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An adsorbent has been prepared from lignite by chemical activation using ZnCl,. Pore properties of
the activated carbon such as the surface area determined by the Brunauer-Emmett-Teller (BET)
method, pore volume, pore size distribution, and pore diameter were characterized by t-plot based on
N, adsorption isotherm. The determined surface area of the adsorbent which was primarily contributed
by micropores was 600 m?/g. Activated carbon from lignite was used to adsorb methylene blue (MB)
from an aqueous solution. The effects of the initial dye concentration, agitation time and initial pH
have been studied. It was found that the adsorption isotherms followed both Langmuir and Freundlich
models. However, the Langmuir model gave a better fit to all adsorption isotherms than the Freun-
dlich one. The kinetics of adsorption of MB has been tested using pseudo-first-order, pseudo-second-
order models, as well as the intra-particle diffusion equation. The results obtained show that the
adsorption of MB from an aqueous solution onto microporous activated carbon takes place according

to the pseudo-second-order model.
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INTRODUCTION

As the demand for environmental protection in-
creases every year, activated carbons are extensively
widely used in industry for purification, separation,
and recovery processes. Activated carbon is one of
the most widely used materials in water purification
because of its tremendous adsorptive capacity due to
a large surface area, microporosity, and good corro-
sion resistance. In general, preparation of activated
carbon is commonly realized by chemical or physi-
cal activation. Chemical activation can be accom-
plished in a single step by carrying out thermal
decomposition of a raw material with chemical rea-
gents. Chemical activation processes have been car-
ried out with acidic reagents: ZnCl, [1], H.SO4 [2],
and H3PO, [3], or with basic reagents: K,COj3; [4],
KOH [5], NaOH [6], and Na,CO; [7]. It involves
pyrolyzing the feedstock in the presence of a chemi-
cal activating agent such as H3PO,4, ZnCl,, KOH,
etc.

Regarding the environmental effect and chemical
recovery of those agents, ZnCl; is the most preferred
one. Several researchers have reported the prepara-
tion of chemically activated carbons from various
raw materials, such as lignine [1], rice [8], olive
stones [9], date pits [10], etc. Those materials were
particularly chosen to prepare activated carbon due
to the presence of high wood fiber content in them.
A surface activation technique helps to develop a
large superficial area, several surface functions, and
the affinity for several adsorbates, but it is expen-
sive. Lignite, used in the present investigation, is an
inexpensive, low-rank carbonaceous material with a
low heating value.

In the present study, activated carbon from lignite
was produced using chemical activation processes.
The aim was to investigate the optimum conditions
for removing methylene blue (MB) and to calculate
the adsorption capacity. In addition, the adsorption
mechanism was investigated through two adsorption
kinetic models such as the pseudo-first-order model
and the pseudo-second-order model.

EXPERIMENTAL
Adsorbate

As the model adsorbate, a cationic dye which is
difficult to be degraded in natural environments was
selected. A standard stock solution was prepared by
dissolving the dye in double distilled water to the
concentration of 1000 mg/L.

Working solutions of the desired concentrations
were obtained by successive dilutions.

Preparation of activated carbon

The starting lignite was washed with water
several times and then dried at 423K. The dried lig-
nite was crushed and sieved, the fractions of the par-
ticle size between 0.5 and 1.0 mm being used for the
preparation of activated carbon.

The activated carbon sample was produced by
chemical activation with zinc chloride (99%) and
lignite, from Tunisia (from Tabarka — a coastal town
located in north-western Tunisia). Lignite was added
to ZnCl, grains with an impregnant/precursor mass
ratio of 2 (20 g/10 g) and was mixed until the total
homogeneity. The mixture of natural lignite and the
activated reagent (ZnCl,) was heated up to different
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final carbonization temperatures in the same furnace
at the rate of 10°/min (the activation temperature
varied over the range of 300-500°C). A low tempe-
rature ramp rate was used to minimize the tempera-
ture difference between the mixture and the furnace,
to provide sufficient activation time and to avoid a
rapid decomposition of the sample. The sample was
cooled below 323K before being removed from the
furnace. After cooling to room temperature, the acti-
vation mixture was washed with hot distilled water
several times so as to remove the residual chemical
activating agent.

After washing, the sample was dried at 80°C in a
vacuum oven for least 2 h in order to obtain activa-
ted carbon.

Instrumentation

The spectrophotometric determination of dye was
done on a Shimadzu UV-vis spectrophotometer
(Model UV-2100S). The pH of the solutions was
measured by a microprocessor-based pH meter pH
211. The Brunauer-Emmett-Teller (BET) method
was used to determine the surface area and porosity
of the adsorbents. The pore size distribution, surface
area (Sger), micro pore volume (Vpmicro) and the total
pore volume (Vror) of the produced carbon were
determined from the nitrogen adsorption-desorption
isotherm at 77K using a Quantachrome Autosorb
1-MP. Sger was determined by the BET method as in
[11] and the t-plot method was used to estimate the
volumes of micropores and the micropore surface
area. The total pore volume (V,) was estimated from
the amount of nitrogen adsorbed at a relative pres-
sure of P/Py = 0.97 and the average pore diameter
was calculated from Dy = 4V,/Sget [12].

The Dubinin-Radushkevich equation

The Dubinin-Radushkevich (DR) equation is
usually used to describe adsorption in microporous
materials, especially those of a carbonaceous origin,
which are the objects of the present paper. In its
basic form, the DR equation can be written as:

W/W, = exp[-(A/E)*] = exp[-(RT In (x)/E)?],

where X = p/po. The characteristic energy E for a
given fluid—solid system can be further expressed
using a scaling factor J as:

E = BE,,

where E, is the characteristic energy of a “standard”
adsorbate with respect to the given solid. The
characteristic curve of a system is established by
plotting the logarithm of the amount adsorbed W vs
log?(1/x). This is to test the suitability of the equa-
tion and/or to determine its range of applicability. If
the equation is applicable, the plot would be a
straight line with a slope (RT/E)® and an intercept
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log(Wy), depicting the characteristic energy and the
micropore volume that can be obtained.

The point of zero charge is pH at which the sur-
face has a zero net charge, known as pHpyc. It is
characteristic of amphoteric surfaces and is deter-
mined by the type of surface sites on solids and their
structures. The samples of powders (0.15 g) with
50 mL of 0.01M NaCl solution were shaken in the
bottle for 48 h. The initial pH values were adjusted
(in the pH range from 3.5 to 10) by adding a small
amount of HCI or NaOH solution keeping the ionic
strength constant. The final pH was measured after
48 h under agitation at room temperature. The pHp,c
of the adsorbent is the point where the curve pHsina
VS PHinitial Crosses the line pHinitiar = PHsinat [13, 14].

The amounts of acidic functional groups were
determined by Boehm’s method of titration with
basic solutions of different base strengths: NaHCO3,
Na2C03, NaOH, C2H50Na [15, 16] This was
achieved by accurately weighing 1.00 g of the sam-
ple into four conical flasks with a stopper.

For this purpose the samples were agitated for at
least 16 h with 0.05 N solutions of four bases. The
amount of Na+ ions remaining in the solution iwa
determined by adding an excess of the standard HCI
and back-titration. The basic group contents of the
oxidized samples were determined with 0.05 N HCI
[16, 17].

Adsorption experiments

Adsorption studies were conducted in order to
investigate the effect of pH, the effect of the contact
time, and of the initial dye concentration on carbon
samples.

The batch sorption studies were conducted in a
set of 250 ml Erlenmeyer flasks containing 0.10 g
adsorbent and 200 mL of the dye solutions with
various initial concentrations: 50, 250, 500, 750,
850, and 1000 mg/L. The flasks were agitated in an
isothermal shaker at 200 rpm and 30°C until the
equilibrium was reached. Dye concentrations in the
supernatant solutions were measured by the Lambda
Bio 20 UV/Visible spectrophotometer at 664 nm for
the MB uptake at equilibrium; g. (mg/g), was deter-
mined by:

(C,~C,)V
Qe W ;
where Cq and C, (mg/L) are the liquid-phase concen-
trations of MB at initial and equilibrium, respective-
ly, V (L) is the volume of the solution, and W (g) is
the mass of adsorbent used. The effect of pH on dye
removal was examined by varying the pH of the so-
lution from 2 to 12, with the initial dye concentra-
tion of 1000 mg/L, the activated carbon from lignite
dosage of 0.10 g/500 mL, and the adsorption tem-
perature of 30°C. The initial pH of the dye solution



was adjusted by adding 0.10M of HCI or NaOH
solution.

The equilibrium data were fitted using the Lang-
muir and Freundlich isotherm models.

The Langmuir isotherm assumes monolayer
adsorption onto a surface containing a finite number
of adsorption sites. The linear form of the Langmuir
isotherm equation is derived in [20]:

C 1 1

Ze-_— 1 —C,
qe QOKL QO
where Q, (mg/g) and K, (dm®g) are Langmuir con-
stants related to the adsorption capacity and the rate
of adsorption.

The Freundlich isotherm assumes heterogeneous
surface energies, in which the energy term in the
Langmuir equation varies as a function of the sur-
face coverage. The well-known logarithmic form of
the Freundlich isotherm is given in [21]:

Ing, =InK_ +£InCe,
n

where Kg (mg/g) (L/mg) and 1/n are the Freundlich
adsorption constant and a measure of adsorption in-
tensity, respectively.

The procedure of adsorption kinetic was identical
to the adsorption equilibrium where the aqueous
samples were withdrawn at different time intervals
and the concentrations of dyes were similarly
measured. The amount of adsorption at time t, q;
(mg/g), was calculated by:

_(C-CV

it W '

where C; (mg/l) is the liquid-phase concentration of
a dye at time t. When adsorption is preceded by dif-
fusion through a boundary, the kinetics in most sys-
tems follows the pseudo-first-order equation. The
first-order expression based on the solid capacity is
defined in [22] as:

qe j_ kl

In [ = t,
g, — 0, 2,303
where ki(1/h) is the adsorption rate constant. Unlike
the pseudo first-order equation, the pseudo second-
order equation, as in [23], predicts the behavior over
a whole range of adsorption and is represented as:
1 1

=—+kt,
(9.-9) @ °

where k; (g/mg-h) is the adsorption rate constant of
the pseudo second-order equation.

RESULTS AND DISCUSSION
Characterization of the prepared adsorbent

Figure 1 shows the N, adsorption isotherm of
activated carbon produced at the carbonization at
300, 400, 450, and 500°C using ZnCl, as reagent. It
is evident from the nature of plots that N, adsorption
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follows isotherm of the type | pattern, characteristics
of microporous solids according to the IUPAC clas-
sification [24]. Table 1 contains the BET surface
area (Sger), the external surface area (including
mesopores and macropores area Sey), the micropores
surface area (Smic), the total pore volume (V;), and
the average pore diameter (D), which are the results
obtained by applying the BET equation to the N,
adsorption at 77K and the DR equation to the N,
adsorption at 77K.

It was found that the activated carbon at 450°C
had a remarkable BET surface area, which was pri-
marily contributed by micropores.

The average pore diameter was 2.6 nm, indicative
of its micropores character.

It appears that activated carbon was dominantly
micropores. Percentage of micropores area is 82%.

The characteristic energy (E), the micropore sur-
face (Sp), and the micropore volume (Vu) of the
samples studied are presented in Table 1. These
values are obtained by the DR equation.

The surface micropore volume values are in the
range 0-492 m?/g. The dimensionless energy of
adsorption E ranges from 5 to 6.1 kJ/mol for
different samples.

As the surface acidity of carbon increased by
chloride zinc activation, its pHp,. was lowered,
whereas heat activation at 450°C had a higher value
(Table 2). The pH, is closely related to the change
of acidic or basic properties of carbon (Table 2).

The FTIR spectra of the natural lignite and lignite
at 300°C, 400°C, 450°C, and 500°C (all samples
were analyzed before adsorption) are given in
Figure 2. The spectra present most intense peaks,
indicating a relatively high concentration of the rele-
vant functional groups. The broad band between
3200 and 3500cm™' can be attributed to -OH
stretching vibration of the hydroxyl group. Low
absorbance at 2923 and 2855 cm corresponds to
the C-H stretching of methylene group. The band at
1625 cm* is assigned to the C=0 stretching vibra-
tions of quinoid structure [18]. The absorbance at
1400 and 1033 cm* arises from the C-O stretching
and O-H bending [19]. The presence of peaks at 526
and 473 cm™ is C-C out of plane bending of alipha-
tic groups.

Effect of initial pH on adsorption

The magnitude of electrostatic charges imparted
by the ionized dye molecules is primarily controlled
by the pH of the medium. The amount of the dye
adsorbed or the rate of adsorption tends to vary with
pH of the aqueous medium.

The experimental results of the adsorption of MB
on the natural lignite and corresponding activated
carbon as a function of pH at an initial dye concen-
tration of 1000 mg/L and 0.1 g adsorbent dosage is
shown in Figure 3.



(%]
=
=

[ A Lignite 450°C M Lignite 500°C @Lignite 400°C
L@ Lignite 300°C 3 Natural Lignite

o
=

160
140
120
100

80t
60f
40t
20t %
0 - :
0

0.2 0.4 0.6 0.8 1
P/P,
Fig. 1. Nitrogen adsorption isotherms for various activated

lignite carbon samples against that of untreated lignite
sample.

Volume of nitrogen adsorbed, cm3-g-!

19

Fig. 2. FTIR spectra of raw lignite and adsorbents prepared by
chemical and thermal activation.

Table 1. Physical properties of natural lignite and theirs corresponding activated carbons

SBZET V3t D, D-R Values

(mfg) | (cmg) | (M) | g mg) vuemigl) | E(kdmol)
Natural lignite 12 011 | 36 0 0 11
Lignite 300°C 120 016 | 53 98 0.1 56
Lignite 400°C 400 032 | 32 328 0.19 5.8
Lignite 450°C 600 039 | 26 492 0.26 6.1
Lignite 500°C 495 034 | 27 406 0.21 6

Table 2. Chemical properties of natural lignite and their corresponding activated carbon

PHpzc Total acid (mmol/g) Total basic (mmol/g)
Natural lignite 4 5.17 0.8
Lignite 300°C 5.3 5.3 0.75
Lignite 400°C 55 5.6 0.73
Lignite 450°C 5.9 6 0.70
Lignite 500°C 5.7 5.9 0.71
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100 »
w 80} wlS(}
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Fig. 3. Effects of solution pH on the adsorptive uptake of MB
at 30°C.

The adsorption behavior of dyes was strongly pH
dependent. The highest MB adsorption capacity was
experimentally observed at pH 9, this capacity dras-
tically decreased at lower pH values. The reduction
of MB removal at pH values about 9 may be
ascribed to the increasing repulsive forces between
the surface functional groups of AC and MB, which

Fig. 4. Adsorption of MB on natural lignite and activated car-
bon as a function of contact time.

mainly exist as cations. These results are consistent
with the data in literature [25].

Effect of contact time on adsorption

Adsorption experiments were carried out for dif-
ferent contact times and with a fixed adsorbent
dosage of 0.1 g at pH =9. The results in Fig. 4 rep-



Table 3. Isotherms parameters obtained by Langmuir and Freundlich models for removal of MB by activated carbon

and natural lignite
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Langmuir Constant

Freundlich Constant

Adsorbent
Ki(L/mg) | Q.(mg/g) R? Ln Ke (mg/g) R’
Natural lignite 0.487 432 0.997 0.323 135 0.92
Lignite 450°C 0.106 370.37 0.994 0.39 49.8 0.858

Table 4. Kinetic parameters for the adsorption of MB onto natural lignite before and after activation at 25°C

First-order kinetic model Second-order kinetic model
Adsorbent Qe.exp kl Qe,calc RZ I(2 Qe,calc RZ
(mg/g) | (g*hh) | (mglg) (@mg*h?) | (mglg)
Natural lignite 25 0.482 2.72 0.509 0.117 25.57 0.999
Lignite 450°C 175 0.759 22.5 0.664 0.18 178.57 0.999

resent the adsorption capacity of MB on activated
carbon at different contact times as compared to nat-
ural lignite that was not carbonized.

For activated carbon from lignite at 450°C, an
adsorption capacity of 178 mg/g is obtained at the
6 h contact time, 0.5 g/L adsorbent dose, and pH = 9
for MB. But the maximum adsorption capacity of
natural lignite was observed at 25 mg/g for MB at
4 h. Figure 4 also shows that a rapid increase of the
MB capacity is achieved during the first hour.

Adsorption isotherms

The adsorption equilibrium data were fitted for
the Langmuir and Freundlich isotherms.

The isotherm results indicate that the adsorption
of MB onto natural lignite and corresponding acti-
vated carbon is consistent with the Langmuir and
Freundlich isotherms.

The characteristic parameters of different models
as well as the correlation coefficients R? are listed in
Table 3.

The correlation coefficients calculated for the
Langmuir equation fitting are slightly lower than
those obtained in the case of the Freundlich equa-
tion. However, we think that the Langmuir model is
a better description of the experimental system for
the present research because the experimental data
reaches a saturation plateau at high C.. This satura-
tion tendency is not included in the Freundlich
model.

Adsorption kinetics

Kinetic parameters for the two kinetic models
and correlation coefficient are summarized in
Table 4.

Table 4 shows that the correlation coefficients of
the second-order kinetic model are higher than oth-
ers. Also, the calculated g values very well agree
with the experimental data (Qe ep). These indicate
that the adsorption perfectly complies with the pseu-
do-second-order reaction as in [26]. Similar kinetic
results have been also reported in literature [27-29].

Adsorption mechanism

The adsorption mechanism for the dyes adsorp-
tion is electrostatic interaction; the removal capacity
of MB is at a maximum within the range of pH 8-9.
In this pH range, the surface of activated carbon is
negatively charged and MB is positively charged
(-S"). The deprotonated groups of activated carbon
are mainly carboxylic (-CO-0") and phenolic (-O)
groups. At the solution pH > 4, the removal capacity
of MB was expected to increase, as the adsorbent
was negatively charged and dye molecules were
positively charged. The constant adsorption capacity
of activated carbon for dyes with the pH > 9 was an
indication that the electrostatic mechanism was not
the only mechanism for dye adsorption in this sys-
tem. Activated carbon can also interact with dye
molecules via hydrogen bonding and hydrophobic-
hydrophobic mechanisms [30].

In order to describe the competitive adsorption,
we used the intra particle diffusion model proposed
by Weber and Morris [31]. In a liquid-solid system,
the fractional uptake of the solute on a particle varies
according to r (the particle radius) and a fraction of
D (the diffusivity within the particle). The initial rate
of the intra particle diffusion was obtained by linea-
rization of the curve gt = f (tY%). The plot of qt
against t'2 may present multi-linearity [32]. This
shows that two or more steps occur in the adsorption
processes. The first sharper portion is instantaneous
adsorption stage or external surface adsorption. The
second portion presents the gradual adsorption stage;
in this stage the intra particle diffusion is rate-
controlled. The third portion presents the final equi-
librium stage in which the intra particle diffusion
starts to slow down because of a low solute concen-
tration in the solution.

The comparison of the diffusion rate constants
kint.1 and Kin.o, for the same adsorbent, shows that
Kino = 3.83 (stage 2) has a lower value than
Kint.. = 7.17 (stage 1) for both adsorbents.

The reduction of the adsorption rate in the second
stage may be due to pore blockage or steric hin-
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drance exerted by the adsorbed MB onto the adsor-
bent surface. As shown by Fig. 5, the plots of gt vs
t2 did not fit with straight lines passing through the
origin as required by Eq. (1), indicating the inap-
plicability of this model, and the intra particle diffu-
sion was not the rate-controlling step during the
adsorption process of MB ions onto AC:

Gt = Kine t2+ C, 1)

where Kjy is the intraparticle diffusion rate constant
(mg/g-h*?) and C is the intercept (mg/g) proportional
to the boundary layer thickness.

Fig. 5. Intra particle diffusion plots for MB adsorption onto
activated carbon.

CONCLUSION

The results of this work can be summarized as
follows:

(1) The N, adsorption isotherm on activated car-
bon is of type I. The values of Sget, Smicro, Vi and
Vmic are 600 m?g, 492 m?g, 0.39 cm*g and
0.26 cm®/g, respectively. Results show that activated
carbon is dominantly micropores. Percentage of
micropores area is 82%.

(2) The maximum removal of the dye was
observed at pH = 9. Adsorption experiments were
carried out for different contact times at different
temperatures with a fixed adsorbent dosage of
0.1 g/50 mL at natural pH. The equilibrium time was
6 h.

(3) The adsorption isotherm followed the Lang-
muir and Freundlich models. The Langmuir model
gave a better fit to all adsorption isotherms than the
Freundlich one.

(4) The kinetics of adsorption of MB onto natural
lignite and corresponding activated carbon was
studied by using two kinetic models. The adsorption
of MB from aqueous solution onto the microporous
activated carbon proceeds according to the pseudo-
second-order model which provides the best correla-
tion of the data in all cases.
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AncCopOeHT OBLI MOJyYeH W3 JIMTHUTA TPU XUMHYE-
CKOH akTuBauu ¢ momorsio ZnCl,. CoiicTa mop akTu-
BUPOBAHHOTO YIS, TaKWe KaK IUIOIA/b ITOBEPXHOCTH,
omnpenensemas o metrony bpyuayspa-Ommema-Tennepa
(BOT), obweM mop, pacmpenencHue Mop MO pa3Mepam, H
JHaMeTp Mop XapaKTepUu30BaKCh MO {-KpUBOIl Ha OCHOBE
n3otepMsl ancopouuu N,. [lepBuyHas miomans noBepx-
HOCTH ajicopOeHTa, ompenesseMas MHUKPOIOPaMH, Oblia
600 M?/r. AKTHBHPOBAHHbI yrojib W3 JHTHATA HCIIOJIB30-
Bamu Ui anmcopbim metmieHosoro cuuero (MC) us
BOJHOTO PacTBOpa. BBUIO M3yueHO BIMsSHHE KOHIEHTpA-
IIMM MCXOJTHOTO KPACHUTElNs, BPEMEHU INepeMEIINBaHus 1
HayanbHOro pH. BbUIO yCcTaHOBIIEHO, YTO M30TEPMBI al-
copOIMu coriacyroTcs ¢ o0eumu MozeasiMu JIeHrMiopa u
Opeitnnxa. Tem He MeHee, MoJenb JIeHrMiopa Jydiie
MOJXOIST Al BCEX HW30TEPM aJCcOpOLMH, YeM MOJENb
Opeiinanxa. Kuneruka agcopounn MC Obiia mposepe-
Ha ¢ TIOMOIIBIO MOZEINEH MCeBA0-NIEPBOro MOPsIKa, IICEB-
JO-BTOPOTO TOPSIIKA, & TaKkKe YpaBHEHHS BHYTPEHHEH
i dysun yactui. [lomydeHHBIe pe3ynbTaThl MOKA3bIBA-
10T, 9T0 aacopbuns MC U3 BOAHOTO pacTBOpa Ha MHKPO-
HOPUCTOM aKTHBUPOBAHHOM YIJIE IIPOMCXOJHUT B COOTBET-
CTBHH C MOJIEJIBIO TICEBII0-BTOPOTO MOPSIIKA.

Kniouegvie cnosa: axmueuposanuwvlii yeoib, IUSHUM,
aocopoyust, MemuieHoBbIl CUHUL.



