in the secondary air. In order to lighten
the text to the readers, all equations with mean-
ings of all variables and parameters are provided in
Appendices A and B.

2.4. Fuel properties

The size of the olive solid by-products pellets as olive
pits used in our numerical simulation ranged from
approximately 2.5 to 3.5 cm and with an equivalent

diameter up to 6 mm. Ultimate analysis as %C, %H,
and %0 and proximate analysis as Volatile Matter
(%VM), %Ash and Fixed Carbone (%C) and energy
contents as the bulk density of the olive solid by-
products pellets are assumed to be the same as the
values published in [29]. On the other hand, the ash
content evolution is not taken into account.

2.5. Mesh and numerical resolution

The finite element method was used to discretize the
unsteady governing equations. To establish grid con-
vergence, we considered 5 mesh resolutions, which
are summarized in Table 3.

Calculations show that the meshes named coarse
or normal did not yield grid convergence. How-
ever, finer or extra-fine meshes required extensive
computational times four to five weeks on a mini-
workstation. The “fine” mesh resolution provides a
reasonable compromise where grid convergence is
established while a reasonable computational time
of approximately 24 h is achieved. The correspond-
ing mesh size is approximately 1.5 mm, whereas the
calculation time was automatically defined by the
solver.

Finally, a moving mesh was adopted in order to
refine our calculations at the interface between the
two computational zones as shown on Figure 2.



118 Mohamed Ali Mami et al.

VAVAVAY
NINININT

IN/NININ
ININ/
A

INONININININININININININING
VY NNINININININININININININNG

NININININN
AV%V

\ A‘%;
AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAS 3
VAV AVAAVAVAVAVAVAVAVAVAVAVAVATES

INCNNINININ/N

VAV
7

5k

N\
[

NN
\WAsYAY,
ORP

VAVAV
NN/
Vi
AVAVAN

AN
VAN

VAV

Figure 2. Mesh grid structure.

TAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVZA V2 et
VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY
\VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY
\VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAN
V)Y AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY
ANINININININININININININISININISINNASA
)Y AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA "3
h§VAV%Y#VAVAVAVAVAVAVAVAVAVAVAVAVAV

VAVA
K

AV,
\VAY,
FAVAVAN
AVAVAY

\VAVAVAVAVAW-AN g
A S

Table 2. Summary parameter’s values and correlations

Property Correlation/value Reference
d>e?
Permeability Kp = ps [41]
180(1-¢€2)
Solid thermal conductivity — As=esAg+3; Yild; [10,42,43]

Arad = 4€sowd, TS

Emissivity 0.9
Bed porosity 0.5
6(1—¢
Specific surface Sp= 60 —¢5)
dp
NyAet
Heat transfer coefficient ~ hsg = % = —hgs
P
Nusselt number N, =2+1.1R%6p}/3
. pMg
Gas densi =—°
v s~ ke,

3. Results and discussion
3.1. Mass loss

The accurate prediction of the temporal evolution of
the mass loss of the olive pit pellets is an important
test of the overall performance of the computational
study. This mass loss is prescribed by the following
equation:

E:—Z w;. (16)

Accounts for the contributions of all relevant reaction
processes that include: drying, pyrolysis, combustion

and gasification of the residual char [5,44]. In (16), the
w; represents the reaction rates associated with each
process (kg/m3~s).

Figure 3 compares the temporal evolutions of
the modelled (dashed) and measured (solid) mass
loss [29]. The comparison shows a good agree-
ment between measurements and computations.
The mass loss could be divided into three phases
(D, () and (III) on Figure 3: the first phase (I)
corresponds to moisture evaporation, the second
phase (II) corresponds to the devolatilization and
combustion of gases, and. the final phase (III) cor-
responds to the residual char combustion. Similar
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Table 3. Different mesh resolutions considered
with their boundary and domain elements

Meshes Domain elements Boundary elements
Coarse 2,129 154
Normal 4,525 224
Fine 7,305 285
Finer 11,176 354
Extra-fine 49,944 748

results were reported in literature for both numeri-
cal simulations [14,45] and experimental measure-
ments [46-48].

3.2. Temperature and gas velocity evolutions in-
side the reactor

The temporal evolution of the temperature distribu-
tion inside the reactor is shown in Figure 4. The figure
also serves to highlight the propagation of the com-
bustion processes both in the freeboard zone and in
the fixed bed. As shown, ignition started from the top
at t = 0 s, and then the flame propagates rapidly in
the gas phase. This process continues into the solid
phase, yet at a slower rate, until the bottom of the bed
isreached [31].

However, the gas velocity profile as a function of
the radial distance of the reactor, as illustrated in Fig-
ure 5, reveals that the gas flows in the opposite di-
rection to the ignition front propagation, hence, the

counter-current nature of the bed [49]. The decrease
of the temperature near the interface between the
gas and solid phases can be attributed to convective
cooling associated with secondary air [26,50]. For a
height up to approximately 0.3 m, the gas velocity
profile remains flat (=0.075 m-s~1). However, as the
mixture of gases and secondary air reach the activa-
tion temperature, the combustion in the gas phase is
started and the gas velocity increases rapidly reach-
ing about 5 m/s. This is a typical value for gas phase
combustion [26].

To better understand the combustion process in
the fixed bed, we attempt to look closely at the solid
phase combustion. Figure 6 compares the computed
and measured temperature profiles of the olive pit
pellets at different heights along the reactor centre-
line corresponding to 5, 45, 85 and 165 mm, which
also correspond to 4 different placements of the ther-
mocouples in the experiment [29,51]. The simula-
tion was undertaken under the same experimental
conditions with a primary air flowrate of 10 Nm3/h
injected at ambient conditions (10° Pa, 298.15 K).
The secondary air flowrate was 25 Nm3/h under the
same standard conditions of temperature and pres-
sure. The figure shows a reasonable agreement be-
tween computation and experiment, exhibiting both
similar temporal trends and magnitudes.

The discrepancy between experimental and sim-
ulated temperature (overestimation of its maximum)
can be attributed to two possible sources. First,
radiative absorption is not taken into account in
our computations. Species like CO,, CO and wa-
ter vapour are characterized by reasonably high
absorption coefficients. Second, the presence of ash
subject to melting and agglomeration at high tem-
peratures may inhibit the air circulation through the
porous medium. Nevertheless, these results show
again that the self-sustained progression of the com-
bustion front evolves from the upper to the lower
layers of the bed. In addition, the appearance of an
odd little peak at a given time for every fixed bed
depth corresponds to the condition of maximum
efficiency of reactivity because of maximum yields
of CO, Hz and Coyg as it is shown on Figure 8. Conse-
quently, there is a maximum heat release by reactions
manifesting with a maximum temperature.

Figure 7 compares computed temporal evolutions
of temperature of the solid and gas phases inside
the fixed bed (zone D1) at the 5 different thermo-
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couple positions corresponding to 2, 45, 85, 165 and
205 mm. The result shows that both solid and gases
phases are in thermal equilibrium inside the porous
medium. Hence, it is possible to consider a single en-
ergy conservation equation and to exclude the con-
vective term between the gas phase and the solid
phase. Such an assumption can greatly simplify the
model formulation and improve the efficiency of the
computations.

3.3. Gaseous emissions in the freeboard zone

Figure 8 compares the temporal evolutions of the
computed and measured gaseous emissions for O,
CO, COz, Hp, CH4, H2Og, and Corg whenever such

comparisons are available. We observe the presence
of discrepancies between simulated and experimen-
tal profiles: There is temporal delay between curves
and simulated profiles do not exhibit the fluctuations
observed in the experimental results. We believe that
the discrepancy may be attributed to ash accumula-
tion, which prevents the inlet air circulation. More-
over, the physical presence of thermocouples could
affect measurements, but above all, the kinetics of re-
activity should be improved.

The increase of water vapour concentration can
be attributed to the fuel evaporation and to the
combustion of H, and CH4 as shown in (15) and
(18). Moreover, the sudden decrease of O, concen-
tration marks the onset of the combustion process.
This process is accompanied by an increase in CO,
and CO concentrations. One observes that the con-
centration of CO, increases rapidly and remains
at a roughly constant level of about 15% (against
around 14% for the experiment measurements). In
contrast, the increase of concentration of CO and H,
could be explained by the gasification of the resid-
ual char in the presence of gasifiers CO, and wa-
ter vapour, not to mention the contributions of CHy
reactions described by (9), (10) and (15). Moreover,
the behaviour of methane gas is similar to what was
reported in some numerical simulation studies in
literature [4,44,52]. A decrease in H,O, H,, CO and
CO, was noted at the end of the combustion process
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(the fuel is completely consumed), while the O, mole
fraction is again 21%.

Regardless, the slight difference between the sim-
ulation and the experiment in Figure 8 can be due to
the sub models associated with the flow, turbulence
and chemistry as well as the choice of the axisymmet-
ric geometry. Also, during the experiment measure-
ments certain systematic and non-systematic errors
may be at the source of some fluctuations.

4. Characteristic parameters

Some characteristic parameters, which describe
the combustion behaviour including the reaction
front velocity, the mass conversion rate and the ig-
nition rate are obtained from the measurements
can be modelled. The comparisons of the tempo-
ral evolution of these parameters are shown in Fig-
ures 9a and b as a function of time. The compar-
ison between these measurements and calculated
parameters shows a relatively good agreement. How-
ever, these dependencies characteristics can pro-
vide a basis to transfer the fixed bed reactor to the
situation of a grate incinerator.
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5. Main variables evolution in the model

Finally, we present profiles of the mass densities of
the solid fraction (top left), the char density (top
right), the moisture density (bottom left) and the dry
olive pits pellets density (bottom right). These com-
puted profiles are compared to those of the exper-
iment in Figure 10. These modelled results corre-
spond to the CFD simulations for the fixed bed re-
actor (zone D1) at time ¢ = 3900 s and a primary air-
flow equal to 310 kg-h~'-m~2. The figure shows that
a large zone of char density remains constant at the

vicinity of 170 kg-m~3. In this large zone, the pri-
mary airflow injection may not have been sufficient
for a rapid consumption of the generated char. Con-
sequently, this may have delayed the homogenous
reaction of the char. This observation was also re-
ported in the literature for the same conditions of air-
flow (0.05 kg-s~!-m™2) [49].

6. Conclusion

A transient 2D axisymmetric CFD simulation was
carried out to simulate the multiphase combustion
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of lignocellulosic solid biofuels (olive pits pellets) in
a counter-current fixed bed reactor. The simulations
were implemented using COMSOL Multiphysics 5.5.

The reactor is divided into two zones: D1 and D2 rep-
resenting the fixed bed and the freeboard. Reduced
kinetic schemes were used in the solid and the gas
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phases. Moreover, an Euler/Euler approach was used
to model the porous fixed bed. The turbulent flow
was described by the k — & model. Results show that
the present formulation adequately reproduces ex-
perimental observations related to over-the-bed gas
concentrations, temperatures and mass loss. Calcu-
lated characteristic parameters like reaction front ve-
locity, mass conversion rate and ignition rate are re-
produced in close agreement with the experiment.
However, the models developed for the pilot scale
fixed bed reactor can be extended to an industrial-
scale plant for example using an incinerator grate.

Nomenclature

u Velocity m-s~!

A Pre-exponential factor s7!

D Diffusion coefficient m?-s7!

Y Mass fraction -

Si Source term kgm3.s7!

p Pressure Pa

g Gravitational acceleration ~ m-s~2
constant

Cp Specific heat Jkg LK!

S Surface m~2

h Convective heat transfer W-m2.K!
coefficient

AHg Enthalpy of reaction Jkg!

Qraqa  Radiative source W-m™3

d Diameter m

E Activation energy J-kmol ™!

Sk Source term of the turbu- kgm™'-s73
lent energy production

Se Source term of turbulent kgm™!.s™*
dissipated energy

T Temperature K

X,x Mole fraction -

R Ideal gas constant J-mol~1.K~!

W Reaction rate kgm3.s7!

t Time S

H Reactor height m

z Axial position m

r Net production rate of the kg-m™3.s7!
gas species

M Atomic molar mass kg-mol™!

N, Nusselt number -
R, Reynolds Number -
P, Prandtl Number -
k  Turbulent kinetic energy m?-s~
Kr Permeability m?
r Radial position m
m  Air flow kg-s™!
a  Bed cross-section m?
k; Kinetic rate constant s1
f  Pressure loss N-m~3
Greek symbols
£ Porosity
A Thermal conductivity
7 Dynamic viscosity
p Density
o Stefan-Boltzmann constant
€ Turbulent kinetic energy

A Stoichiometric air coefficient
B Absorption coefficient
w Emissivity
a Mass of the compound i pro-
duced per kg of pyrolyzed
oi,j collision cross-section
Q;; collision integral
7;j Stress tensor
Subscripts
app Apparent
eff Effective
13 Total
rad Radiation
pyr Pyrolysis
g Gas
s Solid
i,j Relating to components [ and j
p Particle
v Vaporisation
a Ash
corC Carbon
CFD  Computational Fluid Dynamics
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dissipation

W-m LK !
Pa-s
kg-m™3
W-m2.K™*

m-=-Ss
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Appendix A. Solid phase modelling

The mass conservation for the moisture, the dry OPi
pellets and the residual char, respectively, are written
as:

0Espm) .
% = Wmoist€s 17)
anda
(esp dry, olive) .
T = —Wpyr€s (18)
o0le C
L) — e a0 % s,
(19)

The solid fraction conservation is as follows:
.H,0 .CO . O
683 _wCZ _wC 2_wC2
—_— ES
ot Ps
In order to take into account the bed shrinkage, the
following expression is considered:

(20)

ody (-0 -wg - w |
—- = dp (21)
ot Qs
while the ash component is assumed to be inert:
0(e
Olespa) _ 22)
ot

In the above conservation equations; tmoist, Wpyr,
wgzo, wg‘)z and u')g 2 are the rates of evaporation, py-
rolysis, gasification, and combustion of the char, re-
spectively. Accordingly, the total density can be cal-

culated as:

Ps = YmoistPmoist + Yolive Oolive + YcOC- (23)

The energy equation is expressed as:
0(esCpspsTs) 0 ( %)

oL —& eff,s 0z
10 oT.
Cror (Mefﬂsa—rs) = Aphsg (Tg = Ts) + Ss + Qraa-

(24)
Here Agfr s is the solid thermal effective conductivity
calculated as the sum of the solid phase conductiv-
ity and radiation, A, is the specific surface area, hg
is the convective heat transfer coefficient given in Ta-
ble 2. S; and Q.aq are two source terms that repre-
sent the heat release rate and radiation source, re-
spectively. The latter is modelled as [10,15]:

Qrad(2) = o (wrad T‘f,au —Ws Tf) (25)

where, f is the absorption coeflicient related to the
particle diameter and the solid fraction:

1
B= _d_,, In(eg). (26)

The specific heat of the solid phase Cp; is evaluated
in terms of the specific heats of its components using:
Cp,s = YHZO Cp,HZO + YC Cp,C + Yash Cp,ash + Ycharcp,char-
27
The enthalpy is calculated as:
Hy = waryLy(Ts) — Q2 Arhe(T5)

— 12O Arhe(Tg) = 2 A he (T5)

—Wqry(1 - aC)Arhpyr(Ts) (28)
and the species conservation is insured by:

0
3t (Eps Yi,s) =Sis- (29)

Here the index i represents, the moisture, the char,
and the ash, respectively.

Appendix B. The gas phase governing
equations

The continuity equation and the energy conservation
in the gas phase are expressed as follows:
d(egpyg) L1 0(rpgtig,r) N 0(pgig,z)
ot r or 0z
= Wmoist + wpyr + Wehar (30)

0 10
T (egCpgpgTg) + Tor (rpgCp,gtig,=Tg)

0 10 0T,
+&(chp,g”g,zTg)+;5 rngleff,gW
10 ( 0Ty . 0 ( a:rg)
=——\r —= J— -2
ror\ M8 ar | T 9z \"™E 5,
+ Aphgs (Ts — Tg) =Y w;AH; +® (31
i
where r
q)zzrprod,iﬁ Cprod,idT- (32)
i g

Here, the index i represents the modelled species
in the gas phase, CO2, CHy, Hz, CO, O2 and H3Oq.
Aett,g is the gas thermal conductivity and rproq,; is the
rate of reaction of gaseous species. ug, and ug . are
the radial and azimuthal gas velocity components,
respectively.

Note that the thermal conductivity, the specific
heat and the dynamic viscosity of the gas phase are all
temperature and composition dependent. The spe-
cific heat is expressed as the weighted sum of the
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species’ specific heats weighted by their mass frac-
tions of all constituents:

Cpg(T) =) Yicp,i(Tg) (33)
12

where Y; is the ith species mass fraction.
The thermal conductivity and the dynamic viscos-
ity of the gas phase are expressed by [53]:

xiﬂi,g )
Ag = _ (34)
¢ ;(iji‘/’i:f
xiui(:rg))
(Ty) = _—. (35)
Halle ;(zjxi¢i,j

@;,; and ¢;; were taken directly from the litera-
ture [54]. Also, the effective thermal conductivity of
the gas inside the reactor is calculated by the follow-
ing correlation [34]:

u
Rettg = 0.81g +0.5dpCpgpg— (36)

The momentum equations in the radial and az-
imuthal directions are expressed by:

0 0 0
&(Egpgugvr)“Lura_(Pg”g, )+uza (pgug,r)
_ 6p (1 0 (raug'r)lei(raug,z)

6r roz 0z ror or
aZug,r Ug,r ) 0 (aug,r)
+
0z r2 Heaz\"or
20 10 Oug,,
_§ar(“e(ra (r ugr) 0z +pk)
+egPeg8r+ [r 37
with,
2
_ 180ugug, (1 —¢) L75pgug ,
re d2pe2 B2 e (38)
PEs DE;
and

0 0 0

T (egpgttz) + tzr = ar (oguz) + Uz32 (pguz)

v, (1 o ( auz)+1 0 ( Our) 62uz)
0z ror\ or ror\ 0z 072

ou
(rup)+ 6_ZZ + pk) +egpg8z+ fr-

(39)

Here, the effective viscosity, u,, is expressed as the
sum of the molecular dynamic viscosity and the tur-
bulence viscosity.

ror

He = Mg + Ut. (40)

The turbulent viscosity ;, is expressed in terms of
the turbulence kinetic energy, k, and its dissipation,

¢, as follows.
2

He= Pcuk?
Here, k and € are modelled using a standard low-
Reynolds number k — € model [55]. The species con-
servation equations are given by:

where C;, = 0.09. 41

0 10 0
37 (epgXig) + Tor (rogug,-Xig) + 3z (pgtig 2 Xig)

10 0X; ¢ 0 0X;,
= 75( T Deff,gPg—— ar )"‘ 9z (Def‘fgpg 92 ) Si.
(42)
The dispersion coefficient of the gaseous species
Det ¢ is obtained according to the following correla-
tion [10,56], which accounts for the contribution of
mass diffusion and the presence of a packed bed:

d
Dett.g = 0.8Dg; j +0.5pg?”. 43)

In which Dyg; ; is the ith species molecular diffusivity.
This mixture-averaged diffusion is evaluated using
the binary diffusion coefficient, which is modelled
using the Chapman-Enskog correlation [56]:

1, 1
—+M_ T\ 8!
— | = (44)

Dgi ; =8.380
gi.j To

a Ql]

where T is a reference temperature. The last term in
the right-hand side of (42), S;, corresponds to the ith
species reaction rate.
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Abstract. Biohydrogen production by the anaerobic hyperthermophilic and halophilic bacterium,
Thermotoga maritima (TM), was conducted using a mixture of Onion Waste Juice (OW]) and seawater
(SW). The highest production of biohydrogen (Hp) with OW]J, as the exclusive source of carbon and
energy, was obtained for an optimum volume of 50% (v/v), with the highest overall productivity of
biohydrogen (15.6 mM/h) and a maximum yield of 2.6 (moly, /molyexgse)- This was mainly due to
the presence of organosulfur compounds and the natural presence of ammonium contained in OWJ.
The addition of inorganic nitrogen and iron sources in the mixture of SW and OW]J has improved
biohydrogen production, achieving productivity yield (23.0 mM/h for 3.2 moly, /molyexese) Close to
the maximum obtained for TM. Above 600 mL, the high concentration of substrate (>30 gCOD/L) led
the metabolism to deviate towards lactate production at the expense of Hy production. A fed-batch
culture with the sequential addition of concentrated OWJ mixed with only sea salt was investigated for
the prevention of substrate-associated growth inhibition by controlling the nutrient supply. The total
cumulative biohydrogen produced was about 300 mM after 30 h of incubation.
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1. Introduction

In the coming years, the increase in world popula-
tion and in average per capita income would inex-
orably lead to the growth of fossil fuel demand. How-
ever, this heavy dependence on fossil fuels results
in a series of environmental problems, e.g., global
warming and air pollution, and generates sustain-
ability problems in the face of a continuously in-
creasing demand. Thus, to solve the energy crisis and
environmental degradation, exploring clean and re-
newable energy alternatives is crucial [1,2].

In Tunisia, the vast majority of renewable energy
capacity comes nowadays from wind (46%) and so-
lar photovoltaic (42%) sources, which are expected
to increase by 2030. With a high percentages of or-
ganic waste (nearly 70% of organic waste released
in landfills) and only 12% of total energy produc-
tion expected to come from biomass sources, Tunisia
should consider focusing more research on renew-
able energy recovery from biomass. The biomass re-
sources are often locally available as is waste. Hence,
biomass allows not only waste management but also
energetic conversion of fermentable waste [3].

Among the organic substrates, onion (Allium
cepa L.) is the second most commonly cultivated
vegetable worldwide, after tomatoes [4]. Its produc-
tion is witnessing an annual growth given a con-
sumer demand increase (the current annual produc-
tion of onions is around 93 million tons). Simulta-
neously, huge amounts of onion waste are produced
from different parts and onions processing, affecting
the environment in various ways [5]. These onion
waste materials are problematic for the industry as
they are not suitable as feed for livestock due to their
unpleasant smell while the phytopathogenic agents
presence makes them also unsuitable as organic
fertilizers [6,7]. So far, the main solution for onion
waste management was to discharge it in landfills,
which has high economic and environmental im-
pacts. However, onion waste consists of a significant
amount of functional components as flavonoids,
organosulfur and phenolic compounds [8]; its dry
weight is composed roughly of 65% of nonstruc-
tural/soluble carbohydrates including glucose, fruc-
tose, sucrose, and fructooligosaccharides, which are
specific functional compounds of onion waste that
should be valorized.

Onion valorization is part of some pretreatment

methods based on technologies such as organic ex-
traction, supercritical carbon dioxide, supercritical
water treatment, microwave, assisted microwave, hy-
dro diffusion, and gravity or high-pressure process-
ing [5]. However, few studies looked into the fer-
mentable potential of onion waste as a renewable
raw material for biohydrogen production identified
as a clean renewable energy carrier and an ideal can-
didate to replace fossil fuels [4]. Among the biolog-
ical processes for waste treatment, anaerobic diges-
tion (AD) is suggested as a truly sustainable process
which can handle the contained high organic con-
tents [9].

Dark fermentation (DF) is considered as the sim-
plest process of anaerobic digestion of organic mat-
ter, since it is a pollution-free, renewable, and low-
cost alternative to conventional processes [10]. The-
oretically, in DF processes, the yield of hydrogen
production depends on the bacteria involved and
acid formation. The various metabolic pathways are
influenced by the operating conditions (substrate
concentration, pH, temperature, hydraulic retention
time, reactor type, and seed sludge). Temperature
is one of the most influencing factors since ther-
mophilic conditions are widely used in H, produc-
tion from organic waste [11]. High temperature ac-
celerates reaction rates and offers technical advan-
tages including reduction of viscosity, improvement
of mixing efficiency, reduction of the contamination
risk, absence of reactor cooling, and enhancement of
hydrolysis complex substrates rate [12,13]. The ma-
jority of (hyper) thermophilic microbial species pro-
ducing hydrogen belong to Clostridium, Caldicellu-
losiruptor, Thermoanaerobacter, Thermotoga, Ther-
mococcus, and Pyrococcus genus. Thermotoga mar-
itima (TM) is one of several hyperthermophilic bac-
teria (optimal growth temperature around 80 °C),
which have received considerable interest recently
as potential sources of hydrogen [14]. TM can pro-
duce H; atlevels that approach the Thauer limit (the-
oretical Hy/Cgmax = 4; [15]), using a wide range of
inexpensive polysaccharide sources, such as cheese
whey, molasse, potato starch, or fruit and vegetable
waste [16,17]. Nevertheless, it is needed to add in-
organic sulfur and nitrogen sources to enhance TM
growth. These additions could be replaced by using
cost-effective fruits or vegetables providing the whole
essential components for its growth. Among the dif-
ferent fruit and vegetable, onion (Allium cepa L.)
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is a vegetable rich in carbohydrates (structural and
nonstructural) being a good source of dietary fiber
and fructooligosaccharides [18] as well as organic
acids [19]. It also has significant amounts of vitamins,
minerals, and trace elements [20]. Moreover, onion
represents one of the main sources of bioactive com-
pounds, such as flavonols and organosulfur com-
pounds (e.g., S-alk(en)yl-L-cysteine sulfoxides) [21],
and as nitrogen inorganic source in the ammonium
form [22].

In the past years, several research studies focused
on the production of hydrogen from a variety of
waste mixtures in the form of complex substrates,
such as lignocellulosic waste, combinations of fruit
and vegetable, sewage sludge, and livestock waste.
However, a limited number of studies considered the
energy recovery of a single waste—as a rich and com-
plete substrate. In this study, we tested the ability
of TM to ferment carbohydrates naturally present
in onion in a batch stirred tank reactor (STR) sup-
plemented with seawater. The stated objectives were
(i) to use a cost-effective simplified medium provid-
ing all the needed components for TM growth and
biohydrogen production and (i) to preserve fresh
water considered as a scarce resource. Thus, sev-
eral onion concentrations were tested to evaluate
the maximum concentration that TM could tolerate.
Thereafter, to optimize biohydrogen production, es-
sential microelements, for the optimal growth of TM,
were added in low concentrations in the mixture of
seawater and OW]. Finally, a sequential fed-batch
culture was conducted to remove the substrate lim-
itation and optimize the biohydrogen production.

2. Material and methods

2.1. Strain and culture medium

T. maritima (TM) strain MSB8 (DSMZ 3109) was
cultivated as previously described [23]. The Basal
medium contained, per liter: NH4Cl 0.5 g, K;HPO4
0.3 g, KH,PO,4 0.3 g, CaCl, 0.1 g, KC1 0.1 g, NaCl 20 g,
MgCl, 0.2 g, yeast extract 2.0 g and glucose 20 mM.
Balch trace-mineral-element solution (10 mL) was
added [23]. The inoculum was obtained from three
bottles of 100 mL each, containing 50 mL of liquid
culture.

2.2. Experimental system and operating condi-
tions

TM was batch cultivated in a 2L well-mixed double-
jacket glass bioreactor (STR) (FairMenTec, France)
with a 1.5-L working volume [23]. The pH was con-
trolled at 7.0 + 0.1 by the addition of sodium hydrox-
ide (NaOH = 0.5 mM) and the temperature was main-
tained constant at 80 + 1 °C (Figure 1). The inlet gas
stream of N, was controlled at 50 standard cubic cen-
timeters per minute (SCCM) via a mass-flow meter
(Bronkhorst, range 0-500 SCCM). The online mea-
surements of bioreactor liquid volume, NaOH con-
sumption, CO, and H, concentrations, were as previ-
ously described [23]. The stirring was set to 500 rpm.
For each experiment, three successive batches were
carried out. Fermentation juice samples were taken
every two hours and the kinetics of substrate con-
sumption, metabolite productions, and biohydrogen
production were analyzed. The sequential fed-batch
operation was carried out after a first batch mode,
more precisely after the decrease of the maximal
H, production rate. The sequential feeding in fed-
batch mode was realized using a controlled peri-
staltic pump connected to a serum bottle containing
1 L of concentrated OW] supplemented with 30 g/L of
sea salt. Each addition was of 10% (v/v) of OWJ about
the final volume of the bioreactor. During the experi-
ments, the data of N, flow rates and the gas analyses
(N, H,, and CO,) were recorded and used to calcu-
late CO, and Hj flows, which then led to the cumula-
tive amounts of CO, and H, produced in the bioreac-
tor [23].

2.3. Culture medium for the bioreactor experi-
ments

A culture medium was made with natural SW taken
directly from the “Bay of Gammarth” located near
Tunis (Tunisia). This SW was filtered under vac-
uum through a 0.45 pm cellulose nitrate filter (Sar-
torius, Germany). White Onions used in this work
came from municipal markets in Tunis. For the OW]J,
onions were crushed with an electric juice extractor
(OMEGA J8226) fitted with a worm screw system and
an Ultem-plastic sieve to filter (0.3 mm) for the filtra-
tion and separation of liquid—solid phases. The sep-
arated OWJ was directly stored at —20 °C. First, the
TM growth was studied in a rich complete medium
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Figure 1. Experimental set-up for batch and fed-batch cultures.

in presence of 17% (v/v) of OW]J (~20 mM of Glucose
and 20 mM fructose), 0.5 g/L of NH4Cl, 0.25 g/L of
Cysteine-HCI, 2 g/L of yeast extract, and 1% (v/v) of
Balch’s oligoelement [24], complemented at 1200 mL
with natural seawater (experiment E1), to evaluate
the ability of TM to ferment the sugar fraction of
OW]J. Thereafter, experiments (E2, E3, E4, E5 and E6)
were carried out in bioreactor using 17% of OW]J as
a basal medium for biohydrogen production with
and without NH4Cl (0.5 g/L as a source of nitrogen),
FeCl, (10 mg/L as a source of iron) and yeast extract
(YE: 2 g/L) to evaluate (i) the efficiency of TM fer-
mentative Hy production using OWJ as a limiting fac-
tor and (ii) the importance of nitrogen, iron and YE
in presence of onion. Elsewhere, several experiments
(E2, E7, E8, E9 and E10) including respectively differ-
ent volumes of OWJ (200, 400, 600, 800, and 1000 mL)
supplemented with natural seawater (SW) for a final
volume of 1200 mL were prepared in order to increase
the TM growth and fermentative performance. The
fermentability of onion waste under the best condi-
tions was finally tested in a culture medium contain-
ing the optimal volume of OW]J.

2.4. Analytical methods

The total solids (TS), volatile solids (VS), humidity,
chemical oxygen demand (COD) and the pH of the
substrates were estimated according to the proce-
dure listed in Standards Methods for the Examination
of Water and Wastewater [25]. Glucose, acetate, lac-
tate, and fructose concentrations were determined
by HPLC as previously described [23]. Pyruvate was
determined with Waters equipment comprising a
1525 pump, a 2996 diode array detector, a Rheodyne
injector fitted with a 20 pl loop, a temperature con-
trol system, and a degasser. The separation was per-
formed with an Amidex HPX-87H strong cation ex-
change column (Biorad 300 x 7.8 mm) protected
with a pre-column. The column was thermostated at
60 °C and the mobile phase was composed of 0.01 M
H,S0O4 with a flow of 0.5 mL/min. The eluent was
monitored at 210 nm. Standard solutions of pyruvate
were run from 0.5 to 20 mM. The calibration curve
was linear within this range. An injection volume of
20 pl was used for standard and samples. These were
harvested immediately after the OWJ was added to
the SW. All analyses were performed in triplicate. For



Lamia Ben Gaida et al. 133

each batch experiment, liquid samples of 2 mL were
collected and centrifuged for 5 min at 14,000 g. The
supernatants were filtered through Minisart cellu-
lose acetate syringe filters (0.22 um) and the filtrate
(20 uL) was then injected into the column eluted with
a sulfuric acid solution (5 mM) with a fixed flow rate
of 0.5 mL/min. The data were presented in the Ag-
ilent ChemStation software. The analyses were per-
formed in triplicate and the average values were ex-
pressed in millimoles per liter corresponding to stan-
dard solutions. For total carbohydrate concentration,
the anthrone sulfuric acid method was used [26] with
modifications. A 0.2% solution of anthrone (w/v) was
made up fresh in 75% (v/v) sulfuric acid on the day
of measurement. The procedure consists in mixing a
1 mL sample with 2 mL of 75% H»SO,4 and 4 mL of
anthrone reagent by a vortex. Samples were placed
on the heating block at 105 °C for 15 min and then
cooled down to room temperature. The absorbance
of each sample was determined at 625 nm using
a UV-visible spectrophotometer. The gas produced
during fermentation runs was analyzed continuously
with a micro-GC and a CO; probe [23]. The micro-GC
was dedicated to H, and N, measurements with tem-
peratures of injector, column, and detector adjusted
to 90, 120, and 100 °C, respectively. Argon was used
as carrier gas with a pressure of 200 kPa. The gas-
analysis frequency was 2 min.

2.5. Determination of kinetic parameters

It is important to note that the kinetic parame-
ters reported to compare the efficiency of hy-
drogenogenic fermentation are: H, total produc-
tion (HP in mM); H, production rate or H, produc-
tivity (HPR in mM/h) and molar Hy/Cg yield (HY
in moly,/molyexose). All these kinetic parameters
have been obtained from experimental data and
their processing using part of the models presented
in [23,27].

3. Results and discussion

3.1. Onion composition

The sugars and pyruvate concentrations were de-
termined in four preparations of OWJ in 1000 mL:
139 + 14 mM of glucose; 143.2 £ 8.4 mM of fructose;
8.3+2.6 mM of sucrose and 14.8+ 1.8 mM of pyruvate

Table 1. Onion waste characterization
(/100 g)
Parameter Values Ref.
Humidity 90.3+3.5
Total solids (TS) 6.7+0.5
Volatile solids (%TS) 90.0+1.0
Ashes 0.7+0.2
COD 6.1+0.9 This study
pH 44405
Total sugars 57+1.3
Glucose 2.5+0.2
Sucrose 0.3+0.1
Fructose 26+04
Pyruvate/ammonium 0.13 +0.03
Iron, Fe (mg/100 g) 0.21 (15]
Total protein 1.1
Organic acids 0.17 (5]
Sulfur compounds 0.09

(equivalent ammonium). None other volatile fatty
acids or sugars were detected (Table 1). These values
were close to those found in the literature with a dif-
ference related to the solubility of sugars essentially
present in the juice part [8,28] and the decrease of su-
crose after OW]J preparation attributed to sucrose hy-
drolysis to glucose and fructose due to the acidic pH
of 4.0-4.8.

The carbon to nitrogen ratio (C/N) of the onion
was 15.3 [29]; this ratio was considered appropriate
for prototroph anaerobic bacteria and therefore no
additional nutrients were necessary [9,30].

3.2. The onion waste juice fermentation

The fermentative potential of onion indigenous bac-
terial communities was initially evaluated in anaer-
obic batch STR reactor with a culture medium con-
taining 200 mL of OWJ mixed with SW in a to-
tal volume of 1200 mL (~17% OW]) without TM
(abiotic control). The operating conditions were the
same than with TM culture (80 °C, pH 7.0). During
these experiments, no production of Hy nor other
compounds (acetate and lactate) was observed. This
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Figure 2. H, Production (HP, empty symbol) and Hy production rate (HPR, full symbol) by Thermotoga
maritimawith 200 mL (17% v/v) onion waste juice (O]) as the sole carbon and energy source (blue square)
and in rich medium in presence of 200 mL onion waste juice (gray triangle).

could be explained by the absence of indigenous ex-
tremophilic and/or halotolerant microflora able to
produce H; by fermentation.

3.2.1. OWJ fermentation in rich medium

To evaluate the ability of TM to ferment the sugar
fraction of OW]J, rich in inhibiting compounds, the
TM growth was studied in a rich complete medium
in presence of 17% (v/v) of OW]J. This was considered
as a complete medium limited only by the substrate
(glucose). The kinetic parameters (HPR and HP) for
this experiment (E1) are represented in Figure 2.

The maximal HPR with the rich medium was
10.3 mM/h + 1.1 with a total HP of 78 mM + 4.3.
The molar H; yield (HY) was 2.40 (mMp, /mMHexose)
(Table 2, E1). Maximal HPR of some Thermotoga
strains was reported between 2.7 and 12.4 mM/h
from equivalent carbohydrate concentrations [31].
In this condition, the H, productivity was close to the
highest values obtained during other experiments
using various biomass-based materials as feed-
stock [32]. In our conditions, TM was able to ferment
sugars, without significant inhibition. Indeed, the
onion has been used in biomedicine since antiquity
and has long been known to have antibacterial, anti-
fungal, and antiviral effects [33]. The broad-spectrum
activity of onion waste juice has been attributed to

phytotherapeutic sulfur compounds mainly repre-
sented by allicin [34] and by aromatic compounds.
However, TM was capable to ferment the soluble
sugar present in the liquid fraction of onion waste
despite the presence of inhibitory compounds. We
could assume that in our conditions these inhibitory
compounds did not act on the strain performances.
Allicin is a thermolabile compound with a half-life of
approximately 17 h at 42 °C [35] which could explain
its non-inhibition at 80 °C.

3.2.2. OWJ as a basal medium for biohydrogen pro-
duction

A minimum culture medium containing only 17%
of OWJ (200 mL in 1200 mL final) and SW, as a sole mi-
cro/macroelement, energy and carbon sources, was
inoculated with TM (10% v/v) for a total volume of
1200 mL. The aim was to evaluate the efficiency of
TM fermentative Hy production using OWJ as a lim-
iting factor. The results are presented in Figure 2 and
Table 2, E2.

TM produced H, with increasing productivity
reaching maximum values of 7.4 mM/h + 0.6. The H,
total production (or cumulative production) reached
the maximum value of 71.8 mM = 2.3 mM after 24 h
of growth. In parallel, simple sugars (glucose and
fructose) consumption as well as volatile fatty acids
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Table 2. Average results obtained for batch fermentations for experiments in a rich medium, and in
presence of only 200 mL of onion juice or supplemented with NH,4Cl, and/or FeCl, and/or YE. Each

experiment was performed in triplicate

OW]J volume (ml or El E2 E3 E4 E5 E6

gram) in 1200 mL 200+Rich medium 200  200+NH; 200+Fe 200 Fe+NH; 200 Fe+NH;+YE
Total carbohydrates 474427 446+0.8 48.8+29 44.0+1.2 446+1.6 46.9+2.1
(mM)
Glucose (mM) 22.6+0.8 232+1.2 23.7+£15 225+13 21406 23.6%+15
Fructose (mM) 248+1.8 21.4+15 25.2+3.1 21.6+2.1 232+1.3 23.4+14
Consumed 325+1.1 328+1.7 339+09 308+1.7 31.3+23 34.1+£1.0
carbohydrates (mM)
Glucose (mM) 22.6+0.8 23.2+1.2 23.7+1.2 225+0.8 21.4+0.7 23.6+£0.6
Fructose (mM) 9.9+1.6 11.3+1.3 10.2+0.6 8.3+0.6 9.9+0.5 10.5+0.6
Total volatil fatty acids 49.7+1.1 47.7+5.6 53.9+45 4532+26 48.1+0.8 57.2+0.9
(mM)
Acetate production (mM) 43.8+1.9 38.6+3.0 43.1+2.1 39.8+1.2 432+1.6 52.0+1.8
Lactate production (mM) 5.9+0.5 9.1+3.2 10.8+0.7 5.53+0.8 4.8+0.4 5.2+0.4
Total H, production (mM) 78+4.3 71.8+5.3 81.5+54 76.1+52 86.2+4.6 98.0+3.7
H, yield Yn, /¢4 24 2.2 24 2.5 2.7 2.9
Maximal H, production 10.3+0.3 74+06 75109 8.7+0.3 9.4+£0.6 9.7+£0.3
rate (mM/h)
Produced CO, (mM) 35.8+3.2 329+4.6 38.6+3.7 33.8+25 424+28 47.6+2.6
NH4CI* (mM) 10.9+0.2 1.9+0.2 2.0+£0.2 19+0.2 1.9+£0.2 1.9+£0.2
YH, /acetate 1.78 1.86 1.89 1.91 1.99 1.88
Yvra/cg 1.53 1.46 1.59 1.47 1.54 1.68
Yaic/Lac 0.18 0.28 0.32 0.18 0.15 0.15
YH,/C0, 2.18 2.18 2.11 2.25 2.03 2.06
Yacetate/Cg 1.35 1.18 1.27 1.29 1.38 1.52

*NH4Cl is the concentration equivalent to pyruvate measured.

(acetate and lactate) production by TM during the
fermentation was followed by HPLC and represented
in Figure 3.

Organic waste has been used for the first time
as the sole carbon, oligoelement and energy source
for TM growth. Onion has the particularity to con-
tain mainly monosaccharides (glucose and fructose)
which are TM choice substrates. During the fer-
mentation (E2), the sugars concentrations gradu-
ally decreased in correlation with increasing ac-
etate concentration, reaching a maximum value of
43.8 mM. In fact, TM can ferment soluble sugars
present in the OWJ liquid fraction and produce hy-
drogen following the “acetate” pathway. After 22 h,
glucose (22.6 mM =+ 0.8), considered as a limiting

substrate, was completely consumed by TM which
led to growth inhibition and biohydrogen production
by directing the metabolism of TM towards the “lac-
tate” pathway. Indeed, fructose is hardly degraded by
TM because it does not have a specific fructose trans-
ferase system [36].

Although TM was able to grow on onion as a sole
oligoelement, carbon and energy sources, kinetic pa-
rameters obtained for the experiment with 200 mL
of OWJ and SW, were lower than those obtained in
complete rich medium. This demonstrated a lack of
essential elements in OWJ which limit the dihydro-
gen production compared to a rich medium. In pre-
vious work focusing on H, production from organic
waste, the medium culture has to contain preferen-
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fatty acid production (acetate: green triangle and lactate: red circle) over time by Thermotogamaritimain
presence of 200 mL (17% v/v) onion waste juice as the sole carbon and energy source.
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maritima with 200 mL (17% v/v) onion waste juice (OJ) as the sole carbon and energy source (purple
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tially reduced sulfur compounds, an inorganic nitro-
gen source and oligoelements especially iron [31].
Since onion is known to be one of the richest vegeta-
bles in organsulfur compounds, represented by cys-
teine derivatives such as S-alk(en)yl-L-cysteine sul-
foxides [21], the addition of Cys-HCIl did not give
any significant difference on the fermentative kinetic

parameters, whatever the culture conditions tested
(data not shown). In OW]J, the sulfur compounds
would bring the organosulfur compounds easily as-
similable by TM. Moreover, these sulfur compounds
and the antioxidant ones naturally present in onion
could protect TM from free radicals produced dur-
ing oxidative stress. Along the same line, these sul-
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fur compounds allow rapid reduction of the medium
redox potential, inducing the metabolic activity initi-
ation of TM.

3.3. Supplied compounds for fermentation opti-
mization

Results of Hy productivity and total H, production
during fermentation from culture mediums contain-
ing NH4Cl and/or FeCl, as a sources of nitrogen
and iron respectively, are represented in Figure 4 and
Table 2.

3.3.1. Nitrogen supply

To determine if the only ammonium source pro-
vided by OWJ was limiting for H, production by TM,
0.5 g/L of NH4Cl (NH; =9 mM) was added to 17%
of OWJ mixed with SW. Results showed (Figure 4 and
Table 2, E3) that HPR (7.52 mM/h + 0.93), HY (2.41),
and THP (81.5 mM =+ 7.4) were appreciably equal to
those obtained without the addition of nitrogen.

Nitrogen is an essential component of proteins,
nucleic acids, and enzymes and thus, of a great im-
portance for hydrogen producers. In previous study,
a significant increase in biomass yields was observed
with NH,4Cl feed concentrations ranging from 0.5 to
1.0 g/L in continuous culture [33]. In our conditions,
OW] preparation led to pyruvic-acid release accom-
panied by equimolar ammonium production. Early
studies showed that the perceived pungency of fresh
onions is correlated with high levels of pyruvate, a by-
product of the enzymatic hydrolysis, catalyzed by al-
linase, of the alliin (alkyl-cysteine sulphoxide) into al-
licin, pyruvic acid, and ammonium [28]. After cutting
the onion, this enzyme, originally present in the vac-
uole, is released into the cytoplasm, where is its sub-
strate. Under these conditions, the enzymatic trans-
formation of this major sulfur compound by the al-
liinase into allicin and pyruvic acid [37] leads to the
stoichiometric production of ammonium:

2 Alliin Alnase

+2 ammonium (NH})

Allicin + 2 pyruvic acid

The measured pyruvate concentration (ammonium
equivalent) is presented in Table 2. The mix of 200 mL
of OWJ and 1000 mL of SW supplied only 2 mM =+
0.2 of ammonium (~0.1 g/L) while the optimum is
between 0.5-1 g/L [38].

3.3.2. Iron supply

Biohydrogen production requires essential oli-
goelements for microbial metabolism during fer-
mentation. Among these, iron represents the most
important nutrient element to form hydrogenase or
other iron proteins required for almost all biohydro-
gen production [39].

In our conditions, iron concentrations supplied by
OWJ (the natural seawater contains between 0.05—
2 nM; [40]) did not exceed 0.07 mg/L (0.21 mg/100 g
of fresh onion; [20]).

The Fe ion supplementation in fermentative H2
production processes influences them positively and
increases the hydrogen activity [35]. Indeed, iron is a
major constituent of bifurcating Fe-Fe hydrogenase
in TM, the key enzyme involved in pyruvate oxida-
tion to acetyl-CoA and CO; and proton reduction
to molecular H, [41]. The Fe-Fe hydrogenase con-
tains a bimetallic Fe-Fe active center and Fe-S cen-
ters and its limitation reduces biohydrogen produc-
tion by decreasing the TM growth. A previous report
revealed that temperature was a governing factor in
determining the Fe?* effect on hydrogen production.
It was observed that optimum Fe?* concentrations
decreased at higher temperatures [42].

Elbeshbishy et al. [43] presented a summary of
optimal iron concentrations in several hydrogen-
producing microorganisms with concentrations
ranging from 10 to 1600 mg/L. Laboratory exper-
iments have shown that the optimal iron supply
(FeCly) did not exceed 10 mg/L for an optimal fer-
mentation with TM. Beyond this concentration, the
additional iron did not increase the TM fermenta-
tive metabolism (data not shown). Thus, 10 mg/L
have been supplied in media culture comprising
17% (v/v) of OWJ with SW (Figure 4, Table 2, E4).
HPR (8.66 mM/h + 0.9), HY (2.47 moly, /molgexose),
THP (76.1 mM = 5.2) were significantly higher than
those obtained with only OW]J. Little lactate quantity
(5.53 mM = 0.8) was produced during the fermen-
tation into an iron supply medium comparatively
with 200 mL OW]J, with or without NH4Cl (10.8 and
9.1 mM). Lactate is a byproduct of TM metabolism
from the reduction of pyruvate by lactate dehydro-
genase when the hydrogenase no longer oxidizes
NADH [12]. Lactate levels reported during fermen-
tation by Thermotoga species have varied from trace
amounts up to levels rivaling that of acetate [44].
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Dabrock et al. [45] demonstrated that a lactate sig-
nificant amount was produced during glucose fer-
mentation by Clostridium pasteurianum when the
iron concentration was limiting. In our case, during
growth in NH4Cl condition, lack of TM iron led to
process the pyruvate into acetyl-CoA and shifted its
metabolism towards lactate production.

3.3.3. Iron plus nitrogen supply

Effect of iron on ammonia-based cultures was fur-
ther investigated by adding 10 mg/L of FeCl, and
0.5 g/L of NH4Cl to OWJ] medium mixed with SW
(E5). The batch culture in this condition showed a
distinct improvement in the fermentation of onion
waste by TM (Figure 4). The HPR, HY and THP values
with NH4Cl+FeCl, were 0of9.42 mM/h + 0.6, 2.76 and
86.2 mM = 4.6 respectively (Table 2, E5). These val-
ues were similar to results obtained in the presence
of a rich medium (10.34 mM/h + 0.3, 2.4, 78 mM +
4.3). Effect of yeast extract on biohydrogen produc-
tion was also investigated (Figure 5, Table 2, E6). A
comparison was established between H, productiv-
ities and maximum production rates for a mixture
(200 mL OWJ+NHy4+Fe) supplemented or not with
yeast extract (E6 and E5). Results showed that HPR,
THP and HY were similar with or without YE (Fig-
ure 4 and Table 2). This indicated that OWJ contained
amino acids and micro/macronutrients, necessary
for TM growth.

These results proved that despite the presence of
appropriate materials in OW] for TM growth, this
substrate was not sufficient on its own to ensure op-
timal growth and Hy productivity. It is therefore re-
quired to provide OW]J with a source of iron and inor-
ganic nitrogen to optimize the TM fermentation per-
formance.

3.4. Optimization of OW] concentration

To increase the TM growth and fermentative perfor-
mance and confirm whether the H, production in-
hibition was related to a limitation of the OW]J or-
ganic load, the experiments using different volumes
of OWJ (from 0 to 1000 mL) supplemented with nat-
ural seawater (SW) were initially carried out in flasks
and then in bioreactor. No production of H, or other
compounds (acetate and lactate) was observed (data

not shown) for the mixture without OWJ (only seawa-
ter). The maximum production rate, as well as the to-
tal H, production, is represented in Figure 6 and Ta-
ble 3 (E2, E7, E8, E9 and E10) for the different volumes
of OWJ (200, 400, 600, 800, and 1000 mL).

The optimum OWJ volume was 600 mL (50%
of volume, v/v) (E8) with a corresponding HPR
(15.6 mM/h + 0.7) and THP (156.1 mM + 7.5), corre-
lated with the greater degradation of sugar (59.1 mM
+ 2.5). These values were the highest compared to the
other volumes used. Over 600 mL, the onion started
to inhibit hydrogen production correlated with a
metabolism deviation towards lactate production.
The HPR (8.8 mM/h + 1.6) and HY (2.3) decrease,
correlated with high lactate production (31.5 mM +
4.8) for a volume of 800 mL (E9), could be explained
by the high substrate concentrations [11,46]. Most of
the batch studies were carried out with initial sub-
strate concentrations of 1-50 gCOD/L and a majority
of these studies have suggested that initial substrate
concentrations above 20 gCOD/L may decrease
Hjy/substrate yields via substrate inhibition for both
thermophilic and mesophilic bacteria [43,47,48].
The total measured COD in the prepared OWJ was
61.2 g/L + 9.3. At 800 mL of OWJ, the COD was about
41 gCOD/L whereas for 1000 mL of OWJ no fermen-
tation was performed in these conditions with a COD
supply of about 50 gCOD/L.

3.5. Optimal hydrogen production from 50%
OwW] (v/iv)

To evaluate the fermentability of OWJ under the
best conditions, we tested the TM fermentation in
a culture medium containing 50% v/v of OW]J sup-
plemented with iron (10 mg/L of FeCl,) and am-
monium (0.5 g/L of NH4Cl). This experiment pro-
vided a total production of 272.4 mM of biohydro-
gen. The maximum HPR and HY were also increased
to 23 mM/h and 3.2 moly,/molgexose Iespectively.
These values were close to the highest obtained with
TM during a batch culture, under pH and temper-
ature regulation conditions. Interestingly, the addi-
tion of YE in the latter condition showed a signifi-
cant decrease in the kinetic parameters (Figure 7).
The addition of YE could lead to a fermentative pro-
cess limitation due to a COD increase in the culture
medium. As beyond about 30 gCOD/L, TM seemed
to undergo an inhibition by the substrate. The exact
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Figure 5. Maximal H, production rate (blue bar chart) and total H, production (orange curve) by
Thermotoga maritima with 200 mL (17% v/v) onion waste juice (OJ) as the sole carbon and energy

source (O] only) plus: NH4Cl (OJ+NHy); FeCl, (OJ+Fe); FeCl,+NH,4Cl (OJ+Fe+NH,); FeCl,+NH4Cl+YE
(OJ+Fe+NH4+YE).

25 300

mmm Maximal H2 Production Rate (mM/h)
~&-Total H2 Production (mM)

250
20

=

% 200

= s
3 £
ke 15 =
o o
2 B
El 150 3
el o
I a
%10 <
I p—
= 8
E 100 o
=

=

5
50
0 0

200 ml 400 ml 600 ml 800 ml 1000 ml

Figure 6. Maximal H, production rate (blue bar chart) and total H, production (orange curve) by
Thermotoga maritima with increasing volumes of onion waste juice (OJ) (for 1200 mL final volume: 200;
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140

Lamia Ben Gaida et al.

Table 3. Average results obtained for batch fermentations for experiments in different volumes of onion
juice. Each experiment was performed in triplicate, except for the condition with 1000 mL of onion juice

performed only in duplicate

OW]J volume (ml or gram) in 1200 mL E2 E7 E8 E9 E10
200 400 600 800 1000
Total carbohydrates (mM) 446+2.1 932439 131.6+52 189+6.3 2556
Glucose (mM) 232+1.2 454428 716+12 111.6+1.4 130.2
Fructose (mM) 214+15 498432 61.6+4.9 76.2+£9.2 1254
Consumed carbohydrates (mM) 32.8+1.7 56.3+3.8 59.01+25 446+1.3 nd
Glucose (mM) 23.2+1.2 356+0.8 37.16+0.5 39.26+1.2 nd
Fructose (mM) 11.3+£1.3 20.7+13 21.85+14 534+0.8 nd
Total volatil fatty acids (mM) 47.7+56 833+74 979148 88.3+3.7 nd
Acetate production (mM) 38.6+6.0 72.6+3.6 82+3.2 56.8+4.6 nd
Lactate production (mM) 9.1+£3.2 10.7+23 159+3.6 31.5+4.8 nd
Total H, production (mM) 718453 125.7+9.6 156.1+7.5 102.6+10.8 55.9
H», y1€ld YHZ/CG 2.2 2.2 2.6 2.3 nd
Maximal H, production rate (mM/h) 7.4+0.6 14.6+09 15.6+0.7 8.8+1.6 1.5
Produced CO, (mM) 329+4.6 55.6+5.7 70.7+10.3 69.5+5.3 nd
NH,4CI* (mM) 1.9+0.2 3.9+0.3 5.9+0.6 7.0+0.7 9.2
YH, /acetate 1.86 1.73 1.90 1.81 nd
Yvrascg 1.46 1.48 1.66 1.98 nd
YGle/Lac 0.28 0.19 0.27 0.71 nd
Y1, /c0, 2.18 2.26 2.21 1.48 nd
Yacetate/Cq 1.18 1.29 1.39 1.27 nd

*NH,4Cl is the concentration equivalent to pyruvate measured. Nd: not defined.

inhibitory substrate concentration requires further
experiments in synthetic culture medium in the pres-
ence of increasing concentrations of glucose and YE,
while following conventional growth kinetic param-
eters (growth rate, H, productivity, total H, produc-
tion ...). However, these results showed that the YE
contribution seems unnecessary to improve the OW]J
nutritional intake, which consequently would con-
tribute to reducing the synthetic compounds price in
feedstocks.

3.6. Optimization of fermentation mode

Most of the dark fermentation studies for hydro-
gen gas production from feedstock substrates were
performed by discontinuous cultures. Batch fermen-
tations are usually subject to substrate and prod-
uct limitations yielding low hydrogen gas produc-

tivities. In our conditions, above 50% v/v of OWJ]
(31 gCOD/L), hydrogen production decreased due to
the inhibition by the substrate charge. In this case,
the fed-batch operation could have considerable ad-
vantages as compared to batch operation and could
be used to overcome substrate/product and toxic
compound inhibitions encountered at high substrate
concentrations. The substrate solution was added
with a rate sufficient to support the bacterial com-
munity and to eliminate the substrate inhibition with
no effluent removal. To develop alarger-scale H pro-
duction system in overcoming the problem linked to
the substrate limitation in batch cultures, fermenta-
tion in the fed-batch mode was carried out with OW]J
addition in different stages (Figure 8). Each addition
of concentrated OWJ mixed with sea salt was per-
formed when the HPR began to decrease. Figure 8
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Figure 7. Maximal H, production rate (blue bar chart) and total H, production (orange curve) by
Thermotoga maritima with 600 mL (50% v/v) onion waste juice (OJ) as the sole carbon and energy
source (O] only) plus: NH4Cl (OJ+NHy); FeCl, (OJ+Fe); FeCl,+NH,4Cl (OJ+Fe+NH,); FeCl,+NH4Cl+YE

(OJ+Fe+NH4+YE).

shows the comparison between batch and fed-batch
cultures with 50% OWJ as the only sources of oli-
goelements, energy and carbon. The first addition of
120 mL of OWJ (10% v/v) in the batch culture con-
dition was made one hour after the HPR was de-
creased. H, production increased again but with a
significant decrease in the previous maximum hy-
drogen production rate (Figure 8). Subsequent ad-
ditions showed the same effect with an overall de-
crease in Hy production. As noted, ammonium and
iron are essential for optimal growth. Cell multi-
plication is dependent on these micro/macro ele-
ments. In our Fed-batch experiments, we assumed
that the lack of iron and ammonium led to this
decrease in hydrogen production combined with a
significant COD-increasing effect. However, this ex-
periment showed that it is possible to exceed the
limiting concentration of COD in our culture me-
dia with TM. After four additions and about 40 h
of growth, the maximum H, production reached
330 mM. Under optimal conditions with iron and
ammonium addition, this H, production was dou-

bled (data not shown) showing the efficiency of the
fed-batch operation with TM to produce biohydro-
gen from OW]J.

4. Conclusion

Onion is one of the world’s most versatile and traded
vegetables (85 million tons) generating a lot of waste
at a low cost. These waste materials represent an
environmental problem since they are not suitable,
in high concentration, for livestock feeding due to
onion unpleasant smell and as an inorganic fertilizer
given the rapid herbicide and antimicrobial agents
development. To date, only few studies focused on
the onion waste recycling process for the produc-
tion of value-added by-products as functional com-
pounds, or of biogas (methane and Hj) by anaer-
obic digestion [26]. In this work, biohydrogen fer-
mentation by Thermotoga maritima (TM) was suc-
cessfully performed from a mixture of Onion Waste
Juice and seawater, in a batch STR system. The pre-
sented results indicated that the highest H, produc-
tion parameters were obtained for mixture of OW]J
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Figure 8. H, production (HP; empty symbol) and H, production rate (HPR, solid symbol) by Thermotoga
maritima with 600 ml (50% v/v) onion waste juice (OW]) as the sole carbon and energy source under
batch (gray triangle) and fed-batch (blue square) conditions. In the fed-batch operation, an initial
addition of 120 ml of onion waste juice was performed followed by the sequential addition of 10% (v/v)

of the initial volume of the culture medium.

with SW and iron/ammonium input. These results
were nearly 1.3-fold greater than those in batch cul-
tures without iron/ammonium supply. The fed-batch
culture of TM in the 2-L STR bioreactor showed a high
production of H, despite a COD above 30 gCOD/L.
The maximal H, production achieved was 330 mM at
40 h. These results could potentially be used in as-
sessing the feasibility of TM use in OWJ conversion
into H, on an industrial scale.
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Abstract. A series of supported solid base catalysts were prepared by impregnation of chloride salts
over CaO. The catalytic activity of the prepared catalysts was tested for the transesterification reaction
of biodiesel from rapeseed oil and methanol. The KCl/CaO catalyst containing 15% KCl exhibited the
highest catalytic activity after calcination at 600 °C for 6 h. A reaction optimization study was carried
out using KCI/CaO as catalyst leading to operation conditions for achieving a 98.3% yield of fatty acid
methyl ester (FAME) at 2.5 h and 65 °C, a catalyst amount of 10%, and a mole ratio of methanol to
rapeseed oil of 15:1. It was found that the highest FAME yield at 2.5 h was faster than that at 6 h for
commercial CaO catalysts under the same reaction conditions. The characterization results showed
that the pore size of CaO particles was greatly improved by the addition of KCl, which facilitated better
access of the reactive molecules to the active sites of the catalyst.

Keywords. Basicity, Biodiesel, Heterogeneous catalysis, KCl/CaO, Rapeseed oil.
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1. Introduction
Biodiesel is a promising candidate as an alternative
clean fuel due to its distinctive properties such as
non-toxicity, low-sulfur content, easy biodegradabil-

ity, renewable and low harmful gas emissions [1,2]. In
recent years, production processes and technologies

* Corresponding author.

ISSN (electronic) : 1878-1543

for biodiesel have been relatively mature and promis-
ing [3]. However, it has some disadvantages that hin-
der its large-scale production, such as high product
cost [4], and low reaction rate [5].

Many catalytic systems have been reported for
the transesterification reaction of rapeseed oil and
methanol, such as acid catalysts, alkali and en-
zymes [6-8]. In homogeneous acid or alkali catalyzed
biodiesel productionss, the catalyst is characterized
by high catalytic activity and catalytic rate, but the
post-treatment is complicated [9]. Transesterifica-
tion reactions using enzyme catalysts have been es-
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tablished to simplify the separation process of cata-
lysts from products. However, enzyme catalysts are
susceptible to poisoning and exhibit low selectiv-
ity [10]. Among them, heterogeneous acid base cat-
alysts have attracted much attention because they
can overcome the problems posed by other cata-
lysts [11,12]. CaO is a commonly used basic catalyst
for transesterification reactions, which is attributed
to its cost-effectiveness, high activity, superior basic-
ity, and easy availability of raw materials [13,14]. Liu
etal. [15] described the transesterification process for
the conversion of soybean oil to biodiesel using CaO
as a solid catalyst. The reaction was carried out using
a 1:12 molar ratio of soybean oil to methanol, a cata-
lyst concentration of 8 wt% (in terms of oil weight) at
a temperature of 65 °C within a reaction time of 3 h,
and a 95% yield of biodiesel. Tang et al. [16] reported
that nano-CaO with different particle sizes and crys-
tallinity was prepared by sol-gel method, which ex-
hibited better catalytic performance than commer-
cial CaO for biodiesel production under the same re-
action conditions. The best reaction was achieved at
1:1:8 molar ratio of oil to DMC to methanol, 5 wt%
nano-CaO catalyst (calcined at 800 °C), and, 65 °C re-
action temperature, and the fatty acid methyl ester
yield exceeding 4 h was 92%, which is 2 h shorter than
that of commercial CaO. Degfie et al. [17] prepared
nano-CaO via thermal decomposition and used it as
a catalyst to valorize waste cooking oil to biodiesel.
It was revealed that the highest conversion of 96%
was obtained at optimized reaction conditions of
50 °C, methanol/oil ratio of 8, and catalyst dosage
of 1 wt% with a reaction time of 90 min. Another
notable source of CaO for biodiesel synthesis could
be derived from waste shells. Eggshells and aquatic
shells have been widely reported as renewable and
inexpensive CaO sources to replace rapidly deplet-
ing chemicals. Santos et al. [18] developed micro-
structured CaO from chicken eggshells by calcination
at 850 °C for 3 h and then used it for biodiesel synthe-
sis from soybean oil. They reported a yield of 84.53%
at a catalyst loading of 5 wt%, which is lower than
some other studies that used chicken, oyster, duck, or
ostrich shells. Apart from this, doped and loaded ver-
sions of other modified CaO-based catalyst materials
have also been reported. Maryam et al. [19] reported
the doping of CaO derived from calcined eggshells
with Na-K using a wet impregnation method to im-
prove the catalytic activity at low reaction temper-

atures and to shorten the reaction time. The effect
of different Na/K molar ratios was investigated on
biodiesel yield from canola oil, and the highest FAME
yield of 97.6% was obtained under optimal reaction
conditions. Moradi et al. [20] described the use of
Ca0/SiO, as a heterogeneous catalyst for biodiesel
production from corn oil. The transesterification re-
action was carried out in the presence of corn oil,
methanol (methanol to oil molar ratio of 16:1) and
6 wt% of catalyst (in terms of oil) at 60 °C for 8 h. The
catalyst loading of 70%, calcination temperature of
650 °C and acid to water ratio of 0.5 were optimal val-
ues, and the purity and conversion of biodiesel pro-
duced were 98.5 and 85.6%, respectively. MacLeod
et al. [21] evaluated four alkali-doped metal oxide
catalysts, LiNO3/CaO, NaNO3/CaO, KNO3/CaO, and
LiNO3/MgO, for biodiesel production from rape-
seed oil. The results show that there is a correlation
between base strength and catalyst performance,
and that the alkali-doped metal oxide catalysts are
promising catalysts having short reaction times.

Here we investigated a series of supported solid
base catalysts that were prepared by impregnating
CaO with different chloride salts, as well as their cat-
alytic applications in the transesterification of rape-
seed oil for biodiesel production. The influence of
various process parameters, such as. kinds of active
components, reaction temperature, catalyst dosage,
and reaction time, were investigated in detail.

2. Experimental
2.1. Materials

Refined rapeseed oil was purchased from JianX-
ing Agriculture Technology Group Co., Ltd. (Xi’an,
Shaanxi) Calcium oxide was purchased from
Sinopharm Chemical Reagent Co., Ltd. Kalium chlo-
ratum, methanol, cyclohexane, were purchased from
TianLi Chemical Reagent Ltd. (Tianjin) Methyl hep-
tadecanoate was purchased from Sigma. All chem-
icals were of analytical reagent grade were used
without pretreatment.

2.2. Catalyst preparation

The supported solid base catalysts were prepared us-
ing a well-known immersion method based on the
supporter CaO. The CaO support was pretreated into



Shuang Tao er al. 147

a muffle furnace for calcination at 600 °C for 6 h ac-
cording to the previous results as suggested by Mo-
hammed’s [22], and then impregnated with the pre-
pared solutions of different chloride salts at room
temperature. After 12 h, the resulting pre-catalyst was
immediately dried in an oven at 110 °C for 5 h and
then calcined under a specified time and tempera-
ture conditions.

2.3. Catalytic testing

Amount of rapeseed oil and methanol were added in
a three-necked round-bottomed flask equipped with
a reflux condenser and a thermometer, and the cata-
lyst was added under stirring. Then the mixture was
heated to refluxing temperature of methanol (65 °C)
under stirring. The catalytic performance was evalu-
ated by analyzing the sample taken out from the re-
action mixture every 1 h. All samples were treated by
centrifugation for the separation of catalysts, and the
excess methanol in the samples was distilled off un-
der vacuum.

2.4. Characterization of catalysts

The particle sizes and shapes of the prepared cat-
alysts were examined using SEM (JSM-6390A,
HI2TACHI). Adsorption isotherms of nitrogen on
the prepared catalysts were obtained using an auto-
mated volumetric adsorption apparatus (ASAP2010,
Micromeritics). Samples were evacuated at 300 °C for
2 h before exposure to nitrogen gas at 77 K. The BET
surface areas were calculated using the Brunauer—
Emmett-Teller equation. Temperature programmed
desorption (TPD) of carbon dioxide was carried out
using ChemiSorb2750 instrument (Micromeritics).
The temperature of the sample was increased to
850 °C at a ramping rate of 10 °C/min and the des-
orbed carbon dioxide was detected using a thermal
conductivity detector.

2.5. Pretreatment of biodiesel

If vegetable oil contains free fatty acid (FFA), it will re-
act with homogenous base catalysts to form soap and
water [23]. NaOH was used to remove free fatty acid
from raw rapeseed oil. After multiple washings with
water, then cyclohexane was used to remove remain
water and the refined rapeseed oil was obtained.

The transesterification reaction was carried out in
a 100 mL flask with a three-necked, round-bottomed,
and thermometer. Rapeseed oil and methanol were
first mixed under magnetic stirring and then heated
to the reflux temperature of methanol in a water bath.
The reaction occurs after adding the amount of cata-
lyst into the mixture. After the desired time, the cat-
alyst was separated by centrifugation and unreacted
methanol was separated from the supernatant by
vacuum distillation. Then the purified samples were
collected for analysis.

2.6. Analyses

Samples, 1 uL, were analyzed by gas chromatography
equipped with HP-INNOWAX (30 m x 0.15 mm) col-
umn with a flame-ionization detector and N, as car-
rier gas. The column was maintained at 100 °C for
1 min, then increased at 20 °C/min to 240 °C and
maintained for 1 min. Detector and injection temper-
ature were 280 °C and 320 °C, respectively. The yield
of biodiesel was calculated by the flowing equation
given by Leung and Guo [24].

weight of biodiesel

weight of oil

Yield (%) =100 x

3. Results and discussion

3.1. Transesterification of rapeseed oil to
biodiesel

3.1.1. The catalytic performance of different catalysts

According to previous studies, it was observed that
the introduction of Cl™ not only increased the num-
ber of base sites, but also significantly changed its
base strength [25]. In our study, biodiesel was pre-
pared by the catalysis of CaO supported with differ-
ent active components, namely KCI, AlCl3, NH4Cl,
FeCls, and LiCl. The results are shown in Figure 1.
As shown, all supported catalysts catalyzed the trans-
esterification reaction of rapeseed oil. Among them,
KCl/CaO showed the best catalytic activity under
the same reaction conditions. The optimal perfor-
mance was obtained when KCl/CaO was used as
a catalyst, with 98.4% of yield to biodiesel, which
was 15.1% higher than commercial CaO. However,
Reyero et al. [26] studied the heterogenization of
biodiesel synthesis over CaO catalysts and found that
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Figure 1. Comparison of biodiesel yield over
different catalysts.

Ca-glyceroxide possessed appreciable basicity and
could increase the yield of biodiesel to about 83.4%
within 2 h reaction time. The results suggest that
active components have an important influence on
the catalysis of CaO. The performance of the catalyst
was significantly improved with the addition of KCl,
which could appropriately modify the pore structure
and inner surface area of CaO. The specific reason for
this needs to be further studied and will be explained
in detail later. Based on the results, KCl/CaO was used
for further experiments.

3.1.2. The influence of molar ratio

One of the most important parameters affect-
ing the transesterification process is the molar ra-
tio of the reactants [27]. Theoretically, the biodiesel
yield can reach a maximum when the molar ra-
tio of methanol to rapeseed oil at 3:1. However,
more methanol was introduced to keep the equa-
tion shifted to biodiesel production. The effect of
the molar ratio of methanol to rapeseed oil was ex-
amined and the results are shown in Figure 2. The
biodiesel yield tended to increase with increasing
amount of methanol, and reached a maximum of
98.4% when the molar ratio of methanol to oil was
15:1. In contrast to Huang’s study [28], the biodiesel
yield reached only 97.8% at the same molar ratio of
methanol to oil. It was also observed that when the
molar ratio of oil to methanol was increased to 20:1,
the yield of biodiesel decreased remarkably due to di-
lution effect. Hence, the optimum operating ratio for
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Figure 2. Effect of molar ratio on yield of
biodiesel.
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Figure 3. Effect of calcination temperature on
yield of biodiesel.

conversion will be 15:1.

3.1.3. The influence of calcination temperature

Calcination temperature was found to be of great
importance in the preparation of catalysts with high
catalytic activity [29]. The effect of calcination tem-
perature on biodiesel yield is depicted in Figure 3. In-
creasing the calcination temperature leads to an in-
crease in biodiesel yield due to the appearance of ac-
tive sites derived from the decomposition of chlo-
ride salts at higher temperatures. The most favorable
yield of biodiesel at 2.5 h was 98.3% when the re-
action was carried out by calcination of the catalyst
at 600 °C. However, when the catalyst was calcined
above 600 °C, the excessively high temperature led to
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Figure 4. Effect of KCl addition on yield of
biodiesel.

CaO sintering, resulting in a decrease in the biodiesel
yield. These results indicate that the catalyst activ-
ities strongly depend on the calcination tempera-
ture [30] and that a suitable calcination temperature
is beneficial to the performance of the in terms of
flavor and appearance. The optimal calcination tem-
perature was set at 600 °C. In a similar study, Chen et
al. [31] reported a biodiesel yield of about 90% using
Ca0O/MgO/Fe304 calcined at 600 °C as a catalyst.

3.1.4. The influence of loading amount of KCI

Considering that the highest catalytic perfor-
mance was exhibited over KCl/CaO, the loading
amount of KCI was further considered for evaluating
the reaction parameters. As illustrated in Figure 4,
the catalytic activity was increased by increasing the
amount of KCI from 1% to 15%. While increasing the
amount of KCI further, the yield of biodiesel did not
increase but decreased significantly due to the excess
of KCl covering the active sites on the CaO surface.
Therefore, the optimum amount of KClI in this reac-
tion is 15% by weight of CaO. In contrast to Tang’s
study [25], it was found that KCl/CaO impregnated
in a 15% KCl solution for 12 h and calcined at 600 °C
gave the best performance with the highest yield of
96.4%, where there was an appropriate dispersion of
CaO particles with strong basic sites.

3.1.5. The influence of catalyst amount

The influence of catalyst amount on the catalytic
performance of rapeseed oil transesterification to
biodiesel was investigated from 1% to 15%, and the
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Figure 5. The effect of catalyst amount on yield
of biodiesel.

results are shown in Figure 5. From the results, it
can be seen that the yield of biodiesel gradually
increased with an increase in catalyst weight, and
reached the highest value of 98.4% at 10% catalyst
usage. Oliveira et al. [32] reported that the obtained
catalysts were tested at the following reaction param-
eters: 20:1 methanol:oil molar ratio; 10% of catalyst
amount; 60 °C temperature for 5 h, with the high-
est yield (92.2%) to be obtained. Whereas the yield
of biodiesel decreased to some extent as the catalyst
amount was increased to 15%. The results clearly in-
dicate that a sufficient number of basic sites are re-
quired to catalyze the completion of the reaction [33].
This decreasing trend was attributed to the forma-
tion of soap in the presence of large amounts of cat-
alyst, which increased the viscosity of the reactants
and lowered the yield of esters [34].

3.1.6. Theinfluence of reaction time

Figure 6 illustrates the influence of reaction time
on the yield of biodiesel, which varies in time from
10 to 180 min at reflux temperature. From the re-
sults, it can be found that the yield of biodiesel ini-
tially increases with increasing reaction time [35],
with a maximum vyield of 98.3% at the time when
the reaction was carried out at reflux temperature for
2.5 h. Whereas, in Wen’s study [36], they prepared the
KF/CaO nanocatalyst by impregnation method and
used it to convert Chinese tallow seed oil to biodiesel.
The optimum reaction conditions were 12:1 alcohol
to oil molar ratio, 4 wt% catalyst loading /w of oil,
65 °C reaction temperature, and 2.5 h reaction time
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Figure 6. Effect of reaction time on the yield of
biodiesel.

resulting in 96.8% biodiesel yield. Further extension
of the time to 4 h did not result in an increase in
biodiesel yield, but indicated a slight decline in the
stage of side reactions that appeared, such as the de-
composition of glycerides.

3.2. Catalyst characterization

3.2.1. FT-IR spectrum of different catalysts

FT-IR patterns of the KCl/CaO catalyst and CaO
are shown in Figure 7. The broadband in the 3200-
3600 cm™! region is attributed to the —-OH stretching
vibrations of the surface hydroxyl groups. The peaks
observed at 1625, 1450, and 876 cm™! could be due
to CO%’ vibrations. The main reason for the forma-
tion of -OH and CO%‘ is the absorption of CO, and
water from the air by the catalyst [37]. The presence
of KCI obviously reduces the intensity of -OH, which
indicates that the formation of KCl/CaO not only en-
hances the stability of CaO in air, but also makes it
well active.

3.2.2. SEM results

The morphologies of CaO before and after support
were studied using SEM images. As shown in Figure 8,
the surface morphology of CaO particles changed
greatly after being supported, and their morphol-
ogy changed from flocculent particles to spherical
granules. The results indicated that the active com-
ponents could be dispersed on the surface of the
catalyst [38]. After loading with KCl, the catalysts
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Figure 7. IR spectra of different catalysts.

were larger in size, with good particle dispersion
and exhibited excellent catalytic performance. The
EDX analysis of the surface (inserted in b) confirms
the composition of the materials. From the results,
the amount of KCl over KCl/CaO was found to be
lower than the supporting amount, thus indicating
the leaching of KCI during the catalyst preparation
process.

3.2.3. N, physisorption

The structural properties of the catalysts were de-
termined by N, adsorption-desorption. As can be
seen in Figure 9, the isotherms are typically type II,
presenting upward at first and slightly concave up-
ward later in the curve. The curve for CaO seems to
overlap, and it may have a cylindrical hole but closed
at one end. In contrast, KCl/CaO may have a cylindri-
cal hole open at both ends, or possibly in the shape
of an ink bottle. A comparison of the two hystere-
sis curves of the catalyst suggests that KCl/CaO may
exhibit a regular and orderly structure. The unique
structure of KCl/CaO may help to improve the cat-
alytic activity.

The textural structure and basicity of the sam-
ples are summarized in Table 1. It can be found
that the surface area and total pore volume of CaO
and KCl/CaO gradually decreased from 37.69 to
28.9567 m?/g, respectively. However, the pore size
of CaO particles improved greatly from 61.584 to
126.7323 nm upon the addition of KCI. These results
indicate that the higher the activity of the catalyst,
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Figure 8. Scanning electron micrograph of different catalysts.
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Figure 9. Nitrogen adsorption-desorption
curves of different catalysts.

the larger the average pore diameter of the catalyst.
This suggests that the average aperture increases
obviously with the addition of KCI, which may be
beneficial for the reactive molecules to better access
the active sites of the catalysts.

3.2.4. Basic properties

Solid base catalysts have better catalytic activity
for the transesterification of rapeseed oil to biodiesel
if they have strong basicity and more basic sites [35].
The improvement of catalyst performance should
contribute to the formation of methoxyl on the ac-
tive basic sites of solid catalysts. To find out the ba-
sic strength and the number of basic sites, TPD was
performed on the calcined catalysts, and the results
are shown in Figure 10. No desorption peaks were
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Figure 10. CO,-TPD curves of different cata-
lysts.

observed below 200 °C, indicating that both sam-
ples are not weakly basic. The desorption peaks ap-
peared in the high temperature range from 600 to
800 °C, attributed to strong basic sites, and the peaks
shifted to the high temperature range over KCl/CaO,
indicating that the suggested that KCI modified CaO
has stronger basic sites, with the CO, desorption
peak appearing at 758 °C. This fact would confirm
the presence of strong basic sites in KCl/CaO as
well as explain the high catalytic activity observed
when it was used as a catalyst for the transester-
ification of rapeseed oil. Under the same reaction
conditions, CaO exhibited a FAME vyield of 61.2%,
whereas the yield of FAME relative to KCl/CaO was
more than 98%.



152 Shuang Tao er al.

Table 1. Pore structure properties of different supported catalysts

BET surface area (m?/g)

Total pore volume (cm®/g x 10%)

Average pore diameter (nm)

CaO 37.6900 8.8013 61.5840

15%KCl/CaO 28.9567 9.1744 126.7323
V kCl various chloride salts. Improvements were made by
;gg(%H)z i adding alkali metals to eggshell-derived CaO, and
ACaCo, 159% KCI/CaO these catalysts typically require almost longer reac-
| tion times and high temperature, which can result
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Figure 11. XRD patterns of CaO and KCl/CaO.

3.2.5. XRD results

The XRD patterns associated with KCI/CaO and
CaO are shown in Figure 11. The characteristic XRD
lines of CaO appeared with relatively low inten-
sity, while a significant KCI crystallographic diffrac-
tion intensity was observed after modification with
KCl, indicating that the presence of KCl limits the
sintering of CaO particles. Since CaO is known to
have a very high basicity, it is considered to be the
main basic site responsible for transesterification.
The more dispersed the CaO particles are, the higher
the amount of FAME yield. Furthermore, weak peaks
of CaCOs could be detected, indicating the presence
of amorphous carbonates and a slower carbonation
process of CaO compared to rapid hydration. The
results are in agreement with the data reported by
Granados [39].

4. Conclusions

The transesterification reaction of rapeseed oil with
methanol was carried out using modified CaO with

in spending more time, energy, and cost. The influ-
ence of metal types has been investigated and the
greater activity of KCl/CaO relative to other modified
CaO can be explained by the presence of CaO with a
higher concentration of super-basic sites not present
in CaO. The novel solid basic catalysts showed high
activities for biodiesel production with yields exceed-
ing 98%. The structural properties and performance
of these catalysts in biodiesel production from rape-
seed oil were investigated and the reaction condi-
tions were optimized to see if biodiesel could be pro-
duced under milder conditions (i.e., at a lower price)
in the presence of these catalysts. Finally, the stabil-
ity of the catalysts with the highest yields was also ex-
amined. CaO was found to possess the advantages of
high basicity, high pore volume and good dispersion.
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results showed that CaO only acts as CO2 absorbent during the process. Increasing the ratio of Ca/C
and S/B has increased the concentration of Hy and absorption of CO> in the syngas. The addition of
CaO did not significantly increase the production of CH4 and CO in the syngas. The Hp concentration

reaches about 78.16 vol% at 700 °C and Ca/C 2.
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1. Introduction

Global warming is a serious environmental problem
that threatens the survival of all living beings. Global
warming is mainly caused by the accumulation of
carbon dioxide in the atmosphere. CO; is respon-
sible for at least 76% of all greenhouse gas (GHG)
emissions, with 65% arising from fossil fuel combus-
tion and industrial usage [1-3]. In addition, fossil en-
ergy reserves continue to decline, accompanied by
rising crude oil prices. The use of renewable energy
to substitute fossil fuels is one way to reduce CO,

* Corresponding author.

ISSN (electronic) : 1878-1543

emissions. As the prime renewable carbon source
with neutral carbon, biomass is an alternative energy
source that can be utilized side by side with fossil
fuels.

Biomass is a renewable energy source that is com-
patible with fossil energy. Knowledge in develop-
ing biomass conversion technology and filling gaps
needs to be deepened. Agricultural and plantation
waste that is not competitive in the food sector is
a suitable energy source. Being the largest palm oil
exporter, Indonesia produced and exported nearly
45 million tons of palm oil and 26 million tons in
2020. For every ton of crude palm oil produced, there
are around 1.5-2 tons of palm empty fruit bunch
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(PEFB), or 22% of the whole process [4-7]. PEFB is a
by-product of sterilizing and stripping oil palm fruit
from fresh fruit bunches [8,9]. PEFB is occasionally
allowed to decompose on the discharge side, cre-
ating anaerobic conditions with strong greenhouse
gas (GHG) emissions of methane [10]. The current
practice of PEFB disposal is by burning to produce
steam to generate electricity in palm oil mills [11]
or used as organic fertilizer [12]. Direct combus-
tion of PEFB as biomass has several disadvantages:
low calorific value, high moisture content, corrosion
problems, wide particle size distribution, and low
homogeneity [13-15]. However, since PEFB mainly
comprises cellulose, hemicellulose, and lignin, pro-
cessing wastes such as anaerobic digestion without
pre-treatment will be complex [13,16,17].

To improve the properties of biomass fuels, many
conversion processes have been applied to obtain
high-quality fuels from biomasses. Biomass conver-
sion can be carried out by various processes such as
thermochemical, bioprocesses, and various physical
and chemical processes [18-20]. Gasification as ther-
mochemical conversion technology can effectively
convert biomass into syngas consisting of H, and
CO. Utilization of biomass becomes real and valu-
able through gasification, which produces high pu-
rity Hy. However, there are still limitations in increas-
ing the added value of biomass. Carbonaceous gases
such as CO, CHy, and CO, are also present in the
syngas, which dilutes the H, concentration. Sorp-
tion enhanced steam gasification (SESG) is a simple
and novel technology to produce H, rich syngas from
biomass. CaO is used as an absorbent in the pro-
cess to remove CO2, which is formed directly dur-
ing the gasification process. This increases the con-
centration of H; in the syngas. The optimal temper-
ature based on literature studies is 500-750 °C under
atmospheric pressure [21-25]. This is related to CO;
absorption so that syngas rich in H, and low in CO,
concentration is obtained.

Research on SESG using CaO has been carried out
on several biomasses. Martinez et al. [26] used wood
and wheat straw as feedstock in the steam gasifica-
tion process with absorption focused on tar forma-
tion. Inayat et al. [27] obtained 75 vol% H; from EFB
at 700 °C. In addition to the steam ratio, temperature
also affects the gasification process by absorption.
At 750 °C, CaO only acts as the catalyst to increase
the carbon conversion rate. The maximum CO, ab-

sorbed by CaO was 189.88 mL/g in the gasification
of cellulose by Mbeugang et al. [28]. Sufficiently high
H, concentrations were also obtained for sugar-
cane leaves by the same process using CaO/MgO at
600 °C [29]. Dong et al. [30] also confirmed that the
addition of CaO to biochar increased H, at 700 °C.
Detchusananard et al. [31] stated that the ratio of
S/C and gasification temperature were the param-
eters that most influenced the gasification of wood
residue. However, the carbon conversion and gasifi-
cation efficiency of the SESG process are pretty low
at the existing gasification temperature range. Gasifi-
cation of biomass at lower temperatures will produce
high tar. Although CaO has been shown to catalyze
cracking or reformation, tar is still formed during
the gasification process. There are two main ways
to increase Hj yield further and reduce tar from the
current SESG process. One method adds pressure to
the process to raise the reaction temperature [32-34].
Under pressure, a higher gasification temperature
can be achieved to increase the CO, absorption rate.
Meanwhile, in such a case, the gasification efficiency
and the conversion rate of biomass carbon will be
greatly improved, significantly increasing the yield of
high-purity H,. The key problems in this method are
the pressurized system’s great complexity and diffi-
culty of the operation and the high capital and op-
erational expenditure. Another option is to include
a catalyst in the process to speed up the gasification
reaction [27,35,36].

Bentonite has been widely used as an ab-
sorbent and catalyst in several waste treatment
processes [37-40] and energy conversion, especially
pyrolysis [41-45]. In our previous study [46,47], the
application of bentonite was shown to increase H;
in conventional gasification at low temperatures. In
addition, bentonite can reduce tar during the gasi-
fication process [48] and increase the heating value
of the gas as an adsorbent [49]. To the best of our
knowledge, there is very limited literature discussing
catalytic sorption enhanced steam gasification of
PEFB to obtain high H, concentrations in syngas.
Moreover, a bentonite catalyst has never been ap-
plied to this process. This study aims to produce
Hy-rich syngas from PEFB through the SESG cat-
alytic process. Parameters evaluated were the effect
of temperature, steam to biomass ratio, and Ca/C
ratio on syngas composition, H, increase, and CO,
reduction, as well as calorific value and gasification
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Figure 1. SEM image of (a) bentonite and (b) CaO.

efficiency.

2. Materials and methods
2.1. Feedstock

Palm empty fruit bunch in this study was obtained
from the local crude palm oil industry in South
Sumatra, Indonesia. The analysis and results of prox-
imate and ultimate PEFB and bentonite as a cata-
lyst in this study were reported in our earlier stud-
ies [46,47]. The absorbents used in this study con-
sist of 96.23% CaO, and 1.75% MgO, and the rest are
Fe, 03, SiO,, K»03, as well as Al,03, each of which
are less than 1% as determined by XRF analysis. The
morphology of CaO and bentonite is seen from Scan-
ning Electron Microscope (SEM) images (Figure 1).
SEM microscopy was performed using SEM JEOL-
JSM-6510 LA. As seen, calcined bentonite has a sim-
ple structure while calcined CaO possesses a loose
structure, and the active surface is quite porous and
rough, which is suitable for CO, uptake.

2.2. Experiments

The gasification apparatus shown in Figure 2 con-
sists of a gasifier (OD 230 mm and height 670 mm),
a cleaning system, a biomass hopper, and a cooling
system. The gasifier was made of stainless-steel pipe
with a thickness of 15 mm and was heated by three
electrical heaters to reach reaction temperature (550—
750 °C). The gasification process was carried out in a

Mag= 1500KX  Signal A=SE1 Date 112 Now 2021 UPTLTSIT
WD = 8.0mm EHT = 1000kv  Time 1309:37

(b)

fixed bed gasifier, with steam serving as the gasifica-
tion agent and being injected into the bottom of the
gasifier. At the beginning of the process, the CaO is
placed in the bed that is upper from feedstock and
catalyst. The gasification products passed through
the cooling system. Tar was separated after cooled
and collected in the storage tank. Gas chromatograph
(Perkin Elmer Clarus 680) was used to evaluate the
syngas composition after being collected in the gas
bag. Steam gasification of PEFB with bentonite cat-
alyst was performed at temperatures between 550 °C
to 750 °C, and the ratio of steam to biomass (S/B) var-
ied from 0 to 2.5. The Ca/C revealed the CaO and car-
bon ratio in PEFB varied from 0 to 2.

3. Results and discussion

3.1. Effect of variation of catalytic gasification
temperature on S/B=1

Syngas yield and syngas composition from palm
empty fruit bunch (PEFB) catalytic gasification at dif-
ferent temperatures are shown in Figure 3. Syngas
yield increased gradually with increasing tempera-
ture. At 750 °C, the syngas yield reached 1.03 m3/kg.
These results indicated the potential of PEFB to
produce syngas. This finding aligns with SESG re-
sults from other feedstocks, which show that higher
temperatures favor carbon conversion, resulting in
higher syngas yields [28,50,51].

The concentration of H, increased with increas-
ing temperature, while, the opposite trend was found
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Figure 2. Illustration of the experimental setup for SESG of PEFB. (1) Biomass hopper; (2) gasifier;
(3) water tank; (4) pump; (5) steam generator; (6) temperature controller; (7) valve; (8) heat exchanger;
(9) cooling water tank; (10) separator; (11) liquid storage; (12) gas bag.

for CO. Kinetically, the increasing temperature is suit-
able for the water gas shift (WGS) reaction to pro-
duce H, to a certain extent. Gasification can take
place at low temperatures, such as in this study, with
a temperature range of 550-750 °C. It is still neces-
sary to support the absorption process and a catalyst
to optimize the gasification reaction in PEFB. With
increasing temperature, the concentration of Hy in-
creases rapidly so that the H; in the syngas reaches
42.15 vol%. The increase in H; is also influenced
by the bentonite catalyst used. Our previous work
revealed that H, increased after bentonite was ap-
plied [46]. The concentration of CH4 is marginally
increased due to the breaking of the branching of
the volatile molecule. CO was also generated dur-
ing the cracking and reforming processes, although
it was insignificant. If there is a quick increase in H;
and CHy4 concentrations, the WGS reaction will con-
sume some of the CO, resulting in a continual re-
duction in CO concentration. The concentration of
CO, which was initially high at 40.12 vol%, decreased

to 31.24 vol% at 750 °C. With increasing gasifica-
tion temperature, the concentration of CO,, which
was initially reduced and then increased, obtained a
minimum value of 13.26 vol% at a temperature of
650 °C. CO, is formed from the primary cracking of
the C=0 functional group in the PEFB biomass mole-
cule, steam reforming from volatile pyrolysis, and the
WGS reaction.

The cracking and reformation of the volatiles are
generally sufficient around 650-750 °C. During the
PEFB steam gasification process, the WGS reaction
rate increases and becomes the dominant reaction.
As the temperature rises from 650 to 750 °C, the reac-
tion rate of the WGS reaction increases, causing the
CO content to drop progressively and the concentra-
tions of H, and CO, to rise. In addition, steam re-
forming of CH4 occurs significantly at higher temper-
atures, leading to a decrease in its concentration. Ac-
cording to Figure 3, the concentration of H, in the
syngas is relatively low (29.65-42.15 vol%) because a
substantial amount of carbon gas (CO, CHy, and CO,)
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Figure 3. Effect of gasification temperature on (a) syngas composition and yield, (b) H,/CO ratio at

S/B=1.

is still present, diluting the H, concentration. A major
portion of carbon-containing components may be
transformed to Hy by steam reforming and the WGS
reaction, and CO, can be decreased further from the

resulting gas, higher yields of high-purity H, are ex-
pected. Temperatures above >650 °C do increase H,
but CO; increases 5 vol%. From the PEFB gasification
process with S/B = 1, the maximum H, was achieved
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at 700 °C.

The H,/CO ratio is a benchmark for classifying the
use of advanced fuels. In Figure 3b, the ratio of H, /CO
at various gasification temperatures is presented. At
550 °C and 600 °C, the H,/CO ratio obtained is rela-
tively low because it is deluded by the high CO con-
tent. In this condition, the effect of the catalyst is
powerful to produce CO through the Boudouard re-
action, water gas reaction, and steam methane re-
forming. The H,/CO ratios at 550 °C and 600 °C were
0.74 and 0.89, respectively, suitable for ethanol pro-
duction [52]. The high CO concentration causes the
H,/CO ratio to be less than two. The syngas produced
at this stage is only suitable for producing aldehydes
and alcohols. Therefore, improving the quality of H;
to achieve a higher H,/CO ratio is carried out at a
later stage.

3.2. Effect of S/B variation on syngas composition
from PEFB

In the previous catalytic steam gasification process,
a high concentration of H, was produced at 700 °C
with S/B = 1. Therefore, gasification was continued
by varying the S/B, focusing on increasing H,. An in-
crease in Hy volume indicates success in quality im-
provement. The addition of steam is beneficial for the
re-formation of methane (methane reforming reac-
tion). For gasification at atmospheric pressure, as in
the present study, more steam is needed to enrich the
H, content and provide adequate mixing to encour-
age the reaction to completion. Steam is used to en-
rich the volume fraction H» in the final product. The
steam to biomass (S/B) ratio is calculated by dividing
the steam flow rate by the biomass mass flow rate on
a dry basis.

Figure 4 shows the syngas composition and yield
from PEFB steam gasification with variation steam
to biomass (S/B). As expected, the steam injection in
the process increased in the total syngas yield and
volume fraction of H,. An increase in S/B from 0.5
to 2.5 indicates a gradual increase in gas yield and
H, concentration from 0.99 m3/kg to 1.36 m®/kg and
39.21 vol% to 49.26 vol%. This is due to the rise in
S/B ratio increasing the partial pressure of steam in
the gasification system, thereby increasing the gasifi-
cation of volatile steam and char, and the WGS reac-
tion to produce more Hy. However, because the S/B
ratio exceeded 1.5, the concentration of H, and the

ratio of H,/CO had decreased and increased slowly
(Figure 4b). This indicates that additional steam
is large enough for the steam gasification process.
A significant excess of steam will also increase the
system’s overall energy consumption. Thereupon, the
S/B ratio should not be too high during the gasifica-
tion process.

The volume of H, increased as the S/B ratio in-
creased, while the volume of CO and CH4 decreased.
The addition of steam to the gasification process
raises the partial pressure of steam in the gasifier,
which aids the reaction of water—gas shift and steam
reforming, resulting in increased H, generation [53].
The volume of H, increased by 13.69% after steam
was injected at 550 °C, while the volume of CO de-
creased by 10.90%. The presence of steam in the gas
phase reaction results in the decomposition of hy-
drocarbons and an increase in the content of H»
and CO; as reaction products. These results are sup-
ported by research conducted by Lei and Zhou [54],
who found a significant increase in Hy while CO de-
creased drastically.

Low heating value (LHV) decreased with an in-
crease in the S/B ratio from 11.94 to 8.61 MJ/N-m3.
The principal contributors to LHV are H,, CO, and
CHy4. The decrease in LHV gas was caused by the re-
duced content of CH4 and CO because they have a
more significant contribution to LHV gas. This sys-
tem works well in calorific value, as seen from the
slight decrease in calorific content. A reduction in
the calorific value of gases for steam gasification was
also investigated by Rupesh et al. [55]. The decline in
calorific value was caused by a decrease in the high
energy content of the gas (CH4 and CO) at an S/B
ratio higher than 1. The drop in CO and CHy lev-
els was seen to be greater than the rise in H, con-
tent. The lower calorific value of the biomass and
product gas determines the efficiency of the cold
gas to evaluate the performance of the gasification
system.

Figure 5 depicts the effect of S/B ratio changes
on carbon conversion (CCE) and cold gas efficiency
(CGE). The carbon conversion and cold gas efficien-
cies are higher at S/B ratio of 0 and decrease with in-
creasing S/B ratio. The reduction of efficiencies was
driven by descending the CH4, CO, and CO; con-
centrations. Meanwhile, the CGE decreased due to
the increase in the S/B ratio from 95.14% to 80.14%
because it was related to the LHV gas, which de-
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Figure 5. Effect of S/B ratio on cold gas efficiency and LHV syngas.

creased with the increase in the S/B ratio. Shahbaz et
al. [56] and Tavares et al. [57] also reported a similar
trend.

3.3. Effect of variation of CaO/PEFB ratio (wt/wt)
on syngas quality

The PEFB gasification process with absorption was
carried out at different variations of CaO. In addi-
tion, after the temperature was increased by more
than 700 °C on steam gasification, the CO, concen-
tration continued to increase, and the WGS reac-
tion was active under these conditions. It prevented
the reverse carbonation reaction [58]. Figure 6 shows
the syngas composition and yield from PEFB steam
gasification with various ratios of CaO/PEFB. The to-
tal syngas yield and the concentration of H, in syn-
gas increase with increasing the Ca/C ratio. Syngas
yield increased from 1.52 m3/kg to 1.83 m3/kg, ris-
ing Ca/C from 0 to 2. The concentration of Hy in
the produced gas also increased from 52.05 vol% to
68.16 vol%, while decreasing the concentration of
CO from 21.57 to 9.15 vol%. The same trend also
occurred in the CO, concentration, which dropped
slightly from 17.26 vol% to 9.64 vol%. The fundamen-
tal reason for this is that the in-situ CaO absorbs the

CO, produced during the gasification process, caus-
ing the chemical balance of the WGS reaction to shift
with more H, being produced. CO, absorbed by CaO
through the carbonation reaction causes WGS to be
more dominant to produce H, than the Boudouard
reaction because CO» as a reactant has been reduced.

The concentration of CH4 did not show a signif-
icant increase with the addition of CaO, which was
still maintained at a relatively high concentration. Li
et al. [59] also stated that steam could activate CaO,
thereby increasing the reactivity of CO, absorption
by CaO and increasing H, concentration. S/B varia-
tions were not carried out in gasification using CaO
because, based on the previous literature, there was
a decrease in the partial pressure of CO; in the prod-
uct gas, which reduced the ability of CaO to absorb
COy. This can weaken the effect of increasing the ad-
dition of CaO in the Hy production process. As for the
CH,4 concentration, its contents remained stable, in-
dicating that CaO has little impact on CH, reform-
ing under the experimental conditions of this study.
The H,/CO ratio is a quality indicator for syngas. As
shown in Figure 6, the H,/CO ratio increased signifi-
cantly along with the increase in CaO. The highest in-
crease mainly occurred when the Ca/C was increased
from 1.5 to 2. When CaO was not added, the H,/CO
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ratio was only 2.41 but then increased to 7.45 with the
maximum addition of CaO. According to Guzman et
al. [60], syngas with H,/CO ratio > 2 are suitable for
fuel, Fischer-Tropsch synthesis, and methanol.

Figure 7 shows that CO, absorption by CaO in-
creased significantly as Ca/C increased from 0.5 to 1
and continued to increase at a consistent pace when
Ca/C grew from 1.5 to 2. The percentage of CaO
absorbed was 61.53%. Increasing the Ca/C thickens
the bed to prolong the residence time of tar vapours
and gases such as CO and CO; in the absorbent layer.
Thus, the cracking reaction of the tar compound on
the surface of the CaO particles and the WGS reaction
became more intense as more CO, was absorbed by
the high absorbent, resulting in more CO being trans-
formed into H,. The increase in H, almost doubled
after the S/B =1 and Ca/C = 2 ratios were applied. It
becomes a reactive condition of CaO in the carbona-
tion reaction, and an increase in H, occurs through
the WGS reaction. The synergistic effect of the two
materials has a favorable impact on improving the
quality of the syngas.

The low heating value decreased from 11.58 to
10.73 MJ/N-m?® with an increase in the Ca/C ratio
from 0 to 2.5 due to a decrease in the content of CHy,
CO, and COy, as shown in Figure 8, while a slight in-
crease in LHV gas was observed when the Ca/C ratio
was further improved. Carbon conversion and cold
gas efficiency decreased to 51.85% and 69.15%, re-
spectively, with aratio of 2. The carbon conversion ef-
ficiency value was lower than the cold gas efficiency
because it was measured based on the carbon con-
tent in syngas. The same trend has been described in
the literature [61].

3.4. Correlation analysis between the operating
condition of PEFB gasification

Analysis of variance (ANOVA) was used to test the
significance level of individual research variables.
Table 1 displays the results of the analysis of variance
(ANOVA). From the results of ANOVA analysis, it was
found that the coefficient of determination (R?) and
the value of determination adjustment (Adj. R?) were
high for Ca/C and temperature, which explained that
these two variables significantly affected the gasifica-
tion process. The p-value < 0.05 has also determined
that the variable is significant. Of the three experi-
mental variables, Ca/C was the most significant in

increasing the concentration of H, with a p-value
of 0.00095, followed by temperature with a p-value
of 0.00277. Nevertheless, the steam to biomass ratio
did not support the production of H, because it only
has an effect of 12%, and the p-value > 0.05, so it
is considered insignificant. It can be concluded that
the Ca/C ratio and temperature are the most impor-
tant parameters in producing H,-rich syngas in PEFB
gasification.

Principal component analysis (PCA) was per-
formed to analyze the correlation between gasifi-
cation operating variables [62]. Figure 9 shows the
direction of the eigenvectors of temperature, S/B,
and Ca/C for the syngas composition, where al-
a5 corresponds to the temperature of 550-750 °C,
abl-ab5 corresponds to the S/B ratio of 0.5-2.5, and
acl-acb corresponds to Ca/C ratio of 0-2. PCA chart
shows the part of each parameter that affects the pro-
duction of Hy. Almost all research variables except
temperature of 550 °C have eigenvectors with the
same direction and small angle. They are positively
correlated with H, concentration, which is also con-
firmed by the results of the Pareto chart (Figure 10).
Meanwhile, the eigenvectors with opposite direc-
tions show that the research variables are inversely
correlated with CH4 and CO».

The steam gasification process enhanced by ab-
sorption using CaO in other studies is presented in
Table 2 to compare research results. It is worth not-
ing that, PEFB has also been exploited with a sim-
ilar process by Inayat et al. [27], which uses zeolite
as a catalyst. The maximum H, concentration pro-
duced is 75 vol%. In general, the characteristics of
the PEFB used were similar when viewed from the
proximate and ultimate analysis, but the concentra-
tion of H in this study was higher. Besides PEFB,
waste from the CPO industry that has been utilized is
palm kernel shell (PKS). Shahbaz et al. [36,56] inves-
tigated simulated and experimental PKS gasification
that obtained high H, concentrations for both stud-
ies (79.32 and 79.77 vol%). Coal bottom ash is used
as a catalyst to increase Hy. The higher H, concen-
tration in PKS was influenced by the higher volatile
matter and carbon content than PEFB in this study.
This is also consistent with other studies using differ-
ent biomass, which got different H, due to different
volatile matter and carbon content [23]. In addition,
the steam ratio used in this study is higher so that
the energy input is more. Comparing the results with
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Figure 6. Effect of Ca/C ratio on (a) the syngas composition and yield and (b) H,/CO ratio of PEFB
sorption steam gasification.

published literature shows that the gasification pro-
cess in this study makes it possible to generate large
amounts of hydrogen from PEFB waste and compete.

4. Conclusion

Steam gasification enhanced by absorption in palm
empty fruit bunch was carried out in a fixed bed re-
actor. The effect of gasification temperature, steam
to biomass ratio, and Ca/C ratio on hydrogen-rich
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Table 1. Statistical analysis of parameters affecting H, production

Parameter F-value P-value R? Adj. R?
Temperature (°C) 83.46527 0.00277 0.96530 0.95374
S/B 0.43218 0.55786 0.12592 -0.16544
Ca/C 172.85330 0.00095 0.98294 0.97725
70 1 § N § & N 0 . 23
1N N N W N |, _
SN N N N i 3 '_ |
20 § § § § § :E Eo
Figure 8. Effect of Ca/C ratio on cold gas effi- -0 o " - " - 4--‘ - .

ciency and LHV syngas.

syngas production was investigated. CaO plays the
role of an absorbent in the gasification process, char-
acterized by the absorption rate of CO, reaching
61.53%. The addition of CaO makes the water gas-
shift reaction dominant to produce more hydrogen.
At 700 °C, S/B ratio of 1 and Ca/C ratio of 2, the max-
imum syngas yield and H, concentrations obtained
were 1.83 m3/kg and 78.16 vol%, respectively. Based
on statistical analyses, the temperature and Ca/C ra-
tio are variables that affect Hy production signifi-

F1 (83,44 %)
Figure 9. PCA plot of operating variables on

syngas composition.

cantly. The absorption process in steam gasification
of palm empty fruit bunch has succeeded in produc-
ing quality syngas rich in hydrogen.
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Table 2. Summary of syngas production via the sorption enhanced steam gasification of biomass re-

ported in the literature

Feedstock H, (%) Operation condition  References
T =700°C
PEFB 78.16 S/B=1 Present study
Ca/C=2
T =700°C
PEFB 75 S/B=2 [27]
Ca/C=1
T =692 °C
PKS 79.77 S/B=15 [36]
Ca/C=1.42
T =700°C
PKS 79.32 S/B=15 (56]
Ca/C=1.42
Simulation
. T =650°C
Pine sawdust 76 [63]
Ca/C=2
Corn stalks 61.23 T = 650°C
Rice straw 60.28 S/B=1 (23]
Wheat Straw  58.69 Ca/C=1
Peanut shell  60.84
%0 T Republic of Indonesia through PMDSU scheme
0 1 P (Grant Number: 054/E4.1/AK/04.PT/2021 and 0163/
(1 P T% UN9/SB3.LP2M.PT/2021).
60 4 ” + 70 .
£ 1 & References
g 40 0 'é
= 30 4 T4 o [1] 1. S. Farouq, N. Umar Sambo, A. U. Ahmad, A. H. Jakada, L. A.
) r 30 Danmaraya, Quant. Financ. Econ., 2021, 5, 247-263.
20 r 20 [2] E.Billig, M. Decker, W. Benzinger, E Ketelsen, P. Pfeifer, R. Pe-
10 4 10 ters, D. Stolten, D. Thrin, J. CO2 Util., 2019, 30, 130-141.
L o [3] E. Lindstad, B. Lagemann, A. Rialland, G. M. Gamlem, A. Val-
acs ac4 ac3 ac? ab2 acl ab5 ab4 ab3 abl a5 a4 a3 a2 al land, Transp. Res. D Transp. Environ., 2021, 101, article
Parameter no. 103075.
[4] H. M. Yoo, S. W. Park, Y. C. Seo, K. H. Kim, J. Environ. Manage.,
Figure 10. Pareto chart of PEFB gasification 2019, 234, 1-7.
parameters for H, production. [5] S.X. Chin, C. H. Chia, S. Zakaria, Z. Fang, S. Ahmad, J. Taiwan
Inst. Chem. Eng., 2015, 52, 85-92.
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