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ABSTRACT

The adsorption of phenol with the crosslinked polymer of P(MMA-MAh)-PEG33 was studied.
Through the research, it was found the adsorption was favored in acidic aqueous solution
and almost needed 35h to reach the equilibrium. The calculated thermodynamic parameters
suggested that the adsorption of phenol onto P(MMA-MAh)-PEG33 was spontaneous and
exothermic in nature. From the kinetic research, the adsorption of phenol with the cross-
linked polymer belonged to the first-order reaction. The adsorption isotherms of phenol with
polymer well accorded with the Freundlich model.
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1. Introduction

Phenol is present in a great variety of waste efflu-
ent from different industries, such as paper mill,
chemical industry, producing herbicide, fungicide, etc.
It is considered to be very toxic to human through
oral exposure, with ingestion of 1 g reported to be
lethal. Inhalation and dermal exposure to phenol are
highly irritating to the skin, eyes and mucous mem-
branes in humans. Acute local effects are severe tissue
irritation and necrosis. So it is very important to get
some certain adsorbents to remove phenol from waste
water because of the toxicity.

The removal of phenol has attracted considerable
research interests over the years. Adsorption process
has been used widely for the high efficiency removal

of solute from aqueous solution. For the method of
adsorption, adsorbent is the key point to achieve satis-
factory efficiency. From the research reports, the most
common types of adsorbents for phenol removal
applications are plants [1–4], clays [5–10], activated
carbons [11–13], and synthetic polymers [14–18] in
which, clays and activated carbons were the better
efficient materials to remove phenol in aqueous solu-
tion. But in these adsorbents, polymer adsorbent is
easier to gain by synthesis method, while other adsor-
bents are natural resources and limited in origin. So
based on the point, polymer considered as adsorbent
will be the most important and potential substance in
the far future. In addition, with the design idea of
composition and structure, the polymer adsorbent can
be synthesized by introducing a few certain functional
groups to satisfy the effective removal of phenol
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under different condition [14–21]. The use of adsorp-
tion process has been expanding recently due to the
innovation and development of new polymer adsor-
bent [19–21]. Polymer adsorbents are formed by link-
ing long chains that have a variety of functional
groups. The polyacrylate applied widely is one kind
of common polymer, while oxyethylene chains (–CH2–
CH2–O–) produces attraction for phenol in acid aque-
ous solution. So based on the points, one kind of new
crosslinked polymer of P(MMA-MAh)-PEG33 was syn-
thesized. In the research, the crosslinked polymer syn-
thesized was adopted as the potential adsorbent to
remove phenol. This work is an outgrowth of our
attempts to understand the adsorption role of phenol
with the crosslinked polymer of P(MMA-MAh)-PEG33.

2. Materials and methods

2.1. Materials

Phenol was obtained from Kelong Chemical
Reagent Co. The crosslinked polymer of P(MMA-
MAh)-PEG33 presented in Scheme 1 was previously
synthesized in our laboratory [22].

2.2. Adsorption process

Batch-mode adsorption experiments were carried
out by placing the adsorbent into a conical flask
which contain amount of phenol solution with a
known concentration at certain pH and agitating the
mixture using a temperature-controlled water bath
shaker. The research of effect of the initial phenol
solution pH, adsorbent dose, agitation time, and
temperature on the adsorption efficiency was carried
out.

2.3. Characterization

In order to calculate the concentration from each
experiment, the calibration curve was first prepared.
The concentration of phenol was determined spectro-
photometrically using UNICO UV-2100 spectropho-
tometer (China). The value of kmax was 269 nm for
phenol. The amount of phenol adsorbed by the adsor-
bents was calculated.

Removal % ¼ C0 � Ce

C0

� 100% ð1Þ

qe ¼ C0 � Ce

ms

ð2Þ

qt ¼ C0 � Ct

ms

ð3Þ

C0 and Ce (mgL�1) denote the initial and equilibrium
concentrations of phenol solution, respectively. ms

(g L�1) is the adsorbent dose added into phenol solu-
tion. qe and qt (mgg�1) are the phenol adsorption
amount on adsorbent at equilibrium and time t,
respectively.

3. Results and discussion

3.1. Effect of pH

Fig. 1 shows the removal of phenol as a function
of pH between 3.0 and 9.0 for the adsorbent of cross-
linked polymer. It can be seen that the optimum pH
at which maximum removal of phenol occurred is
observed over the range of 3.0–6.0. When pH is over
the range of 6–9, adsorption gradually falls with

H2
C CH

C

CH3

OCH3

O

H
C

C
OCH3

C

CH

OO

O (CH2 CH2 O )32 CH2 CH2 O

x y

H2
C CH

C

CH3

OCH3

O

H
C

C
OCH3

C

CH

O

O
x y

Scheme 1. Structure formula of crosslinked polymer
(x:y= 8:1).
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Fig. 1. The effect of initial solution pH on the removal (%).
C0 = 300mgL�1, ms = 10 gL�1,T= 25˚C, tP 35 h.
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increasing basicity of the solution. But even in the
basic solution of pH 7.0–9.0, the removal efficiency
was larger than 70.0%. The phenomenon can be
explained as that the crosslinked polymer produces
organic phase which has better affinity with phenol
molecule. The maximum removal of 93.21% was
observed at pH 3.0, and the removal was 91.87% at
pH 6.0. The effect of pH on phenol removal depends
on the species of phenol in solution. In the low pH
solution, the phenol molecule became cation and pro-
duced hydrogen bonding interaction with the oxygen
atom in the long chain of –CH2–CH2O– of the cross-
linked polymer, which was presented in Scheme 2. So
the hydrogen bonding between phenol molecule and
adsorbent was the main driving force of phenol sorp-
tion onto P(MMA-MAh)-PEG33. Considered both the
application of wastewater treatment and the removal
efficiency of phenol, the crosslinked polymer of P
(MMA-MAh)-PEG33 was used as adsorbent to adsorb
phenol in aqueous solution at the fixed pH 6 in the
following experiments.

3.2. Effect of adsorbent dose

As shown in Fig. 2, the effect of adsorbent dose on
both the removal (%) and the adsorption amount qe
(mgg�1) of phenol was indicated. It was obvious that
with the increasing of adsorbent dose (ms) from 2.0 to
10.0 gL�1, the phenol removal efficiency (%) and the
equilibrium adsorption amount qe increased and
decreased from 30.27% to 91.87% and from 45.29 to
27.96mgg�1, respectively.

3.3. Effect of agitation time

The agitation time was one important influence
factor to obtain satisfying result of adsorption. From
Fig. 3, the initial drastic removal of phenol increased

H2
C CH

C

CH3

OCH3

O

H
C

C
OCH3

C

CH

OO

OCH2CH2OCH2CH2O

x y

O
HH+

O
H

H+

H2
C CH

C

CH3

OCH3

O

H
C

C
OCH3

C

CH2

O

O
x y

CH2CH2OCH2CH2O CH2CH2OCH2CH2O

O
HH+

Scheme 2. The hydrogen bonding interaction between phenol and P(MMA-MAh)-PEG33.
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Fig. 2. The effect of adsorbent dose on the removal (%)
and adsorption amount qe (mgg�1). C0 = 300mgL�1,
pH=6, T=25˚C, tP 35 h.
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Fig. 3. The effect of adsorption time on the removal (%).
C0 = 300mgL�1, ms = 10 gL�1, pH=6, T= 25˚C.
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up to 88.36% within 20 h. A platform was gradually
formed when time was more than 25h, indicating that
the adsorption capacity of crosslinked polymer was
nearly saturated. When the agitation time was 35 h,
the removal reached maximum value of 91.87%.

3.4. Thermodynamics analysis

The thermodynamics analysis of adsorption can
provide useful information concerning the evidence of
spontaneity of adsorption reaction. The following
equation describes the adsorption thermodynamics of
phenol with the crosslinked polymer.

lnA ¼ �DH
RT

þ 2:303DS
R

ð4Þ

where A is the allocation coefficient, A=Cs/Ce. Cs and
Ce (mgL�1) are the equilibrium concentration of phe-
nol adsorbed on adsorbent and reserved in solution,
respectively. DH and DS are enthalpy change and
entropy change, respectively. R denotes the gas law
constant (8.314 Jmol�1K�1), and T is the absolute tem-
perature (K).

In Fig. 4, the plot of ln A vs. 1/T was found to be
linear. The negative value of DH calculated in Table 1

suggested the exothermic nature of the process. Usu-
ally, adsorption processes are exothermic whether
adsorption occurs from chemical or physical forces.
The fast-moving phenol molecule loses kinetic energy
when adsorbed on the solid adsorbent, which results
in the liberation of heat. The negative value of DS
shows the decreased randomness at the solid/solution
interface during the adsorption of phenol on the cross-
linked polymer and also reflects the affinity between
the adsorbent material and the organic molecular of
phenol. According to thermodynamics formula
DG=DH�TDS, the negative value of DG suggests that
the process is spontaneous.

3.5. Adsorption kinetics

Determination of the kinetic parameters and expla-
nation of the mechanism in heterogenenous system
are often complex procedures, as surface effects can
be superimposed on chemical effects. The adsorption
of phenol from aqueous solution to the solid phase of
crosslinked polymer can be considered as the first-
order reaction. So the following integrated rate expres-
sion is used to calculate the rate constant (kad) value:

ln ðqe � qtÞ ¼ ln qe � kad � t ð5Þ

where qe and qt are the amount of phenol adsorbed
(mgg�1) at equilibrium and time t, respectively, and
Kad is the first order rate constant.

Fig. 5 is the adsorption kinetic of phenol onto the
crosslinked polymer and presents the relation of ln
(qe�qt) vs. time. As shown in Fig. 5, the value of ln
(qe�qt) linearly decreased with the increase in agita-
tion time, so it concluded the adsorption of phenol
with the crosslinked polymer belonged to the first-
order reaction. The rate constant of adsorption at dif-
ferent concentration was determined from the slope of
plot using a regression analysis. At 25˚C, the kad value
of P(MMA-MAh)-PEG33 at initial concentration of 50,
100, 200, and 300mgL�1 was 0.24, 0.24, 0.25, and
0.26 h�1, respectively. The rate constant was very near
with increasing initial concentration. The findings
clearly indicate that phenol removal by adsorption on
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Fig. 4. The thermodynamics plots of adsorption.
C0 = 300mgL�1, ms = 10 gL�1, pH=6, tP 35h.

Table 1
Thermodynamics model of three kinds of adsorbents and thermodynamic parameters

Adsorbent Linear relation
coefficient r

Adsorption thermodynamics
equation

DH/
(kJmol�1)

DS/
(Jmol�1 K�1)

DG/
(kJmol�1)

P(MMA-MAh)-
PEG33

0.995 ln A= 1.43� 103/T�2.37 �11.89 �8.56 �9.34
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crosslinked polymer was totally independent of the
initial concentration.

3.6. Adsorption isotherm

The research of adsorption isotherm can provide
the information of adsorption mechanism of phenol
onto the crosslinked polymer. In Fig. 6, the adsorption
isotherm accorded with the Freundlich equation was
depicted. It was shown that the adsorption of phenol
satisfied the Freundlich equation of the type.

ln qe ¼ lnKF þ 1

n
lnCe ð6Þ

where KF and 1/n are constants and considered to be
relative indicators of adsorption capacity and adsorp-
tion intensity, respectively. The values of these con-
stants were listed in Table 2. The adsorption isotherm
of phenol with the crosslinked polymer was shown in
Fig. 6. The isotherm ascended almost linearly within
the equilibrium concentration. The value of 0.1 < 1/
n< 1.0 indicated the favorable adsorption of phenol on
the crosslinked polymer.

4. Conclusions

In order to achieve the promising adsorption effi-
ciency of phenol with the crosslinked polymer of P
(MMA-MAh)-PEG33, the optimum condition was ini-
tial phenol solution pH 6, adsorbent dose 10 gL�1 for
the initial phenol concentration of 300mgL�1 and
adsorption time of 35 h at room temperature. The
research results of thermodynamics and kinetic of
adsorption implied the adsorption process carried out
spontaneously and belonged to the first-order reac-
tion, respectively. The adsorption isotherm demon-
strated that the mechanism of adsorption was
Freundlich model. The present results indicated that P
(MMA-MAh)-PEG33 was a powerful potential alterna-
tive for replacing other adsorbents for removing phe-
nol from aqueous solutions.
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