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ABSTRACT

Cellulose surfaces were modified by phosphoric and citric acids, and the modified celluloses
were used as adsorbents to remove Cu”* ion from the aqueous solution. The modified cellu-
loses were characterized by scanning electron microscopy, Fourier transform infrared spec-
troscopy (FTIR), and specific surface area/zeta potential analyzers. The citric acid-modified
cellulose (CAMC) removed copper more efficiently than the phosphoric acid-modified cellu-
lose (PAMC). Optimal preparation of CAMC was by heating the cellulose in 400 mL of
1.2M citric acid at 150°C for 3 h. FTIR measurements confirmed that the formation of car-
boxylic groups on CAMC surface, which increased binding with Cu®* ions. The BET surface
areas were 0.30, 0.44, and 2.4m?/ g for the original cellulose, CAMC, and PAMC, respec-
tively, with pore sizes of 64, 32, and 7.7nm, respectively. Experimental results showed
apparent second-order adsorption kinetics and Freundlich type of adsorption isotherms.
The adsorption capacity of CAMC for Cu®* ions was 15.1 mg/g; it increased with increasing
pH, temperature, and adsorbent dose but decreased with increasing Cu®* ions. Copper
removal was via physisorption, and the process parameters AH and AS were determined

at 11.9 and 116 mol K, respectively, for CAMC.
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1. Introduction

Heavy metals need to be removed from wastewa-
ters of metal plating and mining operations. Heavy
metals are not biodegradable and they can accumu-
late and persist in the environment. Copper (Cu*) is

*Corresponding author.

a heavy metal contaminant widely found in the envi-
ronment. The excessive intake of copper by humans
leads to severe mucosal irritation, widespread
capillary damage, hepatic and renal damage, central
nervous problems followed by depression, gastroin-
testinal irritation, and possible necrotic changes in
the liver and kidney [1]. Copper removal from waste-
water has thus received considerable attention. Metal
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cleaning and electroplating are the major sources of
copper in Taiwan’s industrial effluents. Processes
based on precipitation, electrochemical treatment,
ionic exchange, reverse osmosis, and adsorption have
been applied to remove heavy metals from various
wastewaters [2]. Adsorption is widely used because
of its effectiveness in terms of initial cost, design sim-
plicity, ease in operation, and immunity to toxic sub-
stances. Biopolymers as adsorbents are desirable as
they are biodegradable.

Generally, a “low-cost” adsorbent should require
little processing, be abundant in nature, or be an agri-
cultural or industrial byproduct or waste material [3].
Celluloses, very abundant and naturally occurring
substances, are the principal structural component in
cell walls of most plants. They are biodegradable, non-
toxic, and with abundant hydroxyl groups that can be
chemically modified. Although celluloses are more
costly than agricultural byproducts, the former con-
tains more hydroxyl groups for modification which
can improve economic feasibility. Cellulose hydroxyl
groups are involved in intermolecular hydrogen
bonds, resulting in low adsorption capacity [2]. How-
ever, the cellulose surface is amenable to modifications
by low-cost chemical processes to equip it with con-
siderable ion exchange capacity. Modifying agents
include acids [4-11], bases [8,12], and organic com-
pounds [13-15], which have been applied to cellulose
to increase its metal removal efficiency.

While organics such as pyridine, acrylonitrile,
methylene chloride, dithiooxamide, and dimethylform-
amide are toxic and not environmentally friendly, they
have been used for modification of cellulose. Modifica-
tion of NaOH-treated soybean hulls by citric acid
enhanced metal adsorption [4], as did modification of
orange peel by citric acid [7]. Treatment of corncobs
by citric or phosphoric acid also improved metal
adsorption [5]. For their nontoxic and biodegradable
properties, citric and phosphoric acids were selected
in this study to modify the surface of cellulose, and
tested for the removal of copper from the aque-
ous phase. Adsorption rates were determined
quantitatively and analyzed for reaction orders.
Experimentally obtained adsorption isotherms were
compared with the Langmuir, Freundlich, Dubinin
and Radushkevich (D-R), and Temkin models. The
objectives were to: (i) characterize the modified cellu-
lose surfaces (CAMC and PAMC), (ii) determine the
effectiveness in copper removal according to pH, cop-
per and adsorbent concentrations, (iii) identify optimal
modification conditions, and (iv) provide kinetic and
thermodynamic parameters AG®, AH®, and AS® for the
adsorptive removal process.
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2. Materials and methods
2.1. Materials

Cellulose (C6413) was purchased from Sigma-
Aldrich. Copper(Il) nitrate, citric acid, phosphoric
acid, nitric acid, and sodium hydroxide were from
Merck. Solution pH was adjusted by adding nitric acid
and sodium hydroxide. All compounds were used as
received except for cellulose that was modified.
All solutions were prepared using deionized water
(Milli-Q) and reagent grade chemicals.

2.2. Preparation of adsorbents

CAMC was prepared by mixing the cellulose (20 g)
with citric acid (400 mL, 0.9 M) in a beaker and stirred
for 2h; PAMC was prepared likewise with phosphoric
acid. The mixture was filtered; the solid was dried in
an oven at 50°C for 24 h and then heated at 120°C for
3h. Other preparation conditions included stirring
20 g of cellulose with 400 mL of citric acid at 0.3, 0.6,
0.9, or 1.2M for 2h; the mixtures were filtered and
dried at 50°C for 24 h and then heated at 90, 120, 150,
or 180°C for 1, 2, 3, or 4 h. The effects of concentration,
temperature, and heating time on CAMC’s ability to
remove Cu?* ion were studied by varying one param-
eter at a time over the test ranges while keeping other
parameters at default conditions, which were: acid
concentration of 1.2M, temperature of 120°C, and
heating time of 3 h. Prior to use, all adsorbents were
washed with distilled water until the pH of the wash
water was neutral.

2.3. Characterization of the adsorbents

The celluloses before and after modification were
examined for size and morphology by scanning elec-
tron microscopy (SEM) (JEOL JSM-6500F, Japan), their
specific surface areas by BET method with a surface
area analyzer (ASAP 2010; Micromeritics, USA), and
their pHy,. by a Zeta-Meter 3.0 (Zeta-Meter, Inc.,
USA). Cellulose functional groups were identified by
Fourier transform infrared spectroscopy (FTIR) using
a Spectrum One and Autoimagic system (Perkin
Elmer, USA) via the KBr pressed disc method.

2.4. Adsorption experiments

All adsorption experiments were conducted in a
closed, pyramidal, glass bottle of 250 mL. Adsorption
kinetics was measured over 3 h. Initial pH of 5.0 was
used in all Cu®" ion adsorption experiments, except
for varied pH experiments that examined the effect of
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pH. In adsorption experiments, 0.3 g of the original
cellulose, CAMC, or PAMC was placed in a bottle
containing 200 mL of a Cu®' ion solution at 20 mg/L
and shaken at 100 rpm. The effect of Cu®* ion concen-
tration on removal by CAMC was studied by varied
[Cu®'] of 20 and 40 mg/L at [CAMC] = 1.5g/L. The
effect of adsorbent concentration on removal by
CAMC was studied by varied [CAMC] of 0.5 and
15¢g/L at [Cu**1=20mg/L. The effect of pH on
removal by CAMC was studied by varied initial pH 3
and 5 at [Cu®™]=20mg/L and [CAMC]=15g/L. To
obtain thermodynamic parameters, adsorption experi-
ments were performed at 15, 25, and 35°C over 24 h.
Suspended particles were separated by filtration
through a 0.22 um filter (Millipore). Copper concentra-
tions before and after adsorption were measured by
an atomic absorption spectrophotometer (Perkin Elmer
3300, USA). All adsorption experiments were per-
formed in triplicate and the average values were pre-
sented.

3. Results and discussion

3.1. Surface characteristics of celluloses before and after
modification

3.1.1. Analysis of SEM, specific surface area, and pH,.,

SEM was used to characterize the surface structure
and morphology of cellulose adsorbents in this study,
particularly for the shape and pore structure of the
adsorbents. Fig. 1 shows SEM images of the original
cellulose, PAMC, and CAMC. They show smooth rod
morphology confirming low porosity and little change
in shape after surface modification. The cellulose
diameter was about 15 um. The surface of PAMC was
rougher than the original cellulose and CAMC. The
low porosity was corroborated by a low-surface area
measured by BET analysis. The BET surface areas
were 0.30, 0.44, and 2.4 m?/ g for the original cellulose,
CAMC, and PAMC, respectively, with pore sizes of
64, 32, and 7.7 nm, respectively.

Fig. 2 shows zeta potential measurements for the
cellulose samples. The pHp,. of the original cellulose
was 5.6. After acid modification, both CAMC and
PAMC surfaces became so negatively charged that
their pH,,,. was not observed over a wide pH range of
49, with CAMC surface being more negatively
charged of the two. The modification processes are
described by Egs. (1) and (2). Similar reactions were
proposed by Lu et al. [10]. The substituted phosphoric
and carboxylic groups endowed the surface with acid
groups that increased acidity at the surface. The pK,,
and pK,; for citric acid were 4.75 and 6.39, respec-
tively, and for phosphoric acid were 7.20 and 12.32,
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Fig. 1. SEM micrographs of (a) original cellulose, (b)
PAMC, and (c) CAMC.

respectively. Being stronger acid groups of lower pKs,
the CAMC was thus more negatively charged,
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Fig. 2. Zeta potential measurements of original and modi-
fied celluloses.

following the negative charge order of CAMC>
PAMC > cellulose, as shown in Fig. 2.
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Fig. 3. FTIR spectra of original and modified celluloses.

1,425cm™". The peaks were associated with these
molecular actions: C-OH bending at 669 cm ! [15];
COC, CCO, and CCH deformation and stretching at
893 cm ! [16]; C-O stretching in acids, alcohols, phe-
nols, ethers, and esters at 1,000-1,300 cm ™ * [17]; C-H

CHZO-II’I—OH
OH
|(|) A H o~
HO-P-OH + H,0
I .
OH OH H
H OH (] )
ﬁ COOH
CH,OH CHZO-C-CHZ-CIHZCOOH
(0] O on
COOH
H/H o— | A H o—
+ HOOC—CH:CI—CHzCOOH — + H.0
- O -
OH H OH ° OH H
H oH H OH 2)

3.1.2. FTIR measurements

The FTIR technique identifies functional group
characteristics that adsorb Cu”*' ions. Fig. 3 shows
FTIR spectra of the original and modified celluloses in
400-4,000 cm ™", All three spectra show peaks at 669,
893, 1,020-1,046, 1,055, 1,107, 1,158, 1,368, 1,647, 2,886,
and 3,320cm™'. The PAMC showed an additional
peak at 1,087 cm ! and CAMC an additional peak at

bending vibration at 1,368 cm” ! [12,16]; C=0O stretching
vibration at 1,647 cm™! [8]; C-H stretching vibration in
the methyl group at 2,886 cm! [11,15,16,18,19]; OH
stretching vibration of carboxylic acids, alcohols, and
phenols at 3,320 cm™! [15,16,18]. Musyoka et al. [19]
attributed the peaks at 1,019-1,419 cm™! to the cellu-
lose. Tian et al. [20] identified characteristic absorption
bands of cellulose at 900, 1,115, 1,165, and 1,431 cm™ .
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The peak at 1,087cm™' of PAMC was assigned to
symmetrical vibration in the P-O [17] while the peak
at 1,425cm™' of CAMC was assigned to C-O stretch-
ing vibration of the carboxylic group [9]. In the wave-
number region between 2,300 and 2,400 cm™!, this
study observed a strong band at 2,340 cm™" for origi-
nal cellulose and CAMC. Widely reported in the liter-
ature, this band is assigned to the O-C-O asymmetric
stretching mode of the CO, molecule [21]. The peak at
ca. 2,339cm™' was assigned to the v(CO) mode of
adsorbed CO,, possibly owing to the slight change in
ambient environment [22] or a likely intermediate in
the formation of surface carbonate and bicarbonate
species, due to interstitial carbon [23]. The peaks due
to C-O, C=0, and -OH vibrations were attributed to
the presence of the carboxyl group on the cellulose
surface. During modification, the citric acid anhydride
reacted with the hydroxyl group of the cellulose to
form an ester linkage for the carboxyl group. The new
carboxyl groups at the surface complex favorably with
positively charged Cu** ions.

3.2. Determinations of the optima modification conditions

Fig. 4 shows removal of Cu®* ions by the original
and modified celluloses. In Fig. 4, the CAMC and
PAMC were modified by 0.9M of acid (citric acid or
phosphoric acid) and heated at 120°C for 3 h. Value of
the y-axis was C/Cy and C and C, denoted the RR2
concentration at various times t and t =0, respectively.
After 3h of contact, removals were 8, 15, and 52% by
the original cellulose, PAMC, and CAMC, respec-
tively. Meanwhile, the solution pH of the three
decreased from 5.0 to 4.9, 44, and 3.8, respectively.
CAMC demonstrated the highest adsorption removal,
resulting in the largest decrease in solution pH.

1 =
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o 04 .

—+—Original cellulose

02 —a—PAMC
——CAMC

0 20 40 60 80 100 120 140 160 180 200
Time (min)

Fig. 4. Removal of Cu®" ion b2y original cellulose, PAMC,
and CAMC (conditions: [Cu“"]=20mg/L, [adsorbent]=
15g/L, pH 5, and T=25"C).
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Fig. 5. Removal of Cu®* ion by CAMC according to modi-
fication conditions: (a) citric acid concentration (0.3-1.2 M),
(b) heating temperature (90-180°C), and (c) contact time
(60240 min) (adsorption conditions: [Cu?1=20 mg/L,
[adsorbent] =1.5g/L, pH 5, and T =25°C).

CAMC possessed smaller specific surface area than
PAMC, yet the former removed more Cu?* ions. This
is attributed to CAMC’s more negatively charged sur-
face as shown by zeta potential measurements. Subse-
quently, we used citric acid for surface modification
and proceeded to identify the optimal conditions for
modification.

Fig. 5 shows the effects of acid concentration, tem-
perature, and heating time during modification on
CAMC’s ability to remove Cu®* ions. The optimal con-
ditions were found to be citric acid of 1.2M and heat-
ing at 150°C for 3h. CAMC adsorption capacity
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increased with increasing acid concentration from 0.3
to 1.2M (Fig. 5(a)) and with increasing temperature
and heating time, reaching the optima at 150°C for
heating (Fig. 5(b)) and 3h for contact (Fig. 5(c)). The
use of stronger acid concentration led to an increase of
active adsorption sites at the surface [10]. Heating
resulted in citric acid anhydride, a condensation prod-
uct, which combined with the cellulosic hydroxyl
group to form an ester linkage that increased effective
binding sites for positively charged metal ions [4,7,8].
However, heating at temperature beyond 150°C and
over 3h increased markedly the degree of cross-
linkage, which resulted in decreased Cu®* ion
adsorption. Similar effects of temperature [4,7] and
acid concentration [10] were reported. The optimal

0.8 HiN

0.6 |
5]
5]
04+
——[Cu24] =20 mg/L, [CAMC]=15g/L,pH=5
02} —o—[Cu2+]=20mgL, [CAMC]=15g/L,pH=3
—a—[Cu2+] =20 mg/L, [CAMC]=0.5g/L,pH=5
——[Cu2+4] =40 mg/L, [CAMC] = 1.5g/L,pH=35
0.0 ! !
] 20 40 60 30 100 120 140 160 180 200

Time (min)

Fig. 6. Removal of Cu®* ion according to Cu®* ion
concentration, CAMC dose, and pH.

Table 1
Kinetic parameters for the removal of Cu** ion by CAMC
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conditions as identified were subsequently used in
cellulose modification.

3.3. Effects of Cu®* ion concentration, adsorbent dose, and
pH on Cu®* ion removal

3.3.1. Cu** ion removal by CAMC

Fig. 6 presents the results of Cu®* ion removal by
CAMC under varied concentration and pH conditions.
The removal of Cu®* jon (in %) increased as the
pH and adsorbent dose were increased, and the
removal decreased as the Cu”" ion concentration was
increased. At higher pH, CAMC surface became more
negatively charged, increasing its attraction for Cu**
ions. The adsorption kinetics was rapid in the first
120 min and then slowed, as shown in Figs. 5 and 6.
Initially, the adsorbent’s surface sites were vacant
favoring net partition of Cu®" ions onto the surface,
which explained the rapid initial rate. This initial
phase might be explained by passive uptake through
physical adsorption or ion exchange at the surface
[8,24]. The Cu®* ions were adsorbed with protons
release from the hydroxyl and/or carboxyl groups at
the CAMC surface; hence, the solution pH decreased
from pH 5 to pH 3.8 after sorption. We suggest that
Cu** ion sorption onto CAMC occurred through ion
exchange reaction. A similar ion exchange reaction
characterized the adsorption of Cd(I) by citric acid-
modified cellulose of lawn grass [10]. Increased Cu**
ion adsorption with increased sorbent dose; this
was expected because of the increase in available

Pseudo-first-order model

[Cu®*]=20mg/L, [CAMC]=1.5g/L, pH 3 2.64
[Cu®*1=20mg/L, [CAMCl=15g/L, pH 5 9.28
[Cu**]1=20mg/L, [CAMC]=0.5¢/L, pH 5 10.06
[Cu**]=40mg/L, [CAMC]=1.5g/L, pH 5 6.46

Pseudo-second-order model

[Cu**]=20mg/L, [CAMC]=1.5g/L, pH 3 2.82
[Cu*"1=20mg/L, [CAMCl=15g/L, pH 5 10.18
[Cu**]1=20mg/L, [CAMC]=05g/L, pH 5 10.11
[Cu**]=40mg/L, [CAMC]=1.5g/L, pH 5 6.84

Intraparticle diffusion model

[Cu**]=20mg/L, [CAMC]=1.5g/L, pH 3 0.1455
[Cu*"1=20mg/L, [CAMC]=15g/L, pH 5 0.5379
[Cu**1=20mg/L, [CAMC]=05g/L, pH 5 0.3579
[Cu**]=40mg/L, [CAMC]=1.5g/L, pH 5 0.3234

Ge, exp. (ME/Q)

qe, cal. (mg/g)

ki (imgg min®?)

k; (min™") Ge, cal. (MZ/g) R?
0.0136 1.74 0.974
0.0240 6.83 0.986
0.0210 5.06 0.939
0.0104 3.43 0.979
ks (g/mg/min) R?

0.0155 0.978

0.0055 0.996

0.0157 0.995

0.0075 0.969

C (mg/g) R?

0.7003 0.985

2.8042 0.965

5.5373 0.995

2.1428 0.961
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adsorption sites for Cu* ion with the increased dose.
The loading of Cu®* ion adsorbed per unit mass of
adsorbent (qe,exp) increased as pH was increased, and
it decreased as Cu”* ion concentration and adsorbent
dosage were increased (Table 1). The decreased load-
ing with an increased adsorbent dose was due to
adsorption sites that were not completely occupied
during the adsorption process. Several studies have
also showed that unit adsorption capacity (loading)
decreased as adsorbent dose was increased [18,25,26].

3.3.2. Analysis of adsorption kinetics models

Adsorption kinetics that determines the process
rate is an important characteristic of an adsorbent. The
pseudo-first-order model [27], pseudo-second-order
model [27,28], and intraparticle diffusion model [29]
were adopted to fit our experimental data and obtain
adsorption kinetics. The pseudo-first-order model can
be expressed as Eq. (3):

In (qe — q) = In(q.) — kit 3)

where g, and g (mg/g) are the amounts of Cu®* ion
adsorbed on CAMC at equilibrium and at various
times f, respectively, and k; (min™Y) is the rate con-
stant of the pseudo-first-order model. The pseudo-
second-order model is described by Eq. (4):

t 1 t
i T @

where g, and g (mg/g) are the amounts of Cu** ion
adsorbed onto CAMC at equilibrium and at various
times t, respectively; and k, (g/mgmin) is the rate
constant of the pseudo-second-order model. Since nei-
ther model could identify potential diffusion mecha-
nism, kinetic results were analyzed wusing the
intraparticle diffusion model to identify any diffusion
mechanism. In the intraparticle diffusion model, film
diffusion was negligible and intraparticle diffusion
was the only rate-controlling step. The intraparticle
diffusion model is described by Eq. (5):

q=kit'?+C ®)

where C (mg/g) is the intercept value and k;
(mg/g min") is the intraparticle diffusion rate constant.

The validity of these models was determined by
calculation of the sum of squares of errors (SSE) using
Eq. (6):
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N

SSE = Z (Qe,cal. - qg,exp.),2 (6)

i=1

where the subscripts “exp” and “cal” denote experi-
mental and calculated values, and N denotes the num-
ber of data points.

Table 1 presents the determined kinetic parameters
for Cu** ion removal by CAMC. Model selection was
based on correlation coefficients (R?) from linear
regression and calculated SSE values. At [Cu®']=
20mg/L, [CAMC]=15g/L, and pH 5, the SSE values
of the pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models were 94.4, 6.1, and 43.2,
respectively. The SSE revealed the best fit by the
pseudo-second-order model. Additionally, the calcu-
lated loading (g c.1) based on the pseudo-second-order
model was in agreement with the experimental load-
ing (geexp)- Hence, the pseudo-second-order model
best represented the adsorption kinetics. Other
adsorption studies also found best fits using the
pseudo-second-order model [9,10,18,30,31]. When
regression analysis of g vs. t'/? shows a linear correla-
tion line that passes through the origin, intraparticle
diffusion is the sole rate-limiting step [32,33]. Our plot
of g vs. t'/? shows a linear line without passing
through the origin (Table 1), which suggests that
adsorption process merely involved intraparticle diffu-
sion and that intraparticle diffusion was not the only
rate-controlling step. Other mechanisms controlled the
adsorption rate. Akkaya et al. [34] demonstrated that
pore diffusion and surface diffusion could occur
simultaneously on an adsorbent particle. As the sur-
face area of CAMC was very small according to BET
measurements, the adsorption rate was likely con-
trolled by surface diffusion.

3.4. Adsorption isotherms

Langmuir [35], Freundlich [36], D-R [37], and Temkin
[38] isotherms were used to describe the observed
adsorption equilibrium. The Langmuir model assumes
maximum adsorption capacity occurring with a complete
monolayer of the adsorbate on the surface with
equivalent sorptive sites, and is expressed by Eq. (7):

qm KL Ce

= e 7
e (1 + KLCe) @
where g, is the mass of Cu®* ion adsorbed per mass of
CAMC (mg/g) at equilibrium, C, the aqueous concen-
tration of Cu®* ion (mg/L) at equilibrium, K, the
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Langmuir constant (L/mg) related to the affinity of
binding sites, and g,, the maximum adsorption capac-
ity (mg/g). Parameters g,, and K, can be obtained
from the intercept and slope of the best linear fit in
the plot of 1/4, vs. 1/C..

The Freundlich isotherm is an empirical relation-
ship accommodating multilayer adsorption on hetero-
geneous surface sites, and expressed as Eq. (8):

9. = KrC; 8)

where g, and C, are as defined above and Ky and n are
Freundlich constants representing adsorption capacity
and adsorption strength, respectively. Parameters K
and 1/n can be obtained from the intercept and slope
of the best linear fit in the plot of In(g,) vs. In(C,).

The D-R isotherm describes adsorption in a single
uniform pore. Thus, the D-R isotherm is analogous to
the Langmuir isotherm, without assuming energeti-
cally equivalent surface sites. The isotherm applies to
adsorption mechanism with a Gaussian energy distri-
bution on a heterogeneous surface [39], as described
by Egs. (9)-(11):

In(q.) =In (X)) — K'&? 9
=RTIn(1 ! (10)

&= n + a

E=(2K)? a1

where g, is the amount of Cu** ion adsorbed per mass
of CAMC (mol/g), X, the adsorption capacity
(mol/g), K" a constant related to adsorption energy
(mol?/kJ?, R the gas constant (kJ]/molK), T the
adsorption temperature (K), & the Polanyi potential,
and E the mean free energy of adsorption (k]J/mol).
Parameters X/, and K’ can be obtained from the
intercept and slope in the plot of In (q,) vs. .

The Temkin model assumes the heat of adsorption
of all molecules in a layer decreasing linearly with
surface coverage due to adsorbent-adsorbate interac-
tions. Adsorption is characterized by a uniform distri-
bution of binding energies that have a maximum
value. The Temkin isotherm is represented as Eq. (12):

qg = g In (KtCe)

= (12)

or in a linear form (Eq. 13):
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Fig. 7. Freundlich isotherms at different temperatures for
the adsorption of Cu®* ion on CAMC.

ge = B1In(K¢) + B1In(C,) (13)
where B; =RT/b;; By is a constant related to heat of
adsorption and K; the equilibrium binding constant
(L/mol) corresponding to maximum binding energy.
A plot of g, vs. In (C,) will yield constants of the iso-
therm.

Fig. 7 presents Cu®" ion adsorption isotherms at
different temperatures, and Table 2 lists parameters of
the Langmuir, Freundlich, D-R, and Temkin iso-
therms. At 25°C, the SSE values from the Langmuir,
Freundlich, D-R, and Temkin isotherms were 5.8, 0.7,
1.6, and 4.0, respectively. The high correlation coeffi-
cients and low SSE values of the Freundlich model
indicates it describes the adsorption process well, sug-
gesting that the heterogeneous surface or pores of
CAMC were available for Cu** ion adsorption. Previ-
ous studies indicated that the adsorption interactions
between heavy metals and adsorbents were best
described by the Freundlich model [19,40-42]. Based
on the postulation that the mechanism for adsorption
in micropores is that of pore-filling rather than layer-
by-layer surface coverage, the D-R equation generally
applies well to adsorption systems involving only van
der Waals forces. Atkins [43] indicated that the mean
free energy values were lower than 20kJ/mol for
physisorption. In this study, the values of E (10.66—
13.87kJ/mol) suggest that the adsorption followed
physisorption for the adsorption of Cu®** ion onto
CAMC. Notably, K;, K¢, By, E, and g, increased as
with increasing temperature, which suggested increas-
ing Cu”* ion adsorption on CAMC with increasing
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Table 3
Thermodynamic parameters for the adsorption Cu®* ion
onto CAMC

Table 2
Isotherm parameters for the removal of Cu®* ion by
CAMC (pH 5)
Langmuir constants (‘C) K; (L/mg) g, (mg/g) R?
15 0.1316 10.63 0.918
25 0.1480 15.13 0.958
35 0.1817 16.37 0.972
Freundlich constants (‘C) Kg n Rr?
15 1.77 2.11 0.989
25 3.12 2.50 0.987
35 4.80 3.24 0.979
D-R constants (‘C) X'y, (mol/g)  E (kJ/mol) R?
15 586x107*  10.66 0.982
25 6.61x107* 1195 0.978
35 583x107*  13.87 0.971
Temkin constants (°C) B; K; (L/mol) R?
15 2.06 1.87 0.919
25 2.84 2.09 0.936
35 2.98 3.08 0.945
9.5
94 y=-1425.4x + 13.972
e, R?=0.9697
~ 931
3
E 92}
*
9.1
~
9.0 . .
0.0032 0.0033 0.0034 0.0035
VT(K )

Fig. 8. Adsorption dependence on temperature shown in
van’t Hoff plot.

temperature (Table 2). These analytical results
revealed increasing affinity of binding sites for Cu®*
ion with increasing temperature, which identified the
Cu”* ion adsorption onto CAMC being endothermic.
Increasing adsorption capacity with increasing temper-
ature was also found by Akkaya et al. [44].

3.5. Thermodynamic analyses

Temperature dependence behavior yields thermo-
dynamic parameters of AG®°, AH®, and AS". These val-
ues were determined by the Langmuir isotherm and
Egs. (14) and (15):

AG* (k] /mol) AH* (k] /mol) AS”® (J/mol/K)

15°C —21.64 11.85 116.2
25°C —22.68
35°C —23.97

AG® = —RTn (K;) (14)
AS®  AH®
In(Ke) = =~ Br (15)

where K; is the Langmuir equilibrium constant
(L/mol), R the gas constant (8.314X10_3k]/m01K),
and T the temperature (K). AHn and AS® were deter-
mined from the slope and intercept from van’t Hoff
plot of In (K;) vs. 1/T [9]. Fig. 8 shows regressions
analysis of the van't Hoff plot, and Table 3 lists the
values of AG®, AH®, and AS°. The negative AG" at all
temperatures indicate a spontaneous adsorption pro-
cess of Cu®* ion onto CAMC; the positive AH® indi-
cates the process being endothermic; and the positive
AS° suggests increased “disorder” at the solid-liquid
interface during adsorption. The absolute magnitude
of AG®is =20 to 0kJ/mol for physisorption and —80 to
—400k]/mol for chemisorption [45]. Kara et al. [46]
suggested AH®<40KkJ/mol for physisorption. As low
activation energy (5-40kJ/mol) is characteristic of
physisorption, high energy (>40-800k]J/mol) suggests
chemisorption [47]. Based on the obtained AH®, AG",
and E values (Tables 2 and 3), adsorption of Cu** ion
to CAMC was via physisorption.

4. Conclusions

Modification of cellulose and its adsorption of
Cu”" ion were investigated. The citric acid anhydride
reacted with the hydroxyl group of cellulose and
formed an ester linkage that incorporated the new car-
boxyl group, which increased the adsorbent’s capacity
for Cu”* ions. Adsorption of Cu®* ion to CAMC was
via the ion exchange reaction. Adsorption of Cu** ion
by CAMC on mg/g basis increased with increasing
pH and decreased with increasing Cu®* ion concentra-
tion and CAMC dose. The pseudo-second-order model
described well the adsorption kinetics, and the
Freundlich isotherm described well the equilibrium
data. Adsorption of Cu** ion by CAMC was
spontaneous and endothermic.
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