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ABSTRACT: We have studied the adsorption of p-aminophenol on poly(aryl ether ketone) containing pendant carboxyl groups
(PEK-L). The pH effect, adsorption kinetics, isotherms, and thermodynamics are investigated in batch experiments. The kinetics of
the adsorption follows a pseudosecond-order model. Langmuir and Freundlich isotherms are employed to describe the adsorption
process, indicating that the former fits the data better. The thermodynamic functions, ΔG�, ΔH�, and ΔS� are calculated. The
method is applied to the determination of p-aminophenol in drug tablet samples, and the accuracy is assessed through recovery
experiments.

’ INTRODUCTION

Phenols are common pollutants released into the environment
during many processes. As a kind of phenol, p-aminophenol
(PAP) is widely applied in many fields, such as medicine, sulfur
and azo dyes, rubber, feeding-stuff, petroleum, and photography,
etc. For instance, PAP is used for the production of paracetamol,1

which is one of the most produced pharmaceuticals worldwide.
PAP is recognized to be toxic and irritable to the eyes, skin, and
respiratory system. It may increase the core body temperature in
humans, and its biological half-life is long.

Much attention has been paid to explore effective methods to the
analysis of PAP. During the past decades, different kinds of methods
have been applied to the determination of PAP, including
spectrophotometry,1�8 liquid chromatography,1,9,10 chemilum-
inescence,11 capillary electrophoresis,12 and various electrochemical
strategies.13�16 Among these methods, spectrophotometry is most
commonly used because of its advantages of simple, rapid, and low
cost of operation. However, spectrophotometric methods often
suffer from the drawbacks of low sensitivity. To enhance the
sensitivity, different kinds of preconcentration methods have been
introduced, such as extraction,2,3 aqueous two-phase system liquid�
liquid extraction,4 and adsorption.5,6

Adsorption is a popular separation/preconcentration method
because it has several advantages of cost effectiveness, simple
operation, and environmental friendliness.17 Various adsorbents
have been developed for the separation/preconcentration of
PAP including impregnated Amberlite resin,5 metal ferro-
cyanides,6 and imprinted polymer.14 It is of interest to develop
novel effective materials for the adsorption of PAP. As an
alternative, aromatic poly(ether ketone)s (PEKs) have attracted
considerable attention because of their excellent chemical, phy-
sical, and mechanical properties.18,19 Zhao et al.19 have prepared
poly(aryl ether ketone)s containing pendent carboxyl groups
(PEK-L) and applied PEK-L to the adsorption of Cu, Pb, Co, Ni,
and Cd. The adsorption kinetics, isotherms, and thermody-
namics are examined in batch experiments in detail. PEK-L has
shown significant potential for removal of the metal ions from
aqueous solutions. The carboxylic groups contained in PEK-L

make ion-exchange interactions possible and can be used as a
preconcentration material based on this mechanism. However,
our thorough survey of the literature has not found many studies
applied to PEK-L as the adsorbent in other fields except
Zhao et al.’s work.19

In the present study, PEK-L has been applied to the adsorp-
tion of PAP from aqueous solutions. Effects of various experi-
mental parameters are investigated such as adsorbent dosage,
sample pH, contact time, and experimental temperature.
Adsorption�desorption studies have often been carried out to
evaluate the reusability of PEK-L.

’EXPERIMENTAL SECTION

Reagents. All the chemicals were of analytical grade and used as
received without any purification. p-Aminophenol (PAP) was sup-
plied by Aladdin Reagent (Shanghai, China). The stock solution of
PAP (100 μg 3mL

�1) was prepared daily by dissolving an appro-
priate amount of PAP in a small volume ofHCl (0.05mol 3L

�1) and
diluting with water to the mark. The standard stock solution was
stored in a 4 �C refrigerator. PEK-L was prepared according to
previouswork.19Distilled�deionizedwater was used throughout the
experiments.
Apparatus. A TU 1810 ultraviolet�visible spectrophotometer

(Beijing Purkinje General Instruments Co., Ltd., China) was used
for spectrophotometric determinations. A pHS-3C digital pH
meter (Shanghai Rex Instruments Factory, China) was used for
pH measurements. Deionized water was prepared by the Milli-Q
SP system (Millipore, Milford, MA, USA).
Adsorption Procedures. In a typical adsorption procedure,

0.02 g of PEK-L mixed with 10 mL of PAP solution in special
glass-stoppered tubes was shaken under a controlled temperature
of (293 ( 1) K. After reaching the sorption equilibrium, the
suspension was filtered through 0.45 μm filters, and PAP
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concentration in the liquid phase was determined with spectro-
photometry. The adsorption capacity of PAP was calculated as
follows.

qe ¼ ðC0 � CeÞV
m

ð1Þ

where C0 and Ce represent the initial and equilibrium metal ion
concentrations (μg 3mL�1), respectively; V is the volume of the
metal ion solution (mL); andm is the amount of adsorbent (mg).
Determination Procedures. Three solutions were prepared,

i.e., S1 (0.1064 mol 3 L
�1 phenol solution), S2 (1.758 3 10

�4

mol 3 L
�1 FeCl3 solution), and S3 (1000 mL of solution contain-

ing 5.0024 g of NaOH and 0.36 mL of NaOCl). Some amount of
PAP was mixed with 1 mL of S1, 1 mL of S2, and 10 mL of S3 and
diluted to 50 mL with deionized water. After settled for 20 min,
the concentration of PAP was determined at 632 nm.8

’RESULTS AND DISCUSSION

Influence of PEK-L Dosage. Figure 1 shows the influence of
PEK-L dosage on the adsorption of PAP in the range of (0.005 to
0.03) g when the concentration and pH of PAP are fixed. It can be
seen that the adsorption capacity increases first and then keeps

constant when the mass of PEK-L is higher than 0.02 g. There-
fore, 0.02 g is selected in subsequent experiments.
Influence of pH. As an amphoteric compound, PAP has a

Lewis acid group (�OH) and a Lewis base group (�NH2). The
pKa1 and pKa2 values are 8.50 and 10.30, respectively.20 The
initial pH of PAP is thus a major parameter affecting the
adsorption capacity. In the present study, the adsorption of
PAP as a function of pH has been studied over pH range of 1.0
to 12.0. The desired pH was maintained by dilute HCl or NaOH
solution. The adsorption capacity decreases with increasing pH
values. A possible reason may be as follows. Pendent carboxyl
groups are contained in PEK-L, implying that the interactions
between PEK-L and PAP occur at �NH2 functional groups of
PAP.2 When the sample pH of PAP decreases, the amount
of�COOH groups increases, leading to high adsorption capacities.
In the present work, a sample pH of 2.0 of PAP is chosen.
Adsorption Kinetics. Figure 2 shows the effect of contact time

on the adsorption. The adsorption capacity increases significantly
until the contact time reaches 2 h. Further increase of contact time
cannot lead to stronger adsorption capacity. Therefore, 2 h is
selected as the contact time in subsequent experiments.
Adsorption kinetics has been investigated to examine the

controlling mechanism for the adsorption process. The pseudo-
first-order and pseudosecond-order kinetic models are employed
to fit the kinetic adsorption data. The two models can be
expressed as follows

Pseudo first-order : logðqe � qtÞ ¼ log qe � k1
2:303

t ð2Þ

Pseudo second-order :
t
qt

¼ 1
k2q2e

þ 1
qe
t ð3Þ

where qt and qe are the amounts of PAP adsorbed at time t and
at equilibrium (mg 3 g

�1), respectively. k1 (min�1) and k2
(g 3mg�1

3min�1) are the rate constant of the pseudofirst-
order and pseudosecond-order sorption process.
Kinetics parameters with the pseudofirst-order and pseudose-

cond-order have been investigated for the adsorption of PAP on
PEK-L. Results are summarized in Table 1. Obviously, the
calculated adsorption capacity (qcal) is close to the experimental
adsorption capacity (qexp) when expressed with the pseudo-
second-order model. The correlation coefficient value of the
pseudosecond-order model is higher than that of the pseudofirst-
order model. Therefore, the pseudosecond-order model is
suitable to model the adsorption curve of PAP on PEK-L. It is
interesting to note that in Zhao et al.’s work19 the adsorption of
transitional metal ions on PEK-L can also be well described by
the pseudosencond-order kinetic model. This implies that the
rate-limiting step of the adsorption process on PEK-L is chemical
sorption.
Adsorption Isotherms. The equilibrium adsorption isotherm

is fundamental for describing the interactive behavior between the

Figure 1. Effect of PEK-L dosage on the adsorption of PAPwith PEK-L.
Contact time = 2 h, [PAP] = 0.5 μg 3mL�1, pH = 2.0.

Figure 2. Effect of contact time on the adsorption of PAP with PEK-L.
PEK-L dosage = 0.02 g, [PAP] = 0.5 μg 3mL�1, pH = 2.0.

Table 1. Kinetic Parameters for the Adsorption of PAP with
PEK-L

qe,exp pseudofirst-order pseudosecond-order

mg 3 g
�1 k1 qe,cal R2 k2 qe,cal R2

0.15 0.0007 1.15 0.8458 0.35 0.06 0.9867
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solution and the adsorbent. To achieve this goal, the adsorption
data are analyzed with Langmuir and Freundlich isotherms.
The Langmuir isotherm assumes that the adsorption occurs at

specific homogeneous adsorption sites within the adsorbent.
Monolayer adsorption and maximum adsorption occur when
adsorbed molecules on the surface of the adsorbent form a
saturated layer. The expression for the Langmuir isotherm is as
follows.

Ce

qe
¼ 1

qmaxb
þ Ce

qmax
ð4Þ

where qmax represents the maximum adsorption capacity of
adsorbents (mg 3 g

�1) and b is the Langmuir constant (L 3mg�1)
related to the affinity of binding sites and is ameasure of the energy
of adsorption.
The Freundlich isotherm expresses adsorption at multilayer

and on an energetically heterogeneous surface. This isotherm can
be expressed as

log qe ¼ 1
n
log Ce þ log K ð5Þ

where k and n are empirical constants that indicate the relative
sorption capacity and sorption intensity, respectively.
Table 2 shows the parameters of the Langmuir and Freundlich

isotherms. The correlation coefficient values with the Langmuir
model (0.5186) are lower than that with the Freundlich model
(0.9730). This indicates that the latter fits the adsorption data
better than the former. The reason may be because the Langmuir
model assumes that the surface of the sorbent can accommodate
only a monolayer of the sorbate ions and no interaction between
the sorbed species. The freundlich isothermmodel does not have
any restriction on the sorption capacity of the sorbent and is
more appropriate in situations where the sorption sites possess a
heterogeneous nature.
Adsorption Thermodynamics. Thermodynamic parameters

are evaluated since they provide in-depth information on in-
herent energetic changes that is associated with adsorption. The
Gibbs energy (ΔG�), enthalpy (ΔH�), and entropy (ΔS�)
changes are calculated with the following equations.

Kd ¼ qe
Ce

ð6Þ

ln Kd ¼ ΔS�
R

�ΔH�
RT

ð7Þ

ΔG� ¼ ΔH�� TΔS� ð8Þ
where Kd denotes the distribution coefficient. At 293 K, ΔG�,
ΔH�, and ΔS� are determined as �5.144 kJ 3mol�1, 11.872
kJ 3mol

�1, and 0.0226 kJ 3mol�1
3K

�1, respectively.
ΔH� is positive, indicating that the adsorption procedure of

PAP with PEK-L is endothermically driven. When ΔH� is in the
range of (5 to 10) kJ 3mol�1, the adsorption mechanism is
physiosorption; i.e., the bond between adsorbent and adsorbate

is van der Waals interactions. WhenΔH� is in the range of (30 to
70) kJ 3mol�1, the adsorption belongs to chemisorption; i.e., a
chemical bond is formed between the adsorbate and the surface.
In the present system, the ΔH� value demonstrates that neither
fully physical nor fully chemical and some complex mechanism
dictates the adsorption process.
ΔS� is also positive, which implies that the degree of freedom

increases at the solid�liquid interface during the adsorption
process. It also suggests that there are some structural changes in
both the adsorbate and adsorbent. The negative value of ΔG�
indicates the sorption process is spontaneous. In addition, it can
be concluded from Table 3 that the ΔG� increases with increas-
ing experimental temperature. As is well-known, a more negative
ΔG� implies a greater driving force of adsorption, resulting in
higher adsorption capacity.
Reusability of PEK-L for the Adsorption of PAP. It is

important for an effective adsorbent to be easily desorbed without
destroying the adsorbent. Methanol is employed as the desorption
agent. Results of the adsorption�desorption processes for three
cycles indicate that the adsorption of PAP on PEK-L is not
significantly changed and that the elution ratios are above 80 %.
Therefore, PEK-L is regenerable and can be used several times.
Sample Analysis. PEK-L has been employed for the ad-

sorption and desorption of PAP in several commercial para-
cetamol tablets. All samples are spiked with standard stock
solution of PAP at two concentration levels and then analyzed
five times (n = 5). Results are shown in Table 4. Recovery
values within the range of 91.3 % to 97.8 % have been
obtained, indicating that the present method is free from
interferences when used for the determination of PAP in
tablets containing paracetamol.

Table 2. Parameters of Langmuir and Freundlich Isotherms

Langmuir Freundlich

qmax/ mg 3 g
�1 b/ L 3mg

�1 R2 n k R2

0.30 0.43 0.5186 0.78 0.19 0.9730

Table 3. Thermodynamic Parameters

T ΔG� ΔH� ΔS�

K kJ 3mol�1 kJ 3mol�1 kJ 3mol
�1

3K
�1

293 �5.144 11.872 0.0226

303 �5.165

313 �4.756

323 �4.612

333 �4.272

343 �4.112

Table 4. Determination of PAP in Paracetamol Tablets
(n = 5)

0.5 μg 3mL�1

spiked

1.0 μg 3mL�1

spiked

sample

measured

( μg 3mL�1)

found

( μg 3mL�1) recovery

found

( μg 3mL�1) recovery

1 0.05 0.52 93.9 1.00 95.2

2 0.04 0.51 93.9 0.99 95.2

3 0.04 0.49 91.3 0.98 93.9

4 0.02 0.48 91.3 0.98 95.2

5 0.02 0.49 93.9 0.96 93.9

6 0.01 0.47 91.3 0.95 93.9

7 0.01 0.49 96.5 0.99 97.8
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’CONCLUSIONS

In this study, poly(aryl ether ketone) containing pendant
carboxyl groups (PEK-L) has been applied to the adsorption of p-
aminophenol. Experimental parameters affecting the adsorption
capacity have been studied in detail, including adsorbent dosage
and pH. The adsorption kinetics follows the pseudosecond-order
rate model very well. The Freundlich isotherm fits the adsorption
data better than the Langmuir isotherm. The adsorption process
is spontaneous and endothermic in nature. It is probably because
the adsorption process is neither a fully physical nor fully
chemical mechanism but some complex mechanism. No signifi-
cant variation on the adsorption capacity is verified after three
cycles of adsorption�desorption processes. PEK-L is a promis-
ing material when used for the adsorption and determination of
p-aminophenol in practice.
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