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ABSTRACT

Chemically modified Camellia oleifera shell (CA-COS) was prepared by means of solid-phase
esterifying technique. The adsorption of crystal violet (CV) and Pb(II) onto CA-COS were
studied and the effect of various parameters such as solution pH, ion strength, and the
initial concentration of contaminant on the adsorption were investigated. The adsorption
kinetics, adsorption isotherms, and thermodynamic behaviors were also studied. The
pseudo-first-order, pseudo-second-order, and intraparticle diffusion models were employed
to describe the kinetic behaviors of the adsorption in different initial contamination concen-
trations, and it was found that the adsorption processes followed the pseudo-second-order
model very well. The adsorption equilibrium data fitted to the Langmuir isotherm
(R* =0.9996 and 0.9992 for CV and Pb(Il), respectively) well, and the adsorption capacity of
CA-COS to CV and Pb(Il) were 120.5 and 45.2 mg g_l, respectively. The thermodynamic
results indicated the adsorption of CV and Pb(Il) on CA-COS is endothermic and can
proceed spontaneously.

Keywords: Citric acid modified Camellia oleifera shell (CA-COS); Adsorption; Crystal violet;

Lead ions; Wastewater treatment

1. Introduction

Heavy metals and synthetic dyestuffs are the main
pollution components of the industrial effluent, which
come from various industries such as textiles,
pigments, papers, plastics, mining, and metallurgical
processes. Because of the ecotoxicological -effects,
bioaccumulation and cancerogenic effect of these
pollutants themselves or the degradation products of
dyes on the environment and human being, the
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wastewater must be treated properly before they were
discharged into the environment. Various approaches
for their removal have been carried out, such as coag-
ulation, oxidation [1], chemical precipitation, ion
exchange, reverse osmosis, phytoextraction, ultrafiltra-
tion, membrane separation [2,3],and adsorption.
Among those techniques, adsorption offers the
simplest and lowest cost method for eliminating the
dyestuff or heavy metals from industrial wastewaters,
especially before discharging them into water reser-
voir or environment even if reuse in processing.
Although various of materials synthesized (activated
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carbon, nanocarbon materials such as activated carbon
fiber and carbon nanotubes) or natural (zeolite, coal
fly ash, agricultural byproducts) origin have been
employed or studied for color or heavy metal ions
removal from wastewater, considering of the adsorp-
tion efficiency, biomasses from forestry and agricul-
tural product which are rich in lignin, cellulose, and
hemicellulose are considered to be very beneficial to
heavy metals or organic contaminant adsorption, and
which has increased great interest of researchers and
engineers in wastewater treatment. Besides, because
the secondary waste will be minimized and resultant
of waste reutilization through this usage, a large num-
ber of biomass materials such as kenaf core fibers [4],
palm kernel fiber [5], wheat straw [6], maize cob [7],
grapefruit peel [8], rice husk [9], coniferous pinus bark
[10], sugarcane bagasse [11], and chestnut shell [12]
have been widely studied in the heavy metal or
dyestuff removal in aqueous solutions.

Camellia oleifera is a branch camellia plant of
theaceae, which is the unique and largest woody
oil-bearing crop in southern China. C. oleifera shell
(COS) is the outer coat of the fruit, whose amount
accounted for ~60% quality of the whole fruit, which
is one of the main byproduct in the tea camellia pro-
cessing industry. In addition to be used as fuel, large
amounts of redundant COS were discharged into
environment untreated, resultant of huge bioresource
loss and environmental pollution. Previous studies
showed that COS composed mainly of the lignin,
cellulose, hemicellulose, and tannins (polyphenols)
[13], which will be great potential as adsorbent in the
field of wastewater treatment. Our previous study has
also found that COS can be used in the adsorption
removal of crystal violet (CV) from aqueous solution,
and to an initial concentration of 50 ppm of CV, the
removal rate can reach 98% in the optimum conditions
[14]. However, compared to other reported work, the
adsorption capacity of untreated COS is not very high
(only has ~27 mg g™"), which is lower than that of
palm kernel fiber [5], ananas comosus (pineapple) leaf
powder [15] and coniferous pinus bark powder [10]
on contaminants. Chemical modification has usually
shown considerable promise in improving the surface
property of agricultural byproducts, compared with
the untreated biosorbents, the modified ones have
reported to increase the adsorption capacity greatly
[16-20]. As a flavor and stabilizer, citric acid (CA) is a
low-cost chemical, which used extensively in the food
industry. After modifying the raw biosorbents with
CA, the introduced free carboxyl groups can increase
the negative charge on their surface, thereby enhanc-
ing which binding capacity for cationic contaminants
obviously [4,21,22].
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The aim of this study was to prepare a high-
efficient COS biosorbent through chemically treating
the raw COS with CA by solid-phase esterifying tech-
nique, and then applied in the removal of cationic
pollutants in aqueous solutions. CV and Pb(Il) were
selected as the target adsorption species because they
are the typical contaminant representatives of cationic
dyes and heavy metal ions, respectively. CV is one of
the basic dyes, which has been shown to have very
harmful effect on living organisms even if on short
period of exposure, and Pb(Il) can bring substantial
threat to human health through the food chains, even
though at low concentration [3]. The effect of initial
solution pH, ionic strength, and initial contaminant
concentration, on adsorption removal of CV and Pb(II)
by CA-COS have been investigated; the adsorption
kinetics, the adsorption isotherms, and thermodynam-
ics were also studied.

2. Experimental
2.1. Chemicals

1.0gL™" CV (AR. Shanghai Fine Chemical
Technology Co., Ltd) and Pb(I) (Pb(NOs),, AR,
Xilong Chemical Co., Ltd) stock solutions were
prepared by dissolving required amount of CV and
lead nitrate in deionized water, respectively. CA was
purchased from the Shanghai experimental Reagent
Co., Ltd, 0.5 mol L™ CA solution was prepared by
dissolving certain amount of CA in deionized water,
and stored at 4°C for use. All the other reagents were
got from Guangdong Xilong Chemical Co., Ltd. All
chemicals and reagents used were analytical reagent
grade or above, deionized water was used throughout.

2.2. Preparation and characterization of modified COS

COS used in this study was obtained from Jiangxi
Green Sea Qil Co., Ltd. The raw COS was rinsed with
water for several times, dried in air, and baked in
vacuum oven at 40°C to a constant weight, then sieved
(0.147 mm) and stored in desiccator for use.

The chemical modification of COS was carried out
as the method reported [23]. An amount of COS
powder was mixed with 0.5 M CA solution at a ratio
of 1:12 (w/V, g mL™"), stirred at 500 rpm for 30 min at
room temperature, and then dried at 50°C for 24 h.
The thermochemical reaction between CA and COS
was proceeded by increasing the oven temperature
from room temperature to 120°C during 90 min, then
cooled to room temperature after the reaction finished.
The products were transferred and washed with
deionized water and filtrated, until no citrate was
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Fig. 1. Reaction of chemical modification of COS by CA.

detected in the liquid. The obtained CA modified COS
(CA-COS) was dried at 50°C for 12 h and stored in
desiccator for use. The proximate composition of the
COS and CA-COS was investigated by FI-IR spec-
trophotometer (BRUKER VERTEX 70). IR absorbance
data were obtained for wavenumbers in the range of
4,000-400 cm™" and analyzed.

The chemical modification of COS
schematically expressed as Fig. 1.

where C, represents the cellulose in COS.

can be

2.3. Adsorption experiments

The batch adsorption experiments were conducted
for each component. Generally, 0.2 or 0.4 g of CA-COS
was added into 100 mL of known concentration of CV
or Pb(I) solution in a 250-mL conical flask,
respectively; adjusted the pH to the desire, then the
solutions were shaken in an oscillator at desired
temperature for required time. After the equilibrium
was reached, 5mL of suspension was obtained and
centrifuged at 8,000 r min~! for 10 min, and the final
contaminant concentration (C.) in the solution was
measured by spectrophotometry at 4 =582 nm for CV
and by atomic absorption spectrometry (AAS) for Pb
(I), respectively. All the experiments were carried out
in duplicate and the average was used. The equilib-
rium adsorption capacity (4., mg g”') and the removal
percentage (R, %) of CV or Pb(Il) from the solutions
was calculated with the following equations:

(Co—Ce) xV
m

1)

(S

Co—Ce

R —
Co

x 100% )

where g, is the equilibrium adsorption capacity, mg g™';
Ce is the equilibrium concentration of sorbate, mg LY
C. is the initial concentration of sorbate, mg L. Vis
the volume of sorbate solution, L; and m is the dose of
adsorbent, g.

The adsorption kinetics experiments were
performed by mixing 0.2 or 0.4 g of CA-COS with cer-
tain concentration of CV or Pb(II) solutions in 250-mL

H,C—COOH
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conical flask, then adjusting pH to 7.0 and 5.0 for the
solutions, respectively. The mixtures were oscillated at
20°C and sampled at different time intervals, cen-
trifuged at 8,000 r min™' for 10 min and then volumes
of supernatant were taken for analysis. Three different
initial concentrations for each contamination were
conducted to study the adsorption kinetics. The
adsorption dynamic curves of CV and Pb(ll) were
obtained by the plots of g;(the adsorption amount at
time t, mg g~ ") vs. t (min).

The adsorption equilibrium studies were carried
out by agitating a series of 250-mL conical flasks
containing 0.2 or 0.4 g of CA-COS and 50 mL of CV or
Pb(II) solutions with different initial concentrations
(50-300 mg L' CV, or 100-400 mg L™ Pb(ID) in a
thermostat rotary shaker at 20, 30, and 40°C, respec-
tively. The adsorption was proceeded for 5h for CV
and 30 min for Pb(II), then sampled and analyzed for
CV and Pb(ID), respectively, as described above.

3. Results and discussion
3.1. Fourier transform infrared spectroscopy

The surface functional groups presented in the
adsorbent could be analyzed by the FT-IR, and the
possible adsorption enhancement mechanism after
modification could also be verified by comparison of
the FT-IR spectrum of COS before and after func-
tionalization. As shown in Fig. 2, for the COS (A), the
broad peak near 3,405 cm™ indicated the presence of
large numbers of hydroxyl groups in the surface of
the COS; the peak observed at 1,739 cm™! could be
assigned to the characteristic stretching vibration of
C=0 band in carboxyl group; the peak 1,043 cm™ was
mainly produced by the bending vibration of O-H
and the stretching vibration of C-O-C. After the func-
tionalization, two major changes were observed
(Fig. 2(B)): (1) the absorption intensity of C=O at
1,739 cm™! was enhanced obviously, and (2) the broad
absorption peak of hydroxyl group shifted from 3,405
to 3,448 cm™', which suggested that carboxylic group
was successfully introduced into the surface of the
COS after the CA modification. It will be very
beneficial to the CV or Pb(Il) adsorption in the
surfaces.



15376

C-O-C(stretch

% Transmittance

1 " 1 " 1

4000 3000 2000 1000

Wavenumber / cm’
A:COS B: CA-COS

Fig. 2. FT-IR spectra of COS and CA-COS.

3.2. Effect of initial solution pH

The pH value of the contaminant solution is an
important factor in the process, which always affects
the adsorption through changing the surface properties
of the sorbent material and the degree of sorbate ion-
ization [24]. The effect of initial pH on the contami-
nants adsorption removal was investigated at 20°C,
and the pH was adjusted to the tested range by addi-
tion of diluted HCl or NaOH solutions. Fig. 3 shows
the effect of pH on the removal percent of CV

100
90
=
>
o
g 80
)
~
IS8
oF - CV
-o— Pb(Il)
60 1 1 1 1 1 1 1
3 4 5 6 7 8 9

pH

Fig. 3. Effect of solution pH on the adsorption removal of
CV and Pb(II) on CA-COS.
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(pH 3.0-9.0) and Pb(I) (pH 3.0-6.0) from solutions. It
can be seen from the figure that the R% increased from
82.11 to -97% when the pH increased from 3.0 to 7.0,
and then kept almost stable to continue increasing the
pH to 9.0. For Pb(Il), an increase from 72.46 to 86.90%
was observed when the pH increased from 3.0 to 4.0,
then the removal rate kept almost stable when the pH
increased to 5.5, and finally decreased when pH > 5.5.

Based on the above analysis, it can be noticed that
it showed lower removal rate of both CV ad Pb(l) at
lower pH, which may contribute to that the excess H*
ions in the high acidic solution competed with the sor-
bate cations for the adsorption sites. At higher pH
value, the surface of the sorbents may be mostly nega-
tively charged, which is very beneficial to the dye
cations adsorption. As to heavy metal, its speciation
may change due to the secondary hydrolysis process,
resultant of decreased removal rate. Very similar
results have been reported for the adsorption of CV,
methylene blue, Pb(Il), Co(Il) and Cd{I) on other
modified or raw biosorbent [6,25]. Thereby, the pH 7.0
and 5.0 were selected for the following adsorption
tests of CV and Pb(II), respectively.

3.3. The effect of NaCl concentration

The effect of the ionic strength on the adsorption
of CV and Pb(l) was investigated using NaCl as the
interfering salt. As can be seen from Fig. 4, when
NaCl concentration increased from 0 to 0.2 mol L7},
the removal rate of CV had no obvious change, i.e.
only decreased from 98.2 to 95.6%, but for Pb(l), it

100
90|
-2 CV

=
3 -o- Pb(Il)
5 sof
[
IS

70

1 1 1 1 1
0.00 0.05 0.10 0.15 0.20

NaCl/ (mol.L'")

Fig. 4. Effect of NaCl concentration on the adsorption
removal of CV and Pb(II) on CA-COS.
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declined from 87.9 to 66.1%. Low ionic strength
appeared to have negligible impact in the removal of
CV by CA-COS, but had significant effect on that of
Pb(D).

3.4. Effect of contact time and the adsorption kinetics

Fig. 5 shows the effect of contact time on the
adsorption capacity for different initial concentrations
of CV (50, 100, and 150 mg L™") and Pb(I) (80, 100,
and 150 mg L™"). As can be seen from Fig. 5(a), for
low concentration of CV (50 mg L"), the adsorption
rate was very high and could reach equilibrium only
within 30 min. It may due to that at low contaminant
concentration, enough active sorption sites existed in
the sorbent surface, which is very beneficial for

(a)

80

16 - 50 rng.L'1
o 100 mg L’
o 150 mg.L"

O k. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
Time / min
(b) 55
28 I+

14 |
-=-80 mg.L'l
7 -e-100 mg.L'l
-a-150 mg.L!
O 1 1 1 1 1 1 1 1 1
0 40 80 120 160 200

Time / min

Fig. 5. Effect of contact time on the adsorption of CV and
Pb(I) on CA-COS.
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contaminant adsorption. When there was higher
concentration of CV, it needed much longer time of
120 and 240 min to get equilibrium with the initial CV
concentration of 100 and 150 mg L™, respectively. As
for Pb(Il), however, it always showed very rapid sorp-
tion in all the tested concentrations, and the equilib-
rium was attained in ~20 min (Fig. 5(b)). Compared
the results of above, it may imply that big molecule
(CV) adsorption was affected more by the driving
force of concentration gradient than that of small
molecule, and the agglomeration of dye stuff molecule
in high concentrations may also slow down the
adsorption process [26]. As could also be seen from
Fig. 5, the adsorption capacity of CV and Pb(II)
apparently increased with the increase in the sorbate
concentration, which increased from 24.63 to
73.45 mg g_l and from 18.32 to 30.56 mg g_l, with an
increase in CV and Pb(Il) concentration from 50 to
150 mg L™ and 80 to 150 mg L™", respectively.

In order to examine the controlling mechanism of
the sorption process, two kinetics models were used
to describe the above adsorption data. The pseudo-
first-order model considers the rate of occupation of
sorption sites to be proportional to the number of
unoccupied sites [8], its linear form can be defined as
the following equation:

k]Xf

2.303 ®

log(ge —gt) = logge —

where g, is the equilibrium adsorption capacity, mg g™';
q: is the adsorption capacity after adsorption time ¢,
mg gfl ; ky is the first-order reaction rate constant, min™".
The value of g. and k; can be computed from the
intercept and slope of a plot of log (3. — q:) against t.

The linear form of the pseudo-second-order model
was expressed in the following equation:

LA @
G gg g
where g, is the adsorption amount of contaminant at
any given time t, mg g™'; g. is the uptake amount of
contaminant at equilibrium, mg g™'; k, is the second-
order reaction rate constant, g mg™' min™'. In addition,
the initial adsorption rate & (mg g ' min™') is defined
as kzqg, which was the rate when f — 0. The values of
Je, ko, and h can be calculated from the slope and
intercept of the linear plot of t/q; against ¢

The above pseudo-first-order and pseudo-second-
order models were used to fit the experimental data of
CV and PbdIl) adsorption, and the related statistic
parameters were presented in Table 1. As can be seen,
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in all CV and Pb(Il) concentrations tested, high
correlation coefficients (R* > 0.9997) were obtained in
the case of pseudo-second-order kinetics, and the
calculated gevalues agreed well with the experimental
data. It suggests that the rate-limiting step of CV and
Pb(II) adsorption on CA-COS may be chemisorption
process, i.e. the chemical interactions possibly occur
between superficial functional groups of biosorbent
with the heavy metal ions or dyes. Similar behavior
has been reported for other types of biosorbent [25]. It
also can be seen from Table 1 that the initial adsorp-
tion rate (k) of Pb(I) increased from 96.44 to
201.63 mg g ' min~! with the initial concentration
increased from 50 to 150 mg L% but the h value for
CV was very high in the tested low concentration, and
very low in higher concentration. It suggested that the
concentration gradient may be the primary driving
force for metal ions adsorption in the CA-COS surface
in the very initial of the process. As to CV, however,
higher concentration would result in the clustering of
the molecule due to the effect of hydrogen bond and
Van der Waals’ force in their hydrophobic part, which
but not the adsorption in the biosorbents plays the
main role in the process [26].
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0.9750
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Intraparticle diffusion

model
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The diffusion model is expressed by the following

Note: ge,cal is the calculative equilibrium adsorption capacity; ge,exp is the experimental equilibrium adsorption capacity.

equation:
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= Flsleadvyooo sion. The plots and the calculated parameters were
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— — . . .
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8 © portion being a rapid external surface adsorption
— & o which was contributed to the large surface area of the
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Qg 5| > el . . )
= <C RO o of the adsorption process; the second linear portion
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Fig. 6. Intraparticle diffusion models for the adsorption of
(a) CV and (b) Pb(Il) on CA-COS.

being a gradual adsorption which was the rate-limit-
ing step, and the final portion being an equilibrium
stage (Fig. 6(a)). It can be seen from the values of
intraparticle diffusion rate constant in second phase
(kigm) that with the initial CV concentration increased
from 50 to 150 mg L, kg4Il was enhanced from 0.1872
to 3.6551 mg g ' min *°. However, the metal ion
adsorption can reach equilibrium in a very short time,
so this process does not fit the intraparticle diffusion
model, and very similar results were observed in the
metals adsorption on the green algae biomass [25].

3.5. The adsorption isotherms and adsorption capacity

The Langmuir and Freundlich isotherm models
were always used to describe the participation
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behavior in solid-liquid systems. The Langmuir model
is based on the assumption that monolayer adsorption
onto a surface containing a finite number of identical
sites, the active energy of adsorption in the whole pro-
cess is constant, and there is no transmigration of
adsorbate in the plane of the surface [27]. The linear
form of Langmuir isotherm equation as follows:

C 1 C
= +— (6)
e KLQmax Jmax
where g is the equilibrium adsorption capacity, mg g™;
C. is the equilibrium concentration of sorbate, mg Lt
Jmax is the maximum adsorption capacity, mg g_l ; Ky is

(a)
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q/(mg.g )
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0 1 1 1 1 1
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30 +

-1
qe/(mg.g ")

20

0 10 20 30 40 50 60
-1
Ce /(mg.L ")

Fig. 7. Adsorption isotherms of (a) CV and (b) Pb(I) on
CA-COS at different temperatures.
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Table 2
Calculated constants of adsorption isotherms
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Langmuir model

Freundlich model

Sorbate Temperature (K) Jmax (Mg g‘l) Ky (L mg_l) R? Ky n R?

Ccv 293 120.482 0.3138 0.9996 44.1037 4.0549 0.8724
303 128.535 0.4023 0.9990 49.2156 4.0127 0.9043
313 141.844 0.5357 0.9990 55.6067 3.5868 0.9377

Pb(I) 293 45.167 0.0783 0.9992 7.7940 2.5097 0.9727
303 48.239 0.0912 0.9988 8.5978 2.4534 0.9750
313 49.652 0.1004 0.9982 9.1055 2.4332 0.9767

Langmuir constant, L mg'. The value of K and s

Jmax Were calculated from the intercept and slope of the g = K¢ X C¢ @)

linear plots of C./q. vs. C,, respectively.

The Freundlich isotherm is used to describe the
high concentration of adsorbate and heterogeneous
surface adsorption behavior, which is not restricted to
the formation of the monolayer of adsorbate. The
Freundlich isotherm equation is expressed as:

Table 3
The maximum adsorption of CV and Pb(I) on various
adsorbents in literature

Maximum
sorption
capacity
Sorbate Adsorbent (mg g‘l) Refs.
CV Grapefruit peel 254.16 [8]
CA-COS 120.48 This
study
Ricinus communis pericarp 106.95 [28]
carbon
Tomato plant root 94.33 [29]
Skin almonds waste 85.47 [30]
Ananas comosus leaf 78.22 [15]
powder
Ginger waste 64.93 [31]
NaOH-modified rice husk 44.87 [9]
Coniferous pinus bark 32.78 [10]
powder
Calotropis procera leaf 4.14 [32]
Pb(Il) Durvillaea antarctica 135.10 [33]
Cucumis melo 75.42 [34]
Moss plant barbula 62.50 [35]
lambarenensis
Olive tree pruning waste  46.21 [36]
CA-COS 45.17 This
study
Hazelnut shell 28.18 [37]
Barley straw 23.21 [38]
Chestnut shell 8.53 [12]
Almond shell 8.08 [37]
Betel-nut peel 2.02 [39]

where g, is the equilibrium adsorption capacity, mg g™;
Ce is the equilibrium concentration of sorbate, mg L
Kg is Freundlich constant; n is a constant which repre-
sents the degree of dependence of adsorption on the
equilibrium concentration of adsorbates.

The adsorption isotherms of CV and Pb(Il) at dif-
ferent temperatures were shown in Fig. 7, and the
models mentioned above were used to fit the adsorp-
tion data, and the calculated parameters were listed in
Table 2. It can be seen from the results that the experi-
mental data fitted the Langmuir model much better
than that of Freundlich model; the correlation coeffi-
cients (R® were all higher than 0.998, indicating the
applicability of the monolayer adsorption assumption
for CV and Pb(I) on CA-COS. The adsorption tem-
perature has obvious influence in the adsorption
behavior, with the temperature increased from 20 to
40°C, the maximum adsorption capacity (§max) of CV
and Pb(ID) increased from 120.48 to 141.84 mg g ' and

6
-a CV
5 '\\- - Pb(Il)
4 4
31
5
2 '\.\.
14
0 T T T
0.0031 0.0032 0.0033 0.0034 0.0035
1/T (K'l)

Fig. 8. Plot of InK4 vs. 1/T for the estimation of
thermodynamic parameters.
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Table 4
Thermodynamic parameters for the adsorption of CV and Pb(II) onto CA-COS

CcvV Pb(II)
T/K 293 303 313 293 303 313
AG® (k] mol™) -10.794 —12.459 —13.696 —4.218 —4.869 —5.361
AH® (kK] mol™) 31.796 12.554
AS® (J mol K™) 145.582 57.325

45.18 to 49.65 mg g ', respectively. The results showed
that CV and Pb(Il) adsorption in CA-COS may be
endothermic process, higher temperature has an
optimistic effect on the adsorption. Table 3 summa-
rizes the gm.x Of various bioadsorbents on adsorption
of CV and Pb(Il) reported in other studies. The results
showed that the adsorption capacity of the CA-COS is
very comparable with those low-cost biosorbents.
Some biosorbents such as grape peel or Durvillaea
antarctica presented much favorable adsorption capac-
ity to the contaminants, but compared with the COS
studied in our work, the sources of the materials may
be a little limited.

3.6. Thermodynamic parameters

The thermodynamic parameters that of AH® and
AS® were obtained which based on the above thermo-
dynamic experiments from the van’t Hoff equation:

AS®  AH®

InKa=—2"=%7

®)

where R is gas constant, 8.314 ] mol™! KL T is absolute
temperature, K; and K; is thermodynamic equilibrium
constant. AH® is the standard entropy, | mol™ K7, and
AS° is the standard enthalpy, J mol™'. The AH® and AS°
values were calculated from the slope and intercept of
the linear plot of InKy vs. 1/T (Fig. 8). The thermody-
namic parameters for CV and Pb(Il) adsorption on
CA-COS were listed in Table 4.

The standard Gibbs free energy (AG®, kJ mol™)
was calculated from the Gibbs-Helmholtz equation:

AG®° = —RT In K4 9

The AG® values of CV and Pb(Il) adsorbed on
CA-COS under different temperatures are also pre-
sented in Table 4. It can be seen that the AG® values
were all negative, and the higher of the temperature,
the smaller of the AG® values obtained, which indicat-
ing that the adsorption of CV and Pb(II) on CA-COS
was spontaneous process. The positive value of the

standard entropy was 34.880 and 12.554 k] mol™
for CV and Pb(I), respectively, which showed that
the endothermic nature of the overall adsorption
process.

4. Conclusions

An adsorbent material of CA-COS was obtained
by modifying the raw COS using CA via esterification.
The CA-COS showed high adsorption capacity toward
CV and Pb(l), and the adsorption data fitted the
Langmuir model very well (R* > 0.998). At 293 K, the
adsorption capacity of CV and Pb(I) onto CA-COS
was 12048 and 45.17 mgg ' at, respectively. The
adsorption process of CV and Pb(Il) onto CA-COS
followed the pseudo-second-order kinetic model, sug-
gesting that the chemical interactions which occurred
between superficial functional groups of biosorbent
and the contaminants may be primary interaction that
influence their adsorption on CA-COS. For CV, intra-
particle diffusion and surface diffusion also play very
important role in the adsorption. The thermodynamic
results showed that adsorption was spontaneous and
endothermic process.
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