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Activated carbon fiber prepared from cotton stalk was used as an adsorbent for the removal of p-
nitroaniline (PNA) from aqueous solutions. Liquid phase adsorption experiments were conducted and
the maximum adsorptive capacity was determined. The effect of experimental parameters such as pH,
salinity and temperature on the adsorption was studied. The obtained experimental data were then fit-
ted with the Langmuir, Freundlich and Redlich-Peterson models to describe the equilibrium isotherms.
The kinetics rates were modeled by using the pseudo-first-order and pseudo-second-order equations.
The results indicated that cotton stalk activated carbon fiber (CS-ACF) is an effective adsorbent for
the removal of PNA from aqueous solutions. The maximum adsorption capacity of 406 mg g−1 was
ctivated carbon fiber

-Nitroaniline
dsorption isotherm
inetics

achieved at the initial PNA concentration of 200 mg L−1. The optimum pH for the removal of PNA was
found to be 7.6. The presence of ammonium chloride proved to be favorable for the process of adsorp-
tion. The adsorption amount decreased with increasing temperature. The Redlich-Peterson model was
found to best represent the equilibrium data. The kinetic data followed closely the pseudo-second-
order equation. Thermodynamic study showed the adsorption was a spontaneous exothermic physical

process.

. Introduction

p-Nitroaniline (PNA) is an important compound used as an inter-
ediate or precursor in the manufacture of organic synthesis such

s azo dyes, antioxidants, fuel additives, corrosion inhibitors, pes-
icides, antiseptic agents, medicines for poultry and the synthesis
f pharmaceuticals. However, the presence of PNA in water, even
t very low concentrations, is extremely harmful to aquatic life
nd human health in terms of its hematoxicity, splenotoxicity and
ephrotoxicity [1,2]. Therefore it has been listed as one of the major
riority contaminants in water for removal by many countries

ncluding China.
Some treatment technologies such as advanced oxidation pro-

ess [3–5], extraction [6] and biodegradation [7] have been used

o remove PNA from industrial wastewaters. Unfortunately they
ave proved to be inefficient, costly and usually cause secondary
ollution. Due to the presence of a nitro group in the aro-
atic ring, PNA is resistant to chemical and biological oxidation

egradation, and the anaerobic degradation produces nitroso and

∗ Corresponding author. Tel.: +86 25 83593109 fax: +86 25 83707304.
E-mail address: zzheng@nju.edu.cn (Z. Zheng).

304-3894/$ – see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2008.12.035
Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

hydroxylamines compounds which are known as carcinogenic [7,8].
Therefore, the purification of wastewater polluted with PNA is a
great challenge to environmental scientists and engineers, and new
cost-effective technologies for PNA removal are crucial for today’s
world.

Adsorption is widely used because of its relatively simple design,
easy operation and relatively simple regeneration. Varieties of
adsorbents [9–11] have been tried to remove PNA from wastew-
aters. However, there are few reports that activated carbon fiber
(ACF), the most widely used adsorbent, was used as an adsor-
bent for the purification of wastewater polluted with PNA. ACF
has many favorable characteristics such as a high specific surface
area, excellent mechanical integrity and high mass transfer rates
[12,13]. Moreover, ACF is easier to be handled in a batch adsor-
ber than granular and powdered activated carbon [13]. Thus, it has
received increasing attention in recent years as an adsorbent for
water treatment [12–15].

The aim of this study was to study the utility of cotton stalk acti-
vated carbon fiber (CS-ACF), a low cost as well as non-hazardous

material, as an adsorbent for PNA removal from aqueous solutions
by static batch experiments. The effects of experimental parameters
such as pH, ammonium chloride and temperature were investi-
gated. Furthermore, isotherm, thermodynamic and kinetic studies
were also carried out.

ghts reserved.
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adsorbate species, which consequently influences the interactions
between the adsorbate species and adsorbent [17,18].

The effect of pH on PNA adsorption onto the CS-ACF is depicted
in Fig. 1 including the PNA dissociation curve dependent upon
solution pH. As shown in Fig. 1, the PNA adsorption onto CS-ACF
K. Li et al. / Journal of Hazardo

. Experimental

.1. Adsorbent

.1.1. Preparation of adsorbent
The precursor used for the production of ACF was cotton stalk

ber provided by Hubei Chemical Fiber Co., China. A horizontal
ubular furnace with an artificial intelligence temperature con-
roller AI708P and a 60 cm tubular ceramic insert was used for the
roduction of the ACF. Raw cotton stalk fiber was impregnated with
4% potassium dihydrogen phosphate solution with a mass ratio

f 1:60 and stirred for 20 min. Then the mixed precursors were fil-
ered and dried in an oven at 105 ◦C. After that, 10 g of the mixed
recursors were placed in a 10 cm stainless steel container, and
he steel container was positioned in the center of tubular ceramic
nsert in the horizontal tubular furnace. Stabilization was carried
ut by heating to 250 ◦C at a rate of 10 ◦C min−1 under a constant
igh purity nitrogen flow of 80 cm3 min−1 and by maintaining the
emperature for 30 min. The carbonization was then carried out
y raising the temperature at a rate of 10 ◦C min−1 to 600 ◦C, and
aintaining the temperature for 30 min. Thereafter, the gas flow
as switched to a water steam and activation was carried out at
50 ◦C for 20 min. At last, the activated product was cooled to room
emperature under a nitrogen flow.

.1.2. Pretreatment of adsorbent
The CS-ACF was boiled and washed three times in distilled water.

t was dried at 105 ◦C for 24 h before being used as an adsorbent. The
pecific surface area of CS-ACF was measured with a Micrometics
SAP-2020 surface area measurement instrument (Micromeritics

nstrument, Norcros, USA) following the BET method. The pH level
t the point of zero charge (pHpzc) of CS-ACF was determined by a
atch equilibrium method described by Babic [16]. The elemental
nalysis of CS-ACF was obtained from a CHN-O-Rapid Elemental
nalytical Instrument (Elementer, Germany). The characteristics
f CS-ACF are: BET surface area, 1520 m2 g−1; total pore volume,
.2 cm3 g−1; micropore volume, 0.89 cm3 g−1; average pore width,
.96 nm; bulk, 0.04 g cm−3; pHpzc, 4.9. And the percentages of C, H
nd O in CS-ACF are 81.67%, 1.31% and 17.02%, respectively.

.2. Chemicals

All the reagents used were of analytical reagent grade
nd without further purification. The chemicals used in this
tudy, i.e., potassium dihydrogen phosphate, hydrochloric acid,
odium hydroxide, ammonium chloride and PNA, were purchased
rom Shanghai Chemical Reagent Co., China. The PNA solution
200 mg L−1) was prepared by dissolving the required amount of
NA in distilled water in the adsorption test.

.3. Adsorption studies

In batch adsorption experiments, different doses of adsorbent
0.1–1.0 g L−1) were added into several 250 mL Erlenmeyer flasks,
ach containing 100 mL solution (200 mg L−1 PNA) at 298, 308 and
18 K, respectively, in order to determine the adsorption isotherms
nd to evaluate the effect of temperature on PNA adsorption. Fol-
owing this, the flasks were shaken at 150 rpm at a pre-settled
emperature for 48 h in a constant temperature shaker (Shang-
ai Scientific Instrument Co. Ltd., China). Samples were filtrated,
nd then the concentrations of PNA at equilibrium (Ce) were deter-

ined.
The effect of pH levels on the adsorption of PNA onto CS-ACF was

tudied by adjusting the pH levels of PNA solutions between 2.0 and
2.0 with dilute HCl or NaOH solution at 298 K, and with the dose
f adsorbent being 0.30 g L−1. The APHS-2C pH meter (Shanghai
terials 166 (2009) 1180–1185 1181

Kangyi Instrument Co., China) was used to measure the pH levels of
the solutions. The effect of ammonium chloride on the adsorption
was studied with the pH level at 7.6 at 298 K, and with the dose of
adsorbent being 0.30 g L−1.

In kinetic studies, batch experiments were conducted at differ-
ent periods by adding 0.2415 g adsorbent into each 500 mL PNA
solution at 298, 308 and 318 K, respectively. Samples were collected
periodically at every 5 min for the first 30 min and then at every
15 min for kinetic studies.

The amount of PNA adsorbed per unit mass of adsorbent at equi-
librium (qe) was calculated according to the following equation:

qe = V(C0 − Ce)
W

(1)

where C0 and Ce are the initial and equilibrium concentrations of
PNA (mg L−1), respectively, V is the volume of the solution (L), and
W is the mass of adsorbent (g).

2.4. Analysis

The concentrations of PNA were analyzed by using a Helious
Betra UV–vis spectrometer (Unicam Co., UK). A standard PNA
solution was taken and the absorbance was determined at dif-
ferent wavelengths to obtain a plot representing the absorbance
versus wavelength. The wavelength corresponding to maximum
absorbance as determined from this plot was 381 nm. This wave-
length was used for preparing the calibration curve between
absorbance and the concentration of the PNA solution. The results
showed that the calibration curve of the absorbance was linear with
the PNA concentration in the range of 0.25–20 mg L−1 (R2 = 0.9999).
In order to prevent pH from affecting absorbency of PNA samples,
all samples were basified to a pH level of 8.0 by addition of 0.1 M
sodium hydroxide.

3. Results and discussion

3.1. Effect of pH on adsorption

The pH of a solution is one of the most important parameters
affecting the adsorption process. In fact, solution pH would affect
both aqueous chemistry and surface binding sites of the adsorbent.
Moreover, a change in pH also results in a change in charge profile of
Fig. 1. Effect of pH on the PNA adsorption (left) and the proportion of PNA molecule
(right), (V, 100 mL; C0, 200 mg L−1; CS-ACF dose, 0.30 g L−1; T, 298 K; agitation rate,
150 rpm; contact time, 48 h; solution pH 2–12).
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as observed at an optimum pH of 7.6. Below and above this pH,
decreasing trend in the adsorption was observed. The equilib-

ium adsorption amount of PNA qe increased sharply from 272 to
07 mg g−1 at an initial PNA concentration of 200 mg L−1 with the
olution pH increasing from 2 to 5, then increased slightly from
07 to 311 mg g−1 with a further increase in range pH from 5 to 7.6.
hese results should be attributed to the electrostatic interactions
etween the PNA and the surface of CS-ACF. PNA (R-NH2) gets pro-
onated in acidic medium, and the protonated PNA becomes more
nd more deprotonated in higher pH from Eq. (2).

NH2 + H+ � RNH3
+ (2)

As solution pH was lower than 4.9, the net charge on the surface
f CS-ACF was positive since the pHpzc was found to be 4.9. With the
ncrease of solution pH, PNA cations became more and more depro-
onated, and the net charges on the surface of CS-ACF decreased.
ence, the electrostatic repulsions decreased rapidly with the solu-

ion pH increasing from 2 to 4.9, which caused the increase of PNA
dsorption amount. When the solution pH was higher than 4.9, the
urface of CS-ACF was negatively charged. So electrostatic attrac-
ions between the adsorbent and PNA anions occurred, which was
esponsible for the slight increase of PNA adsorption amount in the
H range 5–7.6. The decrease of PNA adsorption amount from 311
o 301 mg g−1 with the solution pH increasing from 7.6 to 12 could
esult from two possible reasons. In competitive adsorption exper-
ments, the adsorbent surface is initially populated by the smaller

olecules, and then these adsorbed molecules must be displaced
y other molecules of higher molecular weight [19]. So it could be
peculated that the OH− ions were initially adsorbed on the surface
f the adsorbent in basic medium, and adsorption of PNA required
he desorption of OH− ions. In addition, there might be a slight
epulsion between surface negative charge and lone electron pairs
f PNA [20].

.2. Effect of ammonium chloride on adsorption

The effect of ammonium chloride on adsorption is depicted in
ig. 2. As shown in Fig. 2, the equilibrium adsorption amount qe

ncreased with the increase of ammonium chloride concentration.
urthermore, the equilibrium adsorption amount displayed a linear
orrelation with the concentration of ammonium chloride, which
as in accord with the research results of Turner [21]. And this

henomenon was due to the salting-out effect. The ions of ammo-
ium and chloride dissociated from ammonium chloride molecules
ere hydrated with many water molecules, which thus resulted

n the decrease of the water molecules available for dissolution of
NA. Hence, the presence of ammonium chloride enhanced the

ig. 2. Effect of ammonium chloride on the PNA adsorption (V, 100 mL; C0,
00 mg L−1; solution pH, 7.6; CS-ACF dose, 0.30 g L−1; T, 298 K; agitation rate,
50 rpm; contact time, 48 h).
Fig. 3. Effect of temperature on the PNA adsorption (V, 100 mL; C0, 200 mg L−1;
solution pH 7.6; CS-ACF dose, 0.10–1.0 g L−1; T, 298 K; agitation rate, 150 rpm; contact
time, 48 h).

PNA hydrophobic action, which was in favor of adsorption [22].
Tang reported a similar result that the adsorption capacity for p-
nitrophenol on activated carbon fiber increased with the increase
in the salt concentration of sodium chloride [23].

3.3. Effect of solution temperature on PNA adsorption

Graphic presentations of PNA adsorption at the experimen-
tal temperature of 298 K, 308 K, and 318 K are shown in Fig. 3.
Fig. 3 shows that the equilibrium adsorption amount qe decreased
with increasing temperature, indicating that the adsorption was
an exothermic process. Furthermore, the equilibrium adsorption
amount qe decreased greatly with increasing temperature when the
solution equilibrium concentration was higher than 30 mg L−1, but
changed slightly with temperature when the solution equilibrium
concentration was lower than 10 mg L−1. This phenomenon indi-
cated the heterogeneity of the adsorption sites on CS-ACF surface.
Generally, more active sites are initially occupied by the adsorbates,
and then less active sites. From Eq. (3), the fractional surface cover-
age of the adsorbent is in proportion to the equilibrium adsorption
concentration [24].

� = bCe

1 + bCe
(3)

where � is the fractional surface coverage, b is the Langmuir model
constant, and Ce is the equilibrium concentration of PNA in the solu-
tion (mg L−1). As a result, fewer of more active sites on the surface
of CS-ACF were available in higher equilibrium adsorption concen-
tration. Therefore, the PNA molecules with higher kinetic energy
at higher temperature were easier to escape from the surface of
CS-ACF to the aqueous solution.

3.4. Adsorption isotherms

The experimental results were fitted with the well-known
models of Langmuir, Freundlich and Redlich-Peterson in order to
understand the adsorption mechanisms of PNA onto CS-ACF. It
is well known that the Langmuir model is usually used with an
ideal assumption of an entirely homogeneous adsorption surface,
whereas the Freundlich model is appropriate for a heterogeneous
surface. The Redlich-Peterson isotherm model, the combinations
of the Langmuir and Freundlich, is applicable in describing micro-

porous adsorption. These isotherm equations are given in Table 1.

Since the three parameters of the Redlich-Peterson isotherm
model can be estimated effectively using non-linear regression, the
software Origin (version 7.0) was used to determine the param-
eters of the three isotherm models for the comparison. Different
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Table 1
Isotherm models adopted in this work and their parameters.

Isotherm Model Parameters

Langmuir qe = bq0Ce
1+bCe

Ce: equilibrium liquid phase concentration (mg L−1)
qe: equilibrium adsorption capacity (mg g−1)
b: constant of Langmuir (L mg−1); q0: the maximum adsorption capacity (mg g−1)

Freundlich qe = kFCe
1/n kF: the Freundlich constant for a heterogeneous adsorbent

n: related to the magnitude of the adsorption driving force and to the adsorbent site energy distribution

R n (L mg−1); a: constant of Redlich-Peterson (L mg−1)g; ˇ: constant of Redlich-Peterson
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edlich-Peterson qe = KlCe

1+aCˇ
e

kl: constant of Redlich-Peterso

dsorption isotherms obtained at various temperatures are illus-
rated in Fig. 4. The values of the parameters and the correlation
oefficients obtained at various temperatures are listed in Table 2.
y comparing the correlation coefficients (R2) for the three models
t different temperatures, it can be inferred that both the empiri-
al Freundlich model and Redlich-Peterson model are better than
angmuir model in describing the adsorption of PNA onto CS-ACF.
t is revealed that the energy distribution for the adsorption “sites”
as of essentially an exponential type [25], rather than of the uni-

orm type. In this case, some sites were highly energetic and bound
he adsorbed PNA strongly, whereas some were much less ener-
etic and bound PNA weakly, which resulted in the possibility of
ore than one monomolecular layer of coverage on the CS-ACF

urface.
From Table 2, the maximum adsorption capacity of PNA onto

S-ACF was more than 406 mg g−1 at initial PNA concentration of
00 mg L−1 at 25 ◦C. The adsorption capacities of PNA on other
dsorbents such as clinoptilolit, humic acid and XAD-4 polymeric
esin were found to be 0.85, 1.8 and 318 mg g−1, respectively [9–11].

hen compared to these adsorbents, CS-ACF had the largest capac-
ty for the removal of PNA. Further more, the values of 1/n were
ound to be less than 1 for all temperatures, indicating that the
dsorption was favorable [26]. The results above suggested that CS-
CF was an effective adsorbent for the purification of wastewater
olluted with PNA.

.5. Thermodynamic study

The thermodynamic parameters including change in the Gibbs
ree energy (�G◦), enthalpy (�H◦), and entropy (�S◦) were deter-

ined by using the following equations [27–28]:

G◦ = �H◦ − T �S◦

R
(4)

n Ce =
(

ln qe − �S◦

R

)
+ �H◦

RT
(5)

here qe is the amount of PNA adsorbed per unit mass of adsorbent
t equilibrium (mg L−1), Ce is the equilibrium concentration of PNA
n the solution (mg L−1), R is the gas constant (8.314 J mol−1 K−1)
nd T is the absolute temperature (K). At different temperatures
298–318 K), the corresponding Ce values for different fixed qe were
alculated by the appropriate Redlich-Peterson model isotherms.
hus, �H◦ and �S◦ were obtained from the slope and intercept
f the line plotted by ln Ce versus 1/T, respectively, as shown in
ig. 5. The correlation coefficients (R2) for the linear equations were
.9709, 0.9938 and 0.9985, respectively. Related thermodynamic
arameters are summarized in Table 3.

The change of Gibbs free energy (�G◦) for the physical adsorp-

ion is generally in the range of nil to −20 kJ mol−1, and that for
he chemical adsorption is in the range of −80 to −400 kJ mol−1

29]. As shown in Table 3, the overall free energy change dur-
ng the adsorption process was in the range of −4.16 kJ mol−1

o −8.91 kJ mol−1 for the experimental range of temperatures.
Fig. 4. Comparison of different isotherm models for PNA adsorption on CS-ACF at
different solution temperatures.
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Table 2
Isotherm parameters for PNA adsorption onto CS-ACF at various temperatures.

Temperature (K) qe,exp (mg g−1) Langmuir model Freundlich model Redlich-Peterson model

q0 b R2 kF n R2 kl a ˇ R2

298 406.5 394.10 0.30752 0.96753 152
308 378.2 361.74 0.32994 0.93205 153
318 364.3 348.48 0.30616 0.93154 152

Fig. 5. Plot of ln Ce versus 1/T for estimation of thermodynamic parameters for the
adsorption of PNA onto CS-ACF.

Table 3
Thermodynamic data for adsorption of PNA onto CS-ACF evaluated at different equi-
librium adsorption amounts and different temperatures.

qe (mg g−1) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1) �G◦ (kJ mol−1)

298 K 308 K 318 K

250 −20.24 −38.02 −8.91 −8.53 −8.15
3
3

T
s
e
o
a
a
B
d
e

a
l
a
t
t
z
b
w

various times t (mg g−1), and k2 is the second-order rate constant
(g mg−1 min−1). As shown in Fig. 6, the qe and the second-order

T
P

T

2
3

00 −28.28 −69.60 −7.54 −6.85 −6.15
50 −31.43 −90.40 −5.88 −5.02 −4.16

he results demonstrated that the discussed adsorption was a
pontaneous physical process and that the system had not gained
nergy from an external source. Furthermore, the absolute value
f �G◦ decreased with the increase of the equilibrium adsorption
mount, as well as the increase of temperature on the same
dsorption amount, indicating a decrease in adsorption impetus.
oth phenomena suggested that the reverse process of adsorption,
esorption, can be easily carried out on the condition of a larger
quilibrium adsorption amount and a higher temperature.

The negative enthalpy change (�H◦) values indicated that the
dsorption was an exothermic process [30]. In addition, the abso-
ute value of �H◦ decreased with the increase of the equilibrium
dsorption amount, further confirming the experimental observa-
ion that the adsorption amount increased with the decrease of
emperature. The adsorption entropy changes (�S◦) were less than

ero, which was accorded with the fact that the mobility of adsor-
ates on adsorbent surface becomes more restricted as compared
ith that of those in solution.

able 4
arameters of two kinetic models for adsorption of PNA onto CS-ACF.

emperature (K) qe,exp (mg g−1) Pseudo-first-order model

qe (mg g−1) K1 (min−1)

98 342.91 314.99 0.03436
08 327.24 280.72 0.02101

318 303.51 270.71 0.02263
.07 4.3624 0.9739 181.16 0.7253 0.8839 0.9963

.12 4.8200 0.9866 250.27 1.1901 0.8652 0.9979

.13 4.9694 0.9870 329.13 1.8106 0.8421 0.9911

3.6. Adsorption kinetics

The pseudo-first-order and pseudo-second-order equations
were applied to model the kinetics of PNA adsorption onto CS-
ACF. The pseudo-first-order rate expression of Langergren [31] is
presented as:

dq

dt
= k1(qe − qt) (6)

Integrating Eq. (6) with respect to integration conditions qt = 0
to qt = qt at t = 0 to t = t, the kinetic rate expression becomes

qt = qe − qe e−kt
1 (7)

where qe is the amount of PNA adsorbed per unit mass of adsorbent
at equilibrium (mg g−1), qt is the amount of PNA adsorbed at various
times t (mg g−1), and k1 is the rate constant of pseudo-first-order
kinetic model (g mg−1 min−1).

The pseudo-first-order rate constant k1 and the equilibrium
adsorption amount qe were obtained though non-linear regres-
sion fitting, and the related kinetic parameters are summarized in
Table 4. As shown in Table 4, the corresponding coefficients (R2)
for the first-order kinetic model at different temperatures were all
lower than 0.92. And the calculated qe values, 314.99, 280.72 and
270.71 mg g−1 respectively, for three temperatures of 298 K, 308 K
and 318 K from the pseudo-first-order kinetic model, were far lower
than the corresponding experimental qe value, 342.91, 327.24 and
303.51 mg g−1. It was also found that the variation in rate was not
proportional to the solution temperature. These results indicated
that the pseudo-first-order kinetic model was not appropriate to
describe the adsorption process.

And the pseudo-second-order kinetic model [32–34] is
expressed as:

dq

dt
= k2(qe − qt)

2 (8)

Integrating Eq. (8) for the boundary conditions qt = 0 to qt = qt at
t = 0 to t = t is simplified as:

t

qt
= 1

(k2q2
e)

+ t

qe
(9)

where qe is the amount of PNA adsorbed per unit mass of adsor-
bent at equilibrium (mg g−1), qt is the amount of PNA adsorbed at
rate constant k2 could be determined from the plot of t/qt versus
t from Eq. (9). And the related kinetic parameters are summarized
in Table 4. The correlation coefficients (R2) for the linear equations

Pseudo-second-order model

R2 qe (mg g−1) K2 (min−1) R2

0.9170 344.83 1.46E−04 0.9997
0.9100 322.58 7.81E−05 0.9981
0.9092 312.50 9.41E−05 0.9987



K. Li et al. / Journal of Hazardous Ma

F
A
0

w
o
A
t
k

4

b
s
s
d
l
i
c
a
t
t
a
k
t
v
f
e

A

1
T

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
University of Birmingham, Birmingham, UK, 1995.
ig. 6. Pseudo-second-order kinetic plots for the adsorption of PNA onto CS-
CF at different solution temperatures (V, 500 mL; C0, 200 mg L−1; CS-ACF dose,
.4830 g L−1; solution pH 7.6; agitation rate, 150 rpm).

ere 0.9997, 0.9981 and 0.9987, respectively. The pseudo-second-
rder rate constant (k2) decreased with increasing temperature.
nd the calculated qe values agreed very well with the experimen-

al values. These results indicated that the pseudo-second-order
inetic model was appropriate for the entire adsorption process.

. Conclusion

The present study indicated that the cotton stalk activated car-
on is an effective adsorbent for the removal of PNA from aqueous
olutions. The adsorption was found to be greatly dependent on
olution pH, temperature and salinity. The adsorption capacity
ecreased with increasing temperature. The optimal solution pH

evel was determined to be 7.6. The maximum adsorption capac-
ty of PNA onto CS-ACF was more than 406 mg g−1 at initial PNA
oncentration of 200 mg L−1 at 25 ◦C. The Langmuir, Freundlich
nd Redlich-Peterson models were used to interpret the adsorp-
ion phenomenon of the adsorbate, and the results implied that
he surface of CS-ACF was heterogeneous. The pseudo-first-order
nd pseudo-second-order kinetic models were used to test the
inetic data. The pseudo-second-order kinetic model was found
o be appropriate for the entire adsorption process. The negative
alues of free energy changes (�G◦) and enthalpy changes (�H◦)
or the adsorption indicated that the adsorption was a spontaneous
xothermic physical process.
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