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Abstract

The adsorption of p-nitrophenol (PNP) onto activated carbon fiber (ACF) was investigated in simulated wastewater in a batch system to evaluate
the effects of solution pH, presence of sodium chloride, adsorbent doses and temperature. It was found that PNP adsorption amount depended on
pH, sodium chloride content, adsorbent doses and temperature. Langmuir and Freundlich models were applied to describe the adsorption isotherms.
Freundlich model agreed with experimental data well, indicating the possibility of more than just one monomolecular layer of coverage. SEM
photographs of ACF before and after adsorption revealed that it was in part with multimolecular layers of coverage on ACF surfaces. The change
of free energy, enthalpy, and entropy of adsorption were also evaluated for the adsorption process. The pseudo-first-order and pseudo-second-order
kinetic models were used to describe the kinetic data. The experimental data fitted very well the pseudo-second-order kinetic model. Attempts
were made to desorb PNP from ACF using dilute NaOH solution and water, and desorption efficiency was obtained to the extent of 92.7% with

0.025 M NaOH and water at 368 K.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

There has been growing concern for public health and envi-
ronmental safety over the last few decades. Introduction of toxic
pollutants can have a severe impact on many organisms that live
in aquatic ecosystems. p-Nitrophenol (PNP) is an important fine
chemical intermediate, serving as a precursor of pharmaceuticals
and pesticides [1]. Diesel fuel and gasoline exhaust also contain
PNP that enters water body through rainwater [1,2]. PNP has
been selected as one of the persistent, bioaccumulative and toxic
(PBT) chemicals by the US Environmental Protection Agency
[3].

Due to its harmful effects, wastewaters containing PNP have
to be treated before being discharged to receiving water bodies.
Many treatment technologies such as advanced oxidation pro-
cesses (AOPs) [4-6], extraction [7,8], and adsorption have been
developed to remove PNP from domestic and industrial wastew-
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aters. Adsorption is widely used because of its simple design,
easy operations and relatively simple regeneration.

Although varieties of adsorbents [9-11] have been tried to
remove nitrophenol from wastewaters, activated carbon (AC)
[12—17] remains the most widely used adsorbent. Activated car-
bon fibers (ACFs) are novel adsorbents of high efficiency. The
raw materials of ACFs are polyacrylonitrile fibers, viscose, phe-
nolic resin fibers or pitch fibers, etc. They are first pyrolyzed and
then activated at a temperature of 700—1000 °C in an atmosphere
of steam or carbon dioxide [18]. ACFs have many favorable
characteristics such as high adsorption capacities and high mass
transfer rates for both adsorption and desorption, and are easier
to be handled in a batch adsorber than granular and powdered
AC [19]. Thus, they have received increasing attention in recent
years as adsorbents for water treatment [20-23]. Furthermore,
activated carbon cloths, one kind of ACFs were used as adsor-
bent to adsorb phenolic compounds including PNP by some
researchers [24,25]. However, there is little report on thermody-
namic and kinetic studies of PNP adsorption onto ACF.

The aim of this work is to study the use of ACF as an adsorbent
for the removal of PNP from aqueous solutions by static batch
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experiments. Factors affecting adsorption, such as pH, presence
of NaCl, adsorbent dosage and temperature were investigated.
Isotherm, thermodynamic and kinetic studies were carried out.
In addition, desorption of adsorbed PNP from ACF was also
studied.

2. Experimental
2.1. Adsorbent

The viscose-based ACF used in the experiments was A12 pro-
vided by the Institute of Liaoning Province Academy of Safety
Science, Shenyang, China. The ACF was boiled, washed three
times in distilled water and dried at 383 K for 24 h before being
used as adsorbent. The specific surface area of A12 was mea-
sured with a Micrometics ASAP-2020 surface area measurement
instrument (Micromeritics Instrument, Norcros, USA) follow-
ing the BET method. The pH at the point of zero charge (pHpzc)
of A12 was determined by batch equilibrium method described
by Babic et al [26]. The elemental analysis of A12 was obtained
from a CHN-O-Rapid Elemental Analytical Instrument (Ele-
menter, Germany). Main characteristics of A12 are summarized
in Table 1.

2.2. Chemicals

All of the reagents used were A.R. grade and without further
purification. Hydrochloric acid, sodium hydroxide and sodium
chloride were purchased from Nanjing Chemical Reagent Plant
(Nanjing, China). PNP was obtained from The Third Chemical
Reagent Plant of Shanghai (Shanghai, China), and PNP solu-
tion (1000 mg/L) was prepared by dissolving required amount
of PNP in distilled water in the adsorption test.

2.3. Adsorption studies

In batch adsorption experiments, certain amounts of ACF
were added into several 250 mL Erlenmeyer flasks, each contain-
ing 100 mL solution (1000 mg/L PNP). And then the flasks were
shaken at 150 rpm in a Constant Temperature Shaker (Shanghai
Scientific Instrument Co. Ltd., China) at a pre-settled temper-
ature for 24 h. Samples were separated by a fast filtration, and
concentrations of PNP at equilibrium (C,) were determined.

Table 1
Main characteristics of A12
Parameters Value
Bulk density (g/cm?) 0.04
BET surface area (mzlg) 1413
Total pore volume (cm?/g) 0.69
Micropore volume (cm?/g) 0.51
Average pore width (nm) 1.95
pHpzc 44
Elemental analysis (wt.%)
C 83.32
H 1.90
(6] 14.78

The effect of pH on PNP adsorption onto ACF was studied
by adjusting the pH of PNP solutions with dilute HC1 or NaOH
solution at 293 K. A PHS-2C pH meter (Shanghai Kangyi Instru-
ment Co., China) was used to measure the pH values of the
solutions. The effect of NaCl on the adsorption was also stud-
ied. Different doses of adsorbent (0.03—0.50 g) were introduced
to respective 100 mL 1000 mg/L. PNP solution at 293, 308 and
323 K, respectively, in order to determine adsorption isotherms
and evaluate the effect of adsorbent dosage and temperature on
PNP adsorption. In kinetic studies, batch experiments were con-
ducted at different periods by adding 1.00 and 2.00 g ACF into
each 500 mL solution, respectively, at pH 4.3 and 293 K.

The adsorbent phase concentrations of PNP (g.) were calcu-
lated according to the following equation:

_ V(Co—Co)
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Adsorption efficiency (AE) was calculated from following equa-

tion:
Co—C
AE (%) = =0 _=¢
C

0

x 100 (2

where Cy and C, are the initial and equilibrium concentrations
of PNP (mg/L), respectively, V the volume of the solution (L),
and W is the mass of adsorbent (g).

2.4. Scanning electron micrography of ACF before and
after adsorption of PNP

A JSM-5610 scanning electron microscope (JEOL, Japan)
was used to visualize the surface morphology and structure of
A12 before and after adsorption of PNP.

2.5. Batch desorption

The recovery of the adsorbed material and regeneration of
adsorbent are quite important in field applications of adsorption
processes. It was found that the adsorption capability for adsorp-
tion of PNP onto ACF was small at high pH values. Hence,
NaOH was chosen as the regeneration reagent. Ten samples
of 0.40g ACF pre-adsorbed with 100 mL solution containing
1000 mg/L PNP were added to 50 mL NaOH solutions of various
concentrations (0—0.3 M) and shaken at 150 rpm in a Constant
Temperature Shaker at 293 K for 2h to determine the optimal
concentration of NaOH. Studies evaluating the effect of tem-
perature on desorption were carried out at 293, 333 and 368 K,
respectively. In order to increase the desorption efficiency, the
equal amount of hot water was used to rinse the ACF after dilute
NaOH solution.

Desorption efficiency (DE) was calculated from the following
equation:

CaqVy

aqe

DE (%) =

x 100, 3)

where Cj is the desorbed adsorbate concentration of desorption
solution (mg/L), V4 the volume of the desorption solution (L),
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W, the mass of pre-adsorbed adsorbent (g), and ¢. is the amount
of adsorbate pre-adsorbed on adsorbent (mg/g).

2.6. Analysis

The concentrations of PNP were analyzed by Helious
Betra UV-vis spectrometer (UK) that gave good linearity for
the absorbency versus PNP concentration at its maximum
absorbency wavelength 315 nm. In order to prevent pH from
affecting absorbency of PNP samples, all samples were acidi-
fied by adding 0.1 M hydrochloric acid.

3. Results and discussion
3.1. Effect of pH on adsorption

The effect of pH on the adsorption is depicted in Fig. 1. When
pH of the solution was lower than 4.3, the adsorption amount
slightly decreased; but when pH of the solution increased to
higher than 4.3, especially up to alkaline, the adsorption amount
of A12 sharply decreased.

PNP is a water-soluble solid that is moderately acidic in water
(pKa =7.15). When pH of the solution was lower than 4.3, almost
all the PNP in solution were in molecule form, but the net charge
on the surface of ACF was positive since the pHpzc was found to
be 4.4. There was electrostatic repulsion on the surface of ACF,
which resulted in slightly decreasing the adsorption amount.
At pH 4.3, the net charge on the surface of ACF was nearly
zero, there was nearly no electrostatic repulsion, so the adsorp-
tion amount was maximum. While pH of the solution increased
to higher than 4.3, especially up to alkaline, PNP molecules
gradually ionized into PNP anions and the net charge on the sur-
face of ACF was negative. So, electrostatic repulsions played
an important role in interactions between the surface of ACF
and the PNP anions. In addition, adjacent PNP anions adsorbed
on the ACF surface electrostatically repelled one another [27].
Of course, there was also electrostatic repulsion on the surface
of ACF. Thus, PNP anions could not pack together densely on
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Fig. 1. Effect of pH on the PNP adsorption (V, 100 mL; Cp, 1000 mg/L; A12
dose, 0.30 g/100 mL; T, 293 K;; agitation rate, 150 rpm; contact time, 24 h).
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Fig. 2. Effect of NaCl on the PNP adsorption (V, 100 mL; Cp, 1000 mg/L; T,
293 K; A12 dose, 0.30 g/100 mL; pH, 4.3; agitation rate, 150 rpm; contact time,
24 h).

the surface, and the equilibrium amount of the adsorbed PNP
was only modest. Similar results were observed in adsorption of
phenolic compounds on activated carbon cloth [25]. This char-
acteristic also served as the basis of using alkali to desorb ACF
after adsorption. Hence, the optimal pH of solution for PNP
adsorption onto ACF was determined to be 4.3.

3.2. Effect of presence of sodium chloride on adsorption

Effect of presence of sodium chloride on adsorption is
depicted in Fig. 2. Under experimental conditions, PNP
molecules almost existed in the molecular form. The equilibrium
adsorption amount increased with increasing sodium chloride
content due to the so called salting-out effect. This effect was
explained by Turner and Rawling who illustrated that aqueous
solubility of neutral organic compounds generally displays an
inverse dependency on ionic strength [28]. Water in the presence
of dissolved ions was less ordered and less compressible and the
cavity volume available to accommodate PNP molecules was
reduced; thus PNP solubility decreased with increasing NaCl
content in the solution. The less soluble the adsorbate became,
the more adsorbable it grew [29]. Experimental data supported
that sodium chloride in the solution facilitated PNP adsorption
on the ACF, and the equilibrium adsorption amount displayed
linear dependency on NaCl content of the solution (the correla-
tion coefficient R* =0.9902).

3.3. Adsorption isotherms

Graphic presentations of the adsorption isotherms are shown
in Fig. 3. For each isotherm, the equilibrium adsorption amount
of PNP onto ACF (g.) increased with increasing equilibrium
concentration, because driving force of adsorption increased
with increasing equilibrium concentration. g was found to
decrease with increasing temperature, which indicated that PNP
adsorption onto the adsorbent surface was favored at lower tem-
peratures. This might be due to the tendency for PNP molecules
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Fig. 3. Adsorption isotherms for PNP fitted by Freundlich equation (V, 100 mL;
Co, 1000 mg/L; agitation rate, 150 rpm; contact time, 24 h).

to escape from the solid phase to the bulk phase with an increase
in the temperature and the weakening in forces of attraction
between PNP and ACF [30,31]. Furthermore, the observed
phenomenon suggested that the explanation for the adsorption
mechanism of PNP removal by ACF involved a physical pro-
cess. So, the optimal temperature was selected to be 293 K. Also,
the optimal adsorbent dosage was easily selected to be 4.00 g/L
where the PNP adsorption efficiency was 98.75%.

The results were analyzed with the well-known models of
Langmuir and Freundlich. Langmuir equation [32] is expressed
as:

bqo Ce

= , 4
1+ bCe X

de
where ¢, is the amount of adsorbate taken up on adsorbent at
equilibrium (mg/g), C. the equilibrium concentration of the
adsorbate in aqueous solution (mg/L), and ¢° and b are the
Langmuir constants related to maximum adsorption capacity
and energy of adsorption, respectively. By plotting 1/g. against
1/C., a straight line with a slope of 1/b¢” was obtained (plot not
given). Freundlich equation [33] is expressed as:

ge = KpCl/", ®)

where g is the amount of adsorbate taken up on adsorbent
at equilibrium (mg/g), C. the equilibrium concentration of the
adsorbate in aqueous solution (mg/L), K¢ the Freundlich con-
stant for a heterogeneous adsorbent, and n is related to the
magnitude of the adsorption driving force and to the adsorbent
site energy distribution. The curves were obtained by fitting the
adsorption data with Eq. (5), as shown in Fig. 3.

The constants obtained according to Langmuir and Fre-
undlich models are listed in Table 2. The correlation coefficients
(R?) for both models at different temperatures suggested that the
empirical Freundlich equation was better than Langmuir equa-
tion in describing the behavior of PNP adsorption onto ACF.
Langmuir model assumes uniform energies of adsorption onto
the surface of adsorbent with no transmigration of adsorbate in
the plane of the surface, and the adsorbed molecules have no

Table 2
Isotherm constants for PNP adsorption onto ACF

T (K) Langmuir model Freundlich model

¢ (mg/g) b R? Kr n R?
293 384.62 0.289 0.8557 17452 7435  0.9903
308 370.37 0.175 09061 16226  7.215  0.989%4
323 357.14 0.0828 09302 13939  6.707  0.9870

interaction [27]. The data obtained were not well fitted with
Langmuir equation, indicating that surface energies of ACF
were not uniform. Otherwise their consistence with Freundlich
equation revealed that the energy distribution for the adsorption
“sites” was of essentially an exponential type [27], rather than
of the uniform type assumed in Langmuir isotherm. In this case,
some sites were highly energetic and bound the adsorbed PNP
strongly, whereas some were much less energetic and bound
PNP weakly, which resulted in the possibility of more than just
one monomolecular layer of coverage on the ACF surface. Thus,
the adsorption of PNP in multimolecular layers was indicated in
view of the experimental data.

As given in Table 2, the exponent n was larger than 1 in
all cases, illuminating that the adsorption was favorable. This
cohered with the characteristics of PNP adsorption isotherms
shown in Fig. 3. Furthermore, n decreased with increasing tem-
perature, which implies that the magnitude of the adsorption
driving force decreased with increasing temperature. Kg also
decreased with increasing temperature, which indicated that the
adsorption capacity decreased when the temperature increased.
Both of the Freundlich constant K and n showed inverse depen-
dency on temperature, indicating the intensity of adsorption
decreased with rising temperature.

3.4. Scanning electron micrography (SEM) of ACF before
and after adsorption PNP

The SEM photographs of A12 before and after PNP adsorp-
tion are given in Fig. 4. Before adsorption of PNP, the surface
of A12 looked relatively smooth, with several large mesopores
spotted onit. During activation of A12, certain mesopore clusters
were formed. Brasquet et al. also found numerous holes sized
from 10 to 100 nm by SEM analyzing [34]. Provided that meso-
pores could hardly adsorb PNP molecules [35], PNP molecules
were mostly accommodated onto micropores; hence sorts of
mesopore clusters might form corresponding “holes”. SEM pho-
tographs with larger magnitude revealed that the holes surfaces
displayed curved planes, which might be ascribed to hetero-
geneous energy distribution of the activated adsorption sites on
ACEF surface. The observed phenomenon also provided evidence
for the discussed conclusion that the adsorption process involved
multimolecular layers of coverage on ACF surface.

3.5. Thermodynamic parameters

The thermodynamic parameters for the adsorption process,
AH° and AS°, were evaluated using the equation [36,37]:
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Fig. 4. The SEM photographs of A12 (a) before PNP adsorption (200 nm) and
(b) after PNP adsorption (200 nm).
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where AS® and AH® are the entropy (J/(mol K)) and enthalpy
(J/mol) change of adsorption, respectively, R the universal gas
constant (8.314J/(Kmol)), and T is the absolute temperature
(K). At different temperatures (293-323 K), the corresponding
C. values for different fixed ¢, were calculated by the well-fitted
Freundlich isotherms. Thus, AH° and AS° were obtained from
the slope and intercept of the line plotted by In Ce versus 1/7,
respectively, as shown in Fig. 5. The correlation coefficients (R?)
for the linear equations were 0.9618, 0.9646, and 0.9673, respec-
tively. AS° and AH® values were used to compute AG® from the
Gibbs equation (AG° = AH° — TAS®) at constant temperatures.
Related thermodynamic parameters are listed in Table 3.

As given in Table 3, the enthalpy changes (AH®°) were nega-
tive and the absolute values were lower than 40 kJ/mol, indicat-
ing that the adsorption is an exothermic physical process [38].
In addition, the enthalpy change was found to be dependent
of the equilibrium adsorption amount, which was due to the
heterogeneity of the adsorption sites on ACF surface. In princi-
ple, PNP molecules were first adsorbed at the more active sites,
which gave relatively high enthalpy change. Subsequently, the
less active sites were occupied and/or multimolecular layers of
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Fig. 5. Plot of In C, vs. /T for estimation of thermodynamic parameters for the
adsorption of PNP onto ACF.

coverage occurred at the more active sites. This consequently
led to the decreased enthalpy change with the increase of equi-
librium adsorption amount.

The adsorption entropy changes (AS°) were less than zero,
which accorded with the fact that the mobility of adsorbates
on adsorbent surface becomes more restricted as compared
with that of those in solution. Besides, it was shown that AS°
increased with the increase in equilibrium adsorption amount.

The free energy changes (AG®) were less than zero, demon-
strating that the discussed adsorption is a spontaneous pro-
cess. While the equilibrium adsorption amount increased, the
absolute value of AG® decreased correspondingly, which indi-
cated the decrease in adsorption impetus. On the same equi-
librium adsorption amount condition, the absolute values of
AG° decreased with increasing temperature. Both of the phe-
nomena suggested that on the condition of larger equilibrium
adsorption amount and higher temperature, the reverse process
of adsorption—desorption could be easily carried out.

3.6. Adsorption kinetics

Plots of adsorption amount versus time are shown in Fig. 6.
The equilibrium adsorption amount of 2.00 and 4.00 g ACF/L
were 354.86 and 247.85 mg/g, respectively. It was also shown
that 2.00 and 4.00g ACF/L reached 77.55% and 84.78% of
respective equilibrium adsorption amount after 3 min.

In order to investigate the mechanism of adsorption,
the pseudo-first-order and pseudo-second-order equations are

Table 3
Thermodynamic data for adsorption of PNP onto ACF evaluated at different
equilibrium adsorption amounts and different temperatures

qe (mg/g) AH° AS° AG° (kJ/mol)
(kJ/mol) (J/(K mol))
293K 308K 323K
200 —36.74 —89.12 —10.63 -9.29 -7.95
250 —32.50 —86.70 —7.10 —5.80 —4.50
300 —29.05 —84.74 —4.22 —2.95 —1.68




54 D. Tang et al. / Journal of Hazardous Materials 143 (2007) 49-56

400

350 e—*

N
°,

300

e

N
o
=)
1
o—
- 0\.
N

200

q, (mg/g)

100

—=—2.00 g ACFIL
50 - —e—4.00 g ACFIL

0 T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140

t (min)

Fig. 6. Plot of g; vs. time for the adsorption of PNP onto ACF at various ACF
doses (Cp, 1000 mg/L; V, 500 mL; T, 293 K; agitation rate, 150 rpm).

applied to model the kinetics of PNP adsorption onto ACF. The
pseudo-first-order rate expression of Langergren [39] is pre-
sented as:

In(ge — g1) = Inge — kit, @)

And the pseudo-second-order kinetic model [39,40] is expressed
as:

d : + ! t ®)
@ kgl ge’
where ¢, is the amount of PNP adsorbed on adsorbent at equilib-
rium (mg/g), q; the amount of PNP adsorbed at various times ¢
(mg/g), ki the pseudo-first-order rate constant for the adsorption
process (min~!) and k; is the rate constant of pseudo-second-
order adsorption (g/(mg min)).

The slopes and intercepts of plots of In(g. — g;) versus ¢ were
obtained to determine the first-order rate constant k; and equi-
librium adsorption amount g, (plots not shown). The calculated
results and corresponding correlation coefficients (R?) are listed
in Table 4. The correlation coefficients for the first-order kinetic
model at different ACF doses were relatively low and the cal-
culated g. values obtained from the first-order kinetic model
failed to match the experimental g, values, together indicat-
ing that the adsorption of PNP onto ACF was not a first-order
reaction.

The slopes and intercepts of plots of t/g; versus t were
obtained to calculate the second-order rate constant ky and ge.
The straight lines in Fig. 7 shows a good agreement of experi-
mental data with the second-order kinetic model at different ACF
doses. Computed results obtained from the second-order kinetic

Table 4

Kinetic parameters for the adsorption of PNP onto ACF at different adsorbent doses
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Fig. 7. Pseudo-second-order kinetic plots for the adsorption of PNP onto ACF
at various adsorbent doses.

model are listed in Table 4. The correlation coefficients for the
second-order kinetic model at different ACF doses equaled to
1.000. Moreover, the calculated g. values remained consistent
with the experimental data. These indicated that the adsorption
system studied obeyed the second-order kinetic model. Similar
results were also obtained in adsorption of basic dyes on pumice
and biosorption of remazol black B on biomass [40,41].

3.7. Desorption studies

The amount of PNP desorbed as a function of NaOH con-
centration is shown in Fig. 8. For 0.025 mol/L. NaOH solution,
where the NaOH dosage equaled to 1.76 times the amount of the
theoretical NaOH dosage, the desorption efficiency was 60.22%.
During the desorption process, the formation of sodium salt of
PNP facilitated the desorption of PNP from the ACF surfaces.
The desorption efficiency was 61% using 0.15 M NaOH solution
to desorb phenol from activated carbon [42], where the NaOH
dosage was 150 times as many as the theoretical NaOH dosage.
Once NaOH concentration was more than 0.025 mol/L, how-
ever, desorption efficiency slightly decreased. This phenomenon
could be attributed to the decrease in the strength of repulsion
between PNP anions and surface of ACF and the adjacently
adsorbed PNP anions on ACF surfaces with more Na* presented
in aqueous solution, allowing more PNP anions on the surface
[43]. Hence, PNP adsorbed on ACF was ready to be desorbed
by NaOH solution, and the optimal concentration of NaOH for
desorption was 0.025 mol/L.

The PNP desorption curves using 0.025 mol/L NaOH at dif-
ferent temperatures are shown in Fig. 9. At 293 K, desorption

Parameters e exp (Mg/) Pseudo-first-order (0-3 min) Pseudo-second-order (0—120 min)

ki (min~") Ge.cal (/) R k> (g/(mg min)) Ge.cal (mg/2) R?
2.00 g ACF/L 355.01 0.4386 279.69 0.933 0.00356 357.14 1.000
4.00g ACF/L 247.85 0.5549 191.20 0.944 0.00695 250.00 1.000
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Fig. 8. Desorption efficiency of PNP from ACF by NaOH solution after pre-
adsorbing 1000 mg/L. PNP solution for 24 h (V, 50 mL; ACF dose, 0.40g; T,
293 K; agitation rate, 150 rpm; contact time, 2 h).

equilibrium was achieved within 5 min up to the desorption effi-
ciency of 60.22%; at 333 K, within 3 min up to the desorption
efficiency of 68.13%; and at 368 K, within 2 min up to 78.2%.
Desorption efficiency increased with increasing temperature,
while the time for achieving desorption equilibrium decreased
with the increase in temperature. The reason was that the solubil-
ity of sodium salt of PNP, as well as the mobility of PNP anions,
increased with increasing temperature, which facilitated the des-
orption process. So the optimal temperature for desorption was
368 K.

In order to increase the desorption efficiency, equal amount
of water at 368 K was used to rinse the ACF for 2 min after
0.025M NaOH solution desorption. Thus the total desorption
efficiency of adsorbed PNP reached up to 92.7%. Therefore,
0.025 mol/L NaOH solution and water at 368 K was used as the
optimal desorption reagent.
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Fig. 9. Effect of temperature on the NaOH desorption of PNP from ACF
(NaOH concentration, 0.025 mol/L; V, 200 mL; ACF dose, 1.60 g; agitation rate,
150 rpm).

4. Conclusions

This study investigated the behavior and mechanism of the
adsorption of PNP from aqueous solutions onto ACF, coupled
with the optimal conditions for desorption of adsorbed PNP
from ACF. The adsorption was found to depend on pH, sodium
chloride content, adsorbent doses, and temperature. At initial
PNP concentration of 1000 mg/L and on the optimal condition
(pH 4.3, ACF dose 4.00 g/L, temperature 293 K), the adsorption
efficiency was 98.75%, and the equilibrium adsorption amount
was 247.85 mg/g. Freundlich equation was better than Langmuir
equation in describing the adsorption equilibrium data. SEM
photographs of ACF before and after adsorption revealed that
the adsorption is in part with multimolecular layers of coverage
on the ACF.

The enthalpy changes for the adsorption (AH®) were all neg-
ative and their absolute values were less than 40 kJ/mol; hence
the adsorption are controlled an exothermic and mainly physi-
cal process. The adsorption entropy changes (AS°) were all less
than zero, conforming to the fact that the mobility of adsorbates
on adsorbent surface becomes more restricted compared with
that of those in solution. The free energy changes (AG®) were
all less than zero, demonstrating that the studied adsorption is a
spontaneous process.

Within 3 min, the uptake of PNP reached 84.78% of equi-
librium adsorption amount at the adsorbent dose of 4.00 g/L.
The pseudo-second-order kinetic model fits very well with the
dynamic experimental data.

It only took 2min to achieve desorption equilibrium with
desorption efficiency of 92.7% by using 0.025M NaOH and
water at 368 K. 0.025 mol/L NaOH solution and water is efficient
for desorption of PNP from ACF.
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