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Abstract. Lignite, as an abundant and low-cost material, was tested for lead (Pb(II)) removal from
aqueous solutions under various experimental conditions for both static (batch) and dynamic (col-
umn) experiments. Static assays showed that Pb(II) removal efficiency increases with rising in its ini-
tial concentration, aqueous pH, and adsorbent dosage values. Adsorption kinetic and isothermal data
were well fitted with the pseudo-second-order and Freundlich models, respectively, suggesting that
lead removal by lignite is mainly governed by chemical processes and occurs heterogeneously on
multilayer surfaces. The maximum Langmuir’s adsorption capacity was equal to 61.4 mg-g~!, which
is high in comparison to various natural materials. The laboratory column experiments showed that
Pb(Il) breakthrough curves and subsequent lignite adsorption efficiency is highly dependent on the
bed height. Due to the short time contact between Pb(II) and lignite particles inside the column, the
highest adsorption capacity was about 21%, which is lower than the one found in the batch mode.
Even under dynamic conditions, lignite exhibits a high adsorption capacity compared to other adsor-
bents, which promotes its use as a low-cost and efficient material for Pb(II) and the removal of other
heavy metals from wastewaters.
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1. Introduction

Heavy metals are discharged in wastewaters from
various industries including mining, batteries, fertil-
izers, and electronic and chemical processes. Even
at low concentrations, some of these metals could
be serious threats to the environment and human
health [1]. Lead component (Pb(Il)) has been pointed
out as one of the most toxic heavy metals [2]. In-
deed, this substance is not easily biodegradable and
has a great bioaccumulation in some components of
the food chain, which could seriously damage the
human nervous, reproductive, and circulatory sys-
tems [2].

Thus, it is not surprising that during the last two
decades, many research approaches and procedures
have been developed to assess the removal of heavy
metals, in particular Pb(I), from wastewaters [3] us-
ing a broad range of technologies including chem-
ical precipitation, reduction, and membrane sepa-
ration [3]. While these techniques can exhibit good
removal performances under some specific condi-
tions, they are often criticized since they are rela-
tively costly and not eco-friendly, which has hindered
their wide applications for real cases. For that rea-
son, retention of heavy metals by both raw and mod-
ified materials has emerged as a practical alternative
with simple design and easy operation, and an eco-
nomically viable technique [4]. This method also has
the main assets of reducing the use of chemicals, the
reuse of the regenerated adsorbents, and the recovery
of metals in line with the circular economy and sus-
tainable development concepts [5,6]. Various organic
and mineral supports have been tested for Pb(II) re-
moval from both real wastewaters and synthetic solu-
tions. They include several raw and modified agricul-
tural and industrial biomasses [7,8] as well as mineral
materials such as clays and marble wastes [9,10].

Lignite is a natural brown coal deposit that ex-
ists in many countries such as Indonesia, Australia,
China, Russia, United States of America, and sev-
eral European Union countries. According to recent
statistics of the International Energy Agency, more
than 2/3 of the global coal exports are insured by In-
donesia, Australia, and Russia [11]. Nowadays, lignite
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is mainly used for electricity and gas generation as
well as fertilizer production [11]. In the environmen-
tal sector, lignite has been tested as raw or modified
material for the removal of various pollutants from
aqueous solutions such as nutrients [12], dyes [13],
pharmaceuticals [14], and heavy metals [15]. How-
ever, the majority of these studies were performed in
small-volume flasks (static conditions). The extrap-
olation of the obtained batch results to real cases is
often very difficult to perform due to the complexity
of the real wastewater composition and its important
variation in time along with its flow rate [8,16]. There-
fore, studying Pb(I) removal in continuous mode
(i.e., laboratory columns or continuous stirring tank
reactor) is closer to the reality and will have an im-
portant added value compared to the static assays.
This kind of assays is very helpful for the design, con-
ception of large-scale adsorption devices, and also
for the simulation of pollutant transfer and trans-
port in the underground compartments through tai-
lored numerical models [8]. Indeed, various parame-
ters, determined at this laboratory scale such as ki-
netic adsorption rates, maximal adsorption capaci-
ties, isotherms coefficients, and minimal necessary
contact time, are required as model inputs for upscal-
ing purposes.

The main objectives of this study were: (i) to in-
vestigate the Pb(II) removal efficiencies by a Tunisian
local lignite under various experimental conditions
in both batch and column modes, (ii) to compare
the found lignite’s adsorption capacity (mg-g~!) with
other materials reported in the bibliography, and
(iii) to explore the involved adsorption mechanisms
through kinetic, isothermal modeling, and various
sophisticated analytical equipment.

2. Materials and methods
2.1. Adsorbent preparation and characterization

The used adsorbent in this research was collected
from the Cap Bon deposit (north east of Tunisia).
Prior to the adsorption tests, the lignite was dried
overnight at 60 °C, and then sieved with an electric
sieve shaker for 20 min. The fraction with diameter
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size lower than 63 um was used for the adsorption
tests. The physico-chemical characterization of the
lignite has concerned its mineral composition as-
sessment by using an X-ray fluorescence spectropho-
tometer (Philips, Eindhoven, Netherlands), the de-
termination of its BET specific surface area through
N, gas adsorption method by using a gas adsorp-
tion analyzer, Quantachrome Autosorb 1 sorptome-
ter. Furthermore, in order to predict the dominating
surface charge of the lignite, the pH of zero-point-
charge (pHzpc) value was assessed using the method
described in the literature [17,18]. During these as-
says, 0.2 g of lignite was stirred for 24 hours in an
NaCl solution (0.1 M) with initial pH values varying
between 2 and 12 (Model 710 pH meter, Metrohm,
Switzerland). The pHzpc value corresponds to the in-
tersection point with the horizontal axis of the plot
giving ApH = pHyjja1 — PHpnal Versus pHinitial
Additional analyses of the lignite material before
and after Pb(Il) adsorption were performed for an
accurate assessment of the involved mechanisms.
These include the use of: (i) scanning electron mi-
croscopy (SEM) coupled with energy dispersive X-ray
(EDX) (Philips model FEI model Quanta 400 appa-
ratus, Amsterdam, The Netherlands) for microscopic
images and qualitative composition of the materials,
respectively; (ii) a TGA/DSC3+ apparatus (Mettler
Toledo, Greifensee, Switzerland) for proximate anal-
ysis; (iii) a powder X-ray diffraction (XRD) by using
a Panalytical X'Pert powder diffractometer (Malvern,
UK) equipped with a copper anode for the identifi-
cation of the present crystalline phases through the
ICDD database of the Panalytical High score soft-
ware; and (iv) a Fourier transform infrared (FTIR)
analysis using a Magna-IR 560 NICOLET spectrom-
eter. The FTIR spectra of the material before and af-
ter Pb(II) adsorption was assessed between 4000 and

400 cm™! for a resolution of 1 cm™L.

2.2. Lead solutions preparation and analysis

Alead aqueous solution at a concentration of 1 g-L™
was prepared by using lead nitrates (Pb(NOs3)2), ac-
quired from Fisher Scientific, and distilled water. This
solution was used during this study for the prepara-
tion of adsorption solutions at given Pb(Il) concen-
trations. Lead concentrations, either in batch or col-
umn experiments, were measured using an atomic
absorption spectrometer with an air-acetylene flame
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(Perkin Elmer AAnalyst200). The initial pH values of
the solutions were adjusted by using dilute solutions
(0.1 M) of nitric acid or sodium hydroxide.

2.3. Static adsorption experiments

Static (batch) investigations were carried out in or-
der to determine the impact of the lignite granulom-
etry including the contact time and initial Pb(II) con-
centrations, the initial aqueous pH values, the ad-
sorbent dosages, and the presence of other competi-
tive ions on Pb(II) removal efficiencies by lignite. All
these assays were performed at a room temperature
of 20+ 2 °C in 120 mL capped flasks by shaking a
given mass of lignite with 50 mL of aqueous solu-
tion at 400 rpm by using a Variomag-polyl5 mag-
netic stirrer. Then, the suspension was filtered by a
paper filter before analysis with the atomic absorp-
tion apparatus. During these assays, the default fol-
lowing factors were used: a lignite fraction with size
lower than 63 pum, an initial Pb(II) concentration of
100 mg-L™}, an initial pH equal to 5, and a lignite
dosage of 2 g-L 1.

The impact of the grain size effect was studied for
the following lignite size fractions: lower than 63 pwm,
between 63 and 500 pum, 500-1000 wm, and 1000-
2000 um. The effect of contact time was determined
for times of 0.17, 0.25, 0.5, 1, 5, 10, 20, 40, 60, and
90 min for initial Pb(II) concentrations of 15, 30, 50,
80, 100, 125, 150, and 175 mg-L™!. The impact of the
aqueous pH was assessed for initial values of 2.0, 3.0,
4.0, and 5.0. The lignite dosage impact was deduced
from separated assays using doses of 0.4, 1.0, 1.6, 2.0,
2.4,3,3.5,and 4.0 g-L~!. Finally, the competing effect
with Pb(II) was determined in the presence of Cd(II),
Cu(Il), and Zn(I) in a mixed solution. All of these
metals exist at initial concentrations of 30 mg-L™!.

At a given moment “t,” the adsorbed Pb(II)
amount (q;) and the related removal yield (Y;) were
determined as follows:
_(G-Cy)
YY)

Cy-C
v, %) = =€ 100, @)
Co
where Cy and C; are the initial and at time “¢” Pb(II)

concentrations, respectively (mg-L™1). D is the adsor-
bent dosage (g-L’l).

In this work, the kinetic Pb(Il) adsorption data
were fitted to the well-known models: pseudo-
first-order (PFO), pseudo-second-order (PSO), and

€8]

t
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intraparticle and film diffusion models. Moreover, at
equilibrium, the experimental isothermal data (ad-
sorbed amounts versus residual aqueous concentra-
tions) were confronted to Freundlich, Langmuir, and
Dubinin-Radushkevich (D-R) models. The original
as well as the linearized equations of these kinetic
and isothermal models were widely cited in the bib-
liography [10,19-21]. The agreement between the
experimental and calculated adsorbed amounts by
the kinetic and isothermal models was determined
through the calculus of both the average percentage
errors (APE) and the Akaike information criterion
(AIC) [22,23].
_ Z |(Gexp — Gtheo)/ Gexpl “

APE (%) = N 100 3)
SSE 2Np(Np+1)
AIC=NLn|—|+2Np+ ————— (4)
N N-Np-1
i=N )
SSE = (qexp = (theo)”» (5)
i=1

where gexp and gineo (Mg/g) are the experimental and
theoretical adsorbed amounts assessed by the used
models, respectively. N is the number of experimen-
tal points in the kinetic/isotherm, N, is the number
of fitted parameters, and SSE is the residual sum of
squares.

These two parameters (APE and AIC) are essential
for the selection of the best fitting model to the exper-
imental data. The model presenting the lowest val-
ues of these two parameters fits the best to the ex-
perimental data [22,23]. It is important to underline
that in this work, we omitted the use of the determi-
nation coefficients (R?) because they are not always
suitable for the evaluation of the goodness of the fit-
ting of equations to experimental data [23]. This is
justified by the fact that the R? values calculus does
not consider the degree of freedom of the used mod-
els equations [23].

2.4. Dynamic adsorption experiments

The experimental setup used for the study of Pb(II)
removal efficiency in continuous mode consists of a
plexiglass column having a total length and an inter-
nal diameter of 20 and 2.9 cm, respectively (Figure 1).

The preparation of these assays consisted of the
lignite packing inside the column with small incre-
ments in order to avoid any preferential flow which
would significantly affect the quality and precision of

C. R. Chimie— 2021, 24, n°S1, 7-22

Sampling

=20 cm

3 Glass
= Lignite X
& Pump Pb() |solution

Figure 1. Schematic representation of the used
column for studying Pb(Il) removal by lignite
under dynamic conditions.

Pb(Il) breakthrough curves. In order to have a uni-
form flow through the porous media, glass particles
were put in the two boundaries of the column [24].
The Pb(II) adsorption experiments consisted of the
determination of the impact of the lignite bed height
on Pb(II) removal efficiency for a constant flow rate,
Pb(II) concentration, and aqueous pH of the feeding
solution of 60 mL-min~!, 100 mg-L~!, and 5.0, respec-
tively. Three bed heights were tested: 1.0, 1.5, and
2.0 cm. They correspond to lignite masses of 5, 7.5,
and 10 g, respectively. The synthetic Pb(II) solution
was pumped into the column in upward flow by us-
ing an adapted peristaltic pump (Masterflex®, USA).
The time progress of the Pb(II) concentrations at the
exit of the column was assessed through the anal-
ysis of aqueous solutions sampled at various times.
When the measured Pb(II) concentration at the out-
let of the columns became equal to the feeding so-
lution, it is assumed that all adsorption sites were
saturated and experiments were therefore stopped.
In parallel to the Pb(II) adsorption studies, column
conservative tracer experiments (no reaction with
lignite) were performed under the same hydraulic
conditions by using calcium chloride synthetic solu-
tions (5 g-L™1). Similar to the Pb(II) adsorption exper-
iments, when the measured Cl~ concentrations at the
exit of the column (by a calibrated specific electrode
(Windaus LF538)) become equal to the pumped so-
lution, experiments were stopped.

The experimental adsorbed Pb(II) masses (Maqgs)
per gram of lignite (gsat) during the column assays
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were determined through the trapezoidal rule

approximation [16]:
f%ot Ctr dv
CO,tr

Vot C
_ f ey, ] / M
o Copban

Gsat = Magqs/ M = CO,Pb(II)

' Cir,i + Cir,iv1
= ((CO,Pb(II)/Z) > (%) (Vis1 = Vi)
i=0 0,tr
j=nc + G
Z ( Pb(ID), j Pb(n)]ﬂ)(vj+1 ) M,
=0 Co,pban

where Cyppgn and Cpy are the initial Pb(II) and
the conservative tracer concentrations, respectively;
Cppp and Cy; are the measured Pb(II) and tracer con-
centrations at the exit of the column, Vi is the wa-
ter volume collected at the outlet of the column at
the end of the experiment, Cy;,;; Cir,i+1 are the tracer
measured concentrations at the times “i” and “

1,” respectively; and Cppr, j, Cpban,j+1 are the Pb(II)
measured concentrations at moments “j” and “j+1,”
respectively. Finally, M is the mass of lignite.

3. Results and discussion

3.1. Preliminary characterization of the adsor-
bent

This section presents some preliminary but impor-
tant properties of the raw lignite fraction with parti-
cle size lower than 63 um. Other characteristics will
be presented later in Section 3.3 when exploring the
probable adsorption mechanisms of Pb(II) onto lig-
nite particles.

The mineral composition of the raw lignite is sum-
marized in Table 1 with the total contents of Na, K,
Ca and Mg, which were low (about 1.9%). The high-
est contents were registered for silica (6.2%), sulfur
(5.1%), iron (2.6%), and aluminum (2.5%). Some of
these elements could be exchanged with Pb(II) dur-
ing its adsorption by lignite.

The BET surface area of the lignite was assessed
to 11.2 m?-g~!. It is relatively important compared
to the values found for lignite from Serbia [25]
and Greece [26] who reported values of 1.0 and
3.6 m?-g~!, respectively. It is also higher than waste
fungal biomass [27] and other classic raw agricul-
tural biomasses such as peanut shell [28]. It indicates
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Table 1. Mineral elemental analysis of the raw
lignite

Element Content (%, dry basis)
Na 0.06
K 0.46
Ca 1.21
Mg 0.21
Al 2.48
Fe 2.6
p 0.04
Cl 0.21
Si 6.15
S 5.12

that the lignite could exhibit high Pb(II) adsorption
capacities. On the other hand, the pHyzpc of the lig-
nite was estimated to 3.6, which is quite similar to
the value found by Mohan and Chander [29] for an
American lignite. The relatively low found pHzpc in-
dicates that this adsorbent could effectively remove
Pb(II) for a wide pH range through electrostatic reac-
tions. Indeed, for pH values higher than the pHzpc,
the lignite particles’ surface will be mainly negatively
charged and consequently the Pb(II) retention will be
favored [8].

3.2. Static adsorption results

3.2.1. Effect of the size distribution of lignite particles

The impact of size distribution of lignite parti-
cles on Pb(I) removal was performed under the ex-
perimental conditions presented in Section 2.3. Re-
sults (Figure 2) demonstrated that the finer the lignite
fraction, the more important the Pb(II) removal effi-
ciency. In fact, the most important adsorbed amount
(43.2 mg-g~') was registered for the lignite having
the finest fraction (<63 um). This quantity decreases
with the increase of the particle size and reaches only
15.8 mg-g~! for lignite particle dimension between 1
and 2 mm. This finding could be imputed to the
more developed texture characteristics for lower lig-
nite particle size dimensions, especially specific sur-
face area (SSA) and microporosity [30,31]. Gunawar-
dana et al. [30] assessed the variation on SSA versus
particle size of a local soil (Dermosol and Kurosols in
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Figure 2. Impact of lignite particle size distri-
bution on the Pb(II) removal by lignite (D =
2 g'L™Y; £ = 90 min; Cy = 100 mg-L™}; pH, = 5;
T=20+2°C).

Australia). They showed that the SSA of particles with
size lower than 75 pum is about four times larger than
the one reported for the same soil with particle size
ranging from 300 to 425 um. This ratio reaches more
than 17 for atmospheric aerosols for average parti-
cle size diameters of 0.6 and 8.8 um [31]. Similar be-
havior was observed by PN and CP [32] and Kumar et
al. [33] when investigating an oily effluent treatment
by hard wood-based adsorbents and phosphorus by
various porous metal oxides. For instance, PN and
CP [32] reported that for a contact time of 4 hours,
an increase of the average size particles from 0.8 mm
to 3.5 mm resulted in a decrease of the removal effi-
ciency by about 30%.

3.2.2. Effect of contact time and initial
concentrations—kinetic study

The lignite seems to be an effective material
for the removal of Pb(Il) from the synthetic efflu-
ents since for initial concentrations of 15, 30, and
50 mg-L!, lead ions were completely removed (data
not shown). For initial concentrations higher than
80 mg-L~!, it appears that Pb(I) removal efficiency
by the lignite is obviously a time- and concentration-
dependent process (Figure 3). In fact, Pb(II) removal
is exceptionally rapid till 0.5 min with an adsorption
amount of 83% of the removed one at equilibrium
starting at an initial concentration of 100 mg-L™!
(Figure 3). This finding suggests that Pb(Il) elimi-
nation occurs mainly through external surface re-
actions. The high reactivity of lignite represents an
important asset when scaling up such process since
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Figure 3. Impact of the contact time and initial
aqueous concentrations on the Pb(Il) removal
by lignite (D = 2 g-L™1; pH, = 5; T =20 +2 °C).

it would permit an important energy saving. After
the contact duration, the Pb(II) ions entered into the
lignite particles and were internally adsorbed with
slower rates. Equilibrium, corresponding to almost
constant adsorbed amounts, was reached for a con-
tact time of 20 min for lower initial concentrations
and for 40 to 60 min for much higher Pb(II) aqueous
concentrations (Figure 3). This plateau corresponds
to the saturation of adsorption sites of the lignite.
This trend is in concordance with those reported by
Dong et al. [34] and Pentari et al. [26] when study-
ing Pb(II) removal by a lignite-based activated carbon
and a raw Greek lignite, respectively.

It is worth mentioning that at equilibrium the
Pb(II) removal efficiency was significantly improved
when increasing the initial Pb(II) concentration. For
instance, the Pb(I) removed amount for an initial
concentration of 80 mg-L™! (36.9 mg-g~!) has in-
creased by more than 53%, when the Pb(II) concen-
tration rose up to 175 mg-L™!. This could be related to
the presence of higher concentration gradients that
provides important forces and diffusion rates permit-
ting to tackle the Pb(II) mass transfer resistances be-
tween the aqueous and lignite particles [35-37]. Fur-
thermore, for higher initial aqueous concentrations,
the contact probability between lead ions and the lig-
nite particles is more privileged [38].

The parameters of the three used kinetic models:
PFO, PSO, and film and intraparticle diffusion models
are given in Table 2.

It can be clearly seen from Table 2 and Figure 3
that the PSO model displays better fitting to the ex-
perimental data compared to the PFO model. Indeed,
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Table 2. Kinetic parameters of Pb(II) removal by lignite (D = 2 g-L™}; pH, = 5; T =20+ 2 °C)

Initial Pb(II) aqueous concentration (mg-L‘l)

80 125 150 175
EXP. qe,exp (mg-g™h) 36.9 49.5 54.7 56.6
PFO model
k; (min™1) 0.042 0.056 0.050 0.042 0.070
APE (%) 60.2 55.9 59.4 51.4
AIC 66.5 67.6 68.7 71.7 68.0
PSO model
e theo (mg-g™1) 37.0 49.6 55.1 56.9
K, (g'mg~!-min~!) 0.080 0.100 0.029 0.031 0.032
APE (%) 14.3 20.3 19.0 11.6
AIC 41.1 28.6 51.0 50.8 36.6

Film and intraparticle diffusion model

Dy (x107"-m?s7!)  26.1
Dip (x1071*-m?-s71) 2.7

17.8 20.0 21.4
2.1 3.8 3.5

for all the studied concentrations, the calculated PSO
model’s APE and AIC were much lower than the ones
corresponding to the PFO. Besides, the estimated
PSO model’s Pb(II) theoretical adsorbed amounts at
equilibrium (ge,meo) Were in good agreement with
the experimental ones (Table 2 and Figure 3) with a
maximum difference percentage of 0.73% (observed
for Cy = 150 mg-L™!). Consequently, the PSO model
is more appropriated for fitting the Pb(II) retention
by the lignite under the studied experimental con-
ditions. This model suggests that the rate limiting
step might be mainly a chemical process. It would es-
sentially involve a cationic exchange mechanism be-
tween Pb(II) in the aqueous solution and monova-
lent/divalent cations on the lignite’s surface [3]. The
adsorption of Pb(II) by the lignite was also analyzed
through the application of the film and intraparticle
diffusion models. The results (Table 2) indicated that
Pb(II) adsorption process proceeds mainly by surface
interactions for times shorter than 1 min and by in-
traparticle diffusion at later stages (Figure 3). The cal-
culated film diffusion coefficients were much higher
than those related to intraparticle transfer process,
confirming the low development of porosity and the
specific surface area of the lignite. The correspond-
ing ratios varied between 4.6 and 9.8 for initial Pb(II)
concentrations of 100 and 80 mg-L™!, respectively.
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Figure 4. Impact of the initial aqueous pH on
Pb(II) removal efficiency by lignite (D =2 g‘L‘l;
t =90 min; Cy = 100 mg-L™1; T =20+2°C).

These results suggest that the intraparticle diffusion
process could be the limiting factor during Pb(II) ad-
sorption by the lignite (Table 2). Similar findings were
reported by Tsibranska and Hristova [39] when study-
ing the adsorption of heavy metals by an activated
carbon derived from apricot stones.

3.2.3. Effect of initial aqueous pH

The impact of the initial aqueous pH on Pb(II) re-
moval efficiency by the lignite was performed under
the experimental conditions given in Section 2.3. The
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experimental results (Figure 4) showed that the re-
moved Pb(II) amounts increased with the increase of
the aqueous pH. Indeed, for an initial pH of 2, the
Pb(II) adsorbed amount was only about 12.8 mg-g~*.
It increases by about 235% for an initial pH of 5,
reaching a value of 42.9 mg-g~!. This finding is mainly
imputed to the surface charges of lignite particles. In-
deed, for aqueous pH lower than the pHyzpc (3.6), the
lignite particle surfaces are positively charged, which
repulses the cationic metal Pb(Il). Furthermore, at
this pH range, H" ions will compete with Pb(II)
to be fixed on the available adsorption sites [40].
However, when the pH values are higher than the
pHzpc, the adsorbent surfaces will carry more neg-
ative charges and, thus, prevailing the Pb(Il) reten-
tion through electrostatic reactions. This trend was
also reported by several studies dealing with the re-
moval of heavy metals by raw and modified mate-
rials [41-43]. It is worth mentioning that precipita-
tion of Pb(II) as Pb(OH), (lead oxide), PbCOj3 (cerus-
site), and Pb3(CO3)2(OH), (hydrocerussite) has been
reported as an important removal mechanism for
mixed aqueous solutions with relatively high alkaline
pH values [42]. In our case, this mechanism should
be absent because of the low pH values of both lig-
nite and tested aqueous range.

3.2.4. Effect of lignite dosage

The experimental results indicated that for lignite
dosages lower than 3 g-L ™!, the Pb(I) removal effi-
ciency highly increases with the increase of the ad-
sorbent dosage (Figure 5). Indeed, for an initial Pb(II)
initial concentration of 100 mg-L~!, the measured
removal yields increased from 36.2% to more than
90.7% when the lignite dose rose from 0.4 g to 3 g-L. ™!
(Figure 5).

This significant increase could be imputed to
the presence of more available adsorption sites on
the surface of the lignite particles. For doses higher
than 3 g-L‘l, Pb(II) removal yields remained quasi-
constant with average removal yields and residual
aqueous concentrations of 92.3% and 7.7 mgL7},
respectively. Similar trends were reported by Jain
et al. [44] and Dong et al. [34] when investigating
metal removal from aqueous solutions by copper ox-
ide nanoparticles and a lignite-derived-activated car-
bon, respectively. Thus, under the studied experi-
mental conditions, lignite can be considered as a
promising and attractive material for Pb(II) removal
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Figure 6. Impact of the presence of other met-
als on Pb(Il) removal efficiency (D = 2 g-L™};
t = 90 min; Cy = 100 mg-L™%; pHy = 5 T =
20+2°C).

from industrial effluents since only relatively low
dosages are able to perform high removal yields.

3.2.5. Competing effect

Since the industrial effluents always contain a
mixture of dissolved heavy metals, the lignite sorp-
tion selectivity was also assessed in presence of
Pb(ID), Cu(l), Cd(II), and Zn(II) at initial concentra-
tion of 30 mg-L™! for each of them (Section 2.3).
Results (Figure 6) indicated that in the presence of
the three other metals, Pb(II) removal yield has de-
creased from 100% to 91.7%.

This finding is imputed to the Pb(Il) competi-
tion with the other metals for the same adsorp-
tion sites. It is however important to underline
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Table 3. Adsorption isotherm parameters of Pb(II) removal by lignite (D = 2 g-L™}; £y = 90 min; Cy =

100 mg-L™Y; pHy =5; T =20+2°C)

Freundlich model

Freundlich constant: Kg 25.8
Freundlich constant: n 5.1
APE (%) 1.5
AIC 9.2
Langmuir model
Langmuir’s maximum adsorption capacity; g, (mg-g™!) 61.4
Langmuir constant: K, 0.191
APE (%) 3.5
AIC 16.5
D-R model
Gmp-r (mg-g™h) 115.5
E (J-mol™ 1) 16.7
APE (%) 1.1
AIC 7.7

that the order of retention preference is as follows:
Pb(I)>Cu(D)>Cd(Il) and Zn(II) with removal yields
of 91.7%, 56.8%, 37.5%, and 15.6%, respectively
(Figure 6). Therefore, in case of real wastewaters
containing various heavy metals, P(II) and Cu(Il)
will be preferentially retained compared to the other
metals. Various reasons were cited as an explana-
tion for this behavior. They mainly include the metal
size, electronegativity, availability, and hydration
energy [7,42]. Similar trends have been observed by

Doskocil and Pekar [38] and Binabaj and Rameza-
nian [45] when studying the removal of metal ions
from a multicomponent mixture using a natural lig-
nite and nature-derived adsorbents (brown coal and
zeolite).

3.2.6. Isotherm adsorption

The results of the experimental data fitting to Fre-
undlich, Langmuir, and D-R models are given by Fig-
ure 7 and Table 3. It can be seen on Figure 7 that the
three models fitted well to the measured data. How-
ever, even if the calculated APE and AIC for the D-R
model were the lowest, the corresponding Pb(II) ad-
sorption capacity was much higher than the expected
one (115.5 mg-g~!, Table 3) and seems to be unre-
alistic given the experimental isotherm shape (Fig-
ure 6). This finding could be imputed to this model’s
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assumptions, especially the one related to the uni-
formity and homogeneity of the studied adsorbent
microporous structure [20]. It is important to under-
line that the calculated free energy (E = 1/ \/zﬁ) was
assessed to 16.7 kJ-mol™!. This value is higher than
8 kJ-mol~!, suggesting that Pb(II) removal by the lig-
nite was mainly chemical [17,46].

It is worth mentioning that compared to Lang-
muir model, the Freundlich one fits the experimental
data better with lower APE and AIC values (Table 3).
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This finding indicates that Pb(II) adsorption by the
lignite happens heterogeneously on multilayer sur-
faces [47]. On the other hand, the Freundlich con-
stant “n” exists in the range of 1-10 (5.1), indicat-
ing that Pb(Il) adsorption by lignite is a favorable
process. Similar value (5.13) was determined by Jel-
lali et al. [19] when studying phosphorus removal ef-
ficiency by phosphate mine wastes. Moreover, the
Langmuir’s parameter “Ry, = (1/(1+ Kp.¢,))” was es-
timated to 0.062 and 0.029 for initial Pb(II) concen-
trations of 80 and 175 mg-L™!. These values were
lower than 1 which confirms that lignite can be con-
sidered as a favorable media for Pb(II) adsorption.

The Langmuir’s maximum adsorption capacity of
Pb(I) by the lignite was assessed to 61.4 mg-g~'for
an initial aqueous pH of 5. It is about 2.0 and 7.2
higher than the values determined for raw lignites
from Mongolia [15] and Turkey [48]. This adsorp-
tion capacity is also higher than the ones reported
for other natural materials (Table 4) such as peanut
shells [49] and rice husk [50]. This relatively high ad-
sorption capacity of lignite witnesses the existence
of important reactions between Pb(II) molecules and
the lignite active sites. However, it is worth mention-
ing that this Pb(II) adsorption capacity remains lower
than those reported for some activated carbons and
biochars derived from agricultural wastes such as cy-
press sawdust [8] and peanut shell [49].

3.3. Dynamic adsorption results

The conservative tracer breakthrough curve (BTCs)
for the three lignite bed heights were almost symmet-
ric without the presence of any tailing when C/Cy
became close to 1 (data not shown). This finding
demonstrates that under the used experimental con-
ditions, the immobile water fraction inside the col-
umn is negligible [8]. During these tracer assays, the
measured relative concentrations at the exit of the
column become equal to 1 after durations of only 1.5
to 2 min for all the tested bed depths. This behavior
confirms that there were no significant interactions
between the Cl™ ions and the lignite particles.

The BTCs of Pb(Il) through the different lignite
bed heights appear much later compared to the
tracer indicating that the Pb(Il) is well adsorbed by
lignite. Higher the lignite bed height (or mass), later
the BTC appearance and also the adsorption sites sat-
uration reaching (C/Cy = 1) (Figure 8). For instance,
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Figure 8. Observed Pb(Il) breakthrough
curves for different lignite bed heights
(Co =100 mg-L™%; pH, = 5; T =20+2°C).

the plateau of C/Cy = 1 was observed after dura-
tions of 206, 256, and 321 min corresponding to con-
siderable synthetic solution volumes collected at the
outlet of the column of about 12.4, 14.6, and 18.3 L
for lignite bed depth heights of 1, 1.5, and 2 cm, re-
spectively. This outcome is attributed to the fact that
higher adsorbent bed heights contain more sorp-
tion sites permitting more adsorption of Pb(Il) ions.
Furthermore, the contact times between the pollu-
tant and the lignite particles increase with the ris-
ing of the bed lignite height or mass. It has ap-
proximately doubled when the bed height increased
from 1 to 2 cm. The Pb(II) adsorbed masses per
gram of lignite, calculated according to (6), were
28.3, 41.2, and 48.7 mg-g~! for bed heights of 1.0,
1.5, and 2.0 cm, respectively. The relatively low ad-
sorbed amount for a bed height of 1 cm is mainly
due to the very short contact time between Pb(II)
and lignite particles. Similar trends were observed
by Jellali et al. [8] and Jain et al. [53] when inves-
tigating metal removal by a biochar derived from
the pyrolysis of MgCl,-modifed cypress sawdust and
a sunflower stem carbon-calcium alginate beads,
respectively.

However, it is important to mention that the high-
est adsorption capacity obtained in column mode
(48.7 mg-g~') was about 79% of the one obtained in
batch mode (Section 3.1). This difference could be
related to the short contact time in dynamic mode
(lower than 1 min) compared to the batch mode
(90 min). In column experiments, Pb(II) ions did
not have sufficient time to exchange with the lignite
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Table 4. Comparison of the used lignite removal efficiency of Pb(Il) with lignites and other materials

Material Assay type Adsorption Pb(II) adsorption Reference
conditions capacity (mg-g™1)
Raw lignite, Mongolia Co=200mg-L™1; pH=—; 14.5 (15]
HNO3 (10 mol-L~1) modified D=2.4gL7Y; t=3h; T=room 30.7
lignite, Mongolia temperature
Lignite washing plant tailings, Batch Co=300mgL~};pH=9; 29.9 [48]
Turkey D=10gL™% t=2h; T = room
temperature
Raw lignite, Mikul¢ice, Czech Cp =10-500 mg-L_l; pH=5.5; 39.03* [38]
Republic D=5gL7;t=24h; T=25°C
Commercial lignite, India Cp =10-50 mg~L_1; pH=6; 32.3 [51]
D=10gL L r=24h;T=30°C
Peanut shell, Turkey Cp =100-350 mg-L_l; pH=5.5; 32.9 [49]
D=2gL L, t=3h;T=20°C
Biomatrix from rice husk, India Co =50-200 mg-L~%; pH = 6; 58.0 [50]
D=3gL L t=3h;T=32°C
Biochar from treated cypress Co =200-600 mg-L™!; pH = 4; 202.2 (8]
sawdust, Tunisia D=2gLl;t=3h;T=20°C
Commercial lignite, India Cp =50 mg-L_l; pH=6.5; 35.0 [51]
M=05g0Q=1 mL-min~};
Col
ot T=30°C
Raw cypress sawdust, Tunisia Co=100mg-L™1; pH=4; 7.9
M=10g Q=59 mL-min~}; 8]
Biochar form cypress sawdust, =10g Q= Om min-=; 97.1
Tunisia T=20°C
Chemically carbonized rubber Co=20mgL™1; pH=5.2; 37.0 [52]
wood sawdust, India M=35g0Q=15 mL-min~1;
T=30°C
Batch Co = 80-175 mg-L™!; pH = 5; 61.4
. C t stud
Lignite, Cap Bon, Tunisia D=2gL™; t =90 min; urrent study
T=20°C
Column Co =100 mgL™!; pH=5; 48.7

H=2cm; Q=60mL-min";
T=20°C

*: mixture with Cu(II), Zn(II) and Cd(II).

particles. A similar finding was reported by Hannachi
and Hafidh [54]. The authors demonstrated that the
Pb(II) adsorption capacity by a bifunctionalized Xe-
rogel in column mode was about 20% lower than
the observed one in batch conditions. The obtained
Pb(II) adsorbed amounts in column mode are higher
than those of various natural materials including lig-
nite [15,48] and other lignocellulosic materials [49,
50] even under static conditions. This outcome con-
firms that the lignite can be considered as an attrac-
tive and eco-friendly porous media for the removal
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of Pb(II) and other heavy metals and organics [55,56]
from aqueous effluents.

3.4. Raw and Pb(l)-loaded lignite characteriza-
tion and adsorption mechanism exploration

For a better assessment of the involved adsorption
mechanisms during the removal of lead ions by lig-
nite particles, as indicated in Section 2.1, multiple
analysis techniques were used for the characteriza-
tion of lignite before and after Pb(II) adsorption. The
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examination of raw lignite samples by SEM analysis
highlighted the heterogeneous aspect of this material
bulk with surface presenting significant small scale
height amplitude variation and low appearing poros-
ity (Figure 9(a)). Furthermore, the images revealed
a significant presence of the calcium carbonate and
quartz suggesting their incorporation in the organic
structure of lignite. A similar finding was reported by
Oikonomopoulos et al. [57] for a Greek lignite. This is
further confirmed by the EDX spectroscopy analysis
where peaks related to calcium, silica, and other alka-
line and alkaline earth metals were clearly identified
(Figure 9(c)).

After lead adsorption, a dense layer of a most
probably deposited Pb(Il)on lignite surface (white
contrast in the image (Figure 9(b)) can be seen. More-
over, EDX postadsorption spectroscopy showed the
appearance of Pb(II) peaks which confirms its ad-
sorption on the surface of lignite and its incorpora-
tion in the organic matrix (Figure 9(d)). It is worth
highlighting that after the Pb(II) adsorption, all the
EDX-detected peak intensities have significantly de-
creased which could be attributed to the involvement
of these minerals and macroelements in the adsorp-
tion process. For instance, peak intensities related to
C, O, and Fe have significantly decreased and those
of calcium, magnesium, and potassium have almost
disappeared after adsorption. These ascertainments
suggest that the Pb(II) adsorption might be codriven
by: (i) complexation with oxygenic functional groups,
and by (ii) cation exchange, respectively.

Proximate analysis is a very interesting method to
determine the variation in terms of macroelements
present in the lignite feedstock before and Pb(II)
adsorption [58]. Results depicted in the Figure 10
suggest that raw lignite is mainly composed of ash,
volatile matter, and fixed carbonate percentages of
39.3%, 32.5%, and 21.2%, respectively.

These results are in agreement with the findings
reported by Karatepe et al. [59] and Demirbas [60]
when investigating macroelement content in vari-
ous types of Turkish lignites using thermogravimetric
analysis. After lead adsorption, a slight decrease was
noticed in moisture, fixed carbon, and volatile mat-
ter contents by about 2.0%, 4.5%, and 2.1%, respec-
tively. This observation could be related to the ad-
sorption process of lead onto lignite aromatic struc-
ture where an exothermic process could be involved,
leading to the release of water molecules and a slight
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fraction of organic carbon present in volatile mat-
ter [61]. On the other hand, ash content of the raw
lignite has increased from 39.3% to more than 47.9%
after Pb(Il) retention (Figure 10). Despite the possi-
ble release minerals during adsorption process ac-
cording to EDX analysis, the increase in ash content
could be considered as an indicator of an increase in
the mineral balance due to the retention of lead. Ac-
cording to Chouchene et al. [62], heavy metals exist-
ing as oxide forms are unlikely to be volatilized and
remained present in the composition of ashes.

The mineral characterization of the raw lignite
was determined through XRD analysis and its diffrac-
tograms are reported in Figure 11.

It is clear from the latter that lignite is charac-
terized with a typical two-dimensional (002) peak
at 25.03¢. This reflection corresponds to the spacing
between aromatic layers present in this raw mate-
rial [63]. Moreover, two small bands were also no-
ticed at 41.52° and 54.85° related to (10) and (11)
spacing, suggesting a certain rearrangement of car-
bon into a graphite-like structure. These three peaks
remained distinguishable after lead adsorption (Fig-
ure 11). Figure 11 also shows that lignite is character-
ized with a relatively high presence of quartz (SiO,).
Moreover, polymorphous mineral structure of silica
are in the form of cristobalite and mullite, indicat-
ing the presence of heavy metals, alkali, and alkaline
earth metals such as Fe, Al, K, Na, Mn, Mg, and P [64].
After Pb(I) adsorption, three distinguishable peaks
appeared at 27.7°, 43.7° and 44.5°, respectively, corre-
sponding to a crystalline form of lead sulfate (PbSO,)
(Figure 11). The decrease in intensity or even the dis-
appearance of certain peaks was noticed for the case
of calcium carbonate (CaCO3) and phosphorus ni-
trogen chloride ((PNCl,)4). This finding is in concor-
dance with the isotherm results suggesting a possi-
ble chemical adsorption process mainly driven by an
ion-exchange reaction.

The FTIR analysis has been used to identify the
main surface active functional groups on the lignite
surface and especially those involved in the Pb(II)
adsorption. FTIR spectra of lignite before and af-
ter Pb(II) removal are presented in Figure 12. Ini-
tially, the heterogeneous aspect of lignite surface was
confirmed by the presence of both acid and basic
functional groups at different intensities. The peak
at 3392 cm™! corresponds to O-H group stretch and
is directly related to possible lignocellulosic-derived
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Figure 9. SEM images of (a) raw and (b) Pb(II)-loaded lignite and (c,d) their respective EDX spectra.

content in lignite. It is connected to alcohol, car-
boxyl, and hydroxyl groups from cellulose or phe-
nols from lignin [65]. Peaks detected at 2920 cm™!
and 2850 cm ™! are related to C-H aliphatic stretches.
The bands at 1691 cm™! was assigned to a C=0
bond stretching in aldehydes or carboxylic acids. The
stretch recorded at 1610 cm™! corresponds to the
C=C aromatic skeletal. Moreover, stretching in bands
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recorded at 1097 cm™! and 910 cm™! are related
to C-0, while peaks found between 794 cm~! and
601 cm™! are attributed to C-H bend in aromatic
groups.

After Pb (II) adsorption, the FTIR spectrum pre-
sented an almost similar aspect to the original feed-
stock with few marked modifications. In fact, a shift
in O-H group by +25 cm™! was recorded. Moreover,
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a shift by about —13 cm™! was noted for -C-H groups
between 1610 cm™! and 1590 cm™! (Figure 12). Sim-
ilar behavior was found for -C-H groups between
800 cm™! and 600 cm™!, which displayed a slight shift
of +4 cm™!. Similarly, peaks related to aliphatic func-
tional groups decreased in intensity after Pb(II) ad-
sorption with a recorded shift of —4 cm™. A singular-
ity was detected for the peak assigned to C=C, which
gained in intensity and shifted from 1371 cm™! to
1382 cm™! after adsorption. According to Shrestha et
al. [61], the changes in intensities and the location
shifts observed for characterizing FTIR peaks cannot
be attributed to an electrostatic interaction between
metallic ions and the surface. It is interpreted as a
possible complexation reaction between lead ions
and the functional groups. Accordingly, lead removal
was favored by a possible complexation reaction with
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Figure 12. FTIR analyses of lignite before and
after Pb(II) adsorption.

hydroxyl, aliphatic, carboxylic, and aromatic func-
tional groups [66]. This reaction is mainly driven by
an ion-exchange mechanism through the release of
cations from lignite surface and the retention of Pb?*
ions instead. Similar findings were reported by Pehli-
van and Arslan [41] when studying the removal of
three bivalent metals, namely Cu?*, Pb?*, and Ni**
using lignite and coconut shell-based activated car-
bon fiber.

4. Conclusions

This research work proves that lignite can be con-
sidered as a promising and attractive material for
Pb(II) removal from aqueous effluents under wide
static and dynamic experimental conditions. This at-
tractiveness is supported by the exceptional rapid
(only few minutes) and high (61.4 and 48.7 mg-g~ ! for
batch and columns tests) adsorption capacity com-
pared to other lignites and lignocellulosic-derived
adsorbents. The batch kinetic and isothermal mod-
eling studies as well as the specific analyses on
the structure and texture of lignite before and after
Pb(II) removal, showed that this adsorption process
is mainly chemical and occurs heterogeneously on
multilayer surfaces. Besides complexation with some
specific functional groups (hydroxyl, carboxylic, and
phenolic groups), this process might include cation
exchange with some cations such as calcium, magne-
sium, potassium, and sodium. Further investigations
will be undertaken in order to: (i) assess the Pb(II)
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desorption and lignite regeneration in batch and dy-
namic mode, (ii) the adsorption/desorption by lig-
nite of other heavy metals in single and mixed modes.
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