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a b s t r a c t

In this paper, functional macromolecule poly(methacrylic acid) (PMAA) was grafted on the surface of
silica gel particles using 3-methacryloxypropyl trimethoxysilane (MPS) as intermedia, and the grafted
particle PMAA/SiO2 with strong adsorption ability for phenol was prepared. The adsorption mechanism
eywords:
henol
dsorption
hydrogen bond

and properties of PMAA/SiO2 for phenol were researched by static and dynamic methods. The experi-
mental results showed that PMAA/SiO2 possesses strong adsorption ability for phenol with interaction
of three kinds of hydrogen bonds including peculiar O–H· · ·� hydrogen bond (aromatic hydrogen bond)
and O–H· · ·O C � hydrogen bond. The saturated adsorption amount could reach up to 162.88 mg g−1. The
empirical Freundlich isotherm was found to describe well the equilibrium adsorption data. pH and tem-

ve gr
bility
ilica gel
oly(methacrylic acid)

perature were found to ha
to possess excellent reusa

. Introduction

Phenol, listed as top priority contaminants by the US EPA, is
he common substructure of many potentially carcinogenic pol-
utants occurring in the industrial effluents of pharmaceutical,
yestuff, photographic, and agrochemical industries. Phenol-
ontained wastewater brings a series of serious environmental
roblem due to its high toxicity and accumulation in the envi-
onment [1–3]. For the treatment of phenol-contained wastewater,
dsorption with various adsorption materials, such as activated car-
on, bentonite, synthetic polymeric adsorbents and so on [2–11],
nd degradation with various microorganisms [12–18] have been
tudied extensively. However, some problems have been identified,
uch as lower adsorption capacity, high costs, lower regenerability
nd so on. In recent years, functional polymers have been increas-
ngly used as adsorbents for the efficient removal of phenol from

astewater [19,20] because of the strong interaction between the
unctional groups of polymer and phenol.

Poly(methacrylic acid) (PMAA) has been extensively used for
astewater treatment [21,22]. On its macromolecular chains, there

re a great number of carboxyl groups; so extremely strong hydro-
en bond interaction can be produced between MAA and phenol.

owever, it is unstable under shearing. In addition, it contains

oxic monomers, which could cause severe secondary environmen-
al pollution problems. Thus, a more efficient and environmentally
riendly adsorbent is desirable. In this study, PMAA was grafted on

∗ Corresponding author. Tel.: +86 351 3921414; fax: +86 351 3922118.
E-mail address: anfuqiang@nuc.edu.cn (B. Gao).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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eat influence on the adsorption amount. Finally, PMAA/SiO2 was observed
properties as well.

© 2009 Elsevier B.V. All rights reserved.

the surface of silica gel particles and a novel composite material
PMAA/SiO2 was prepared. The composite material combines well
the strong interaction between PMAA and phenol with high specific
area and fine mechanical stability of silica gel. PMAA/SiO2 displayed
excellent adsorption property for phenol in this study.

2. Experimental

2.1. Materials and instruments

Silica was purchased from the Ocean Chemical Company, Ltd.
(120–160 mesh, about 125 �m in diameter, pore size: 6 nm,
pore volume: 1.0 mL/g, surface area: 350 m2/g, Qingdao, China).
Methacrylic acid (MAA) was purchased from Ruijinte Chemical Ltd.
(Tianjin, China, AR grade). MAA was purified by distillation under
vacuum before use. �-Methacryloylpropyl trimethoxysilane (MPS)
was purchased from Nanking Chuangshi Chemical Aux Ltd. (Jiangsu,
China, AR grade). Phenol was purchased from Beijing Chemical Plant
(Beijing, China, AR grade). Ammonium persulfate was purchased
from Shanghai Chemical Reagent Plant (Shanghai, China, AR grade).

The instruments used in this study were as follows: STA449
thermogravimetric analyzer (TGA, Netzsch Company, Germany),
Unic-2602 UV-VIS spectrophotometer (Unic Company, American),
PHS-2 acidimeter (The Second Analytical Instrument Factory of
Shanghai, China), THZ-92C constant temperature shaker (Boxun
Medical Treatment Equipment Factory of Shanghai, China).
2.2. Preparation and characterization of adsorbent PMAA/SiO2

10 g of silica gel particles activated with methane sulfoacid and
15 mL of coupling agent MPS were added into 200 mL of a mixed

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:anfuqiang@nuc.edu.cn
dx.doi.org/10.1016/j.cej.2009.02.040


F. An et al. / Chemical Engineering Journal 153 (2009) 108–113 109

of com

s
m
f
p
6
i
b
a
w
c
p
o
o
P

2

2

d
t
c
p
o
a
a

Q

w
u
P

2

d
o
c
t
r
d
l

Q

Scheme 1. Synthesis process

olvent of ethanol and water (v/v = 1:1), and the contents were
aintained at 50 ◦C and was reacted for 24 h, resulting in the

ormation of the surface-modified particles MPS–SiO2, on which
olymerisable double bonds were attached chemically. Afterwards,
g of particles MPS–SiO2 and 20 g of methacrylic acid were added

nto 400 mL of water, and the graft polymerisation was performed
y initiating of (NH4)2S2O8 (0.012 g, 0.6 wt.% of monomer) under N2
tmosphere at 70 ◦C for 24 h. The product particles were extracted
ith ethanol in a soxhlet to remove the polymers attached physi-

ally to the particles, dried under vacuum, and finally the grafted
articles PMAA/SiO2 were gained. The total preparation processes
f PMAA/SiO2 are expressed in Scheme 1. The grafting degree
f PMAA/SiO2 was determined with TGA method. The particles
MAA/SiO2 used in this study have a grafting degree of 0.1732 g g−1.

.3. Adsorption of phenol on PMAA/SiO2

.3.1. Measurement of kinetic adsorption curve
About 0.2 g of PMAA/SiO2 were introduced into a conical flask

irectly. 50 mL of aqueous phenol solution with a initial concen-
ration (C0) of 8000 mg L−1 was then added into conical flasks. This
onical flask was placed in a shaker at a presettled temperature and
H and was then shaken. At different times, the concentration (Ct)
f phenol solution was determined by UV analysis performed on
UV-VIS spectrophotometer with the wavelength at 270 nm. The

dsorption amount (Q) was calculated according to Eq. (1).

= V(C0 − Ct)
m

(1)

here Q (mg g−1) is the adsorption amount; V (L) is the vol-
me of the phenol solution; m (g) is the weight of the absorbent
MAA/SiO2.

.3.2. Measurement of adsorption isotherm with static method
About 0.2 g of PMAA/SiO2 was introduced into a conical flask

irectly. 50 mL aqueous solution of phenol with concentration (C0)
f 1000, 2000, until 8000 mg L−1 were then added into each coni-
al flask. The conical flasks were placed in a shaker at a presettled
emperature and pH and were then shaken. After the adsorption
eached equilibrium, the concentration (Ce) of phenol solution was

etermined. The equilibrium adsorption amount (Qe) was calcu-

ated according to Eq. (2).

e = V(C0 − Ce)
m

(2)
posite material PMAA/SiO2.

2.4. Examination of influence of various factors on adsorption
property of PMAA/SiO2

By varying the pH of each sample solution by NaOH and HCl solu-
tions, the influence of pH on the adsorption property of PMAA/SiO2
was examined. By varying the temperature, the influence of tem-
perature on the adsorption property of PMAA/SiO2 was examined.

2.5. Dynamics adsorption and elution experiment

1.5324 g of PMAA/SiO2 was filled in a glass column with 8 mm
of diameter and 2 mL of the bed volume. The phenol solution with
concentration of 1 g L−1 and pH of 6 was allowed to flow gradu-
ally through the column at a rate of five bed volumes per hour
(5 BV h−1). The effluent with one bed volume was collected and
the concentration of phenol was determined. Then the dynamics
adsorption curve was plotted. The leaking adsorption amount and
the saturated adsorption amount were also calculated.

Elution experiment were performed by using sodium hydroxide
solution with concentration of 0.01 mol L−1 as eluting agent, and
the flow rate of the eluting agent was controlled at 1 BV h−1. The
eluent with one bed volume was collected, the concentration of
the phenol was determined, and the elution curve was plotted.

2.6. Repeated use experiment

Repeated usability (i.e., regenerability) is an important factor
for an effective absorption material. Desorption of the adsorbed
phenol from PMAA/SiO2 also studied by static experiment using
0.01 mol L−1 of sodium hydroxide solution as eluent. PMAA/SiO2
that have adsorbed phenol was placed in the eluent and stirred
continuously at room temperature for 10 h. The final concentration
of phenol in aqueous phase was determined. Desorption ratio was
calculated from the amount of phenol adsorbed on the PMAA/SiO2
and final phenol concentration in the eluent. In order to test the
reusability of PMAA/SiO2, phenol adsorption–desorption proce-
dure was repeated ten times by using the same PMAA/SiO2.

3. Results and discussion

3.1. Kinetic adsorption curve of PMAA/SiO2 for phenol
The kinetic adsorption curve is shown in Fig. 1. The adsorp-
tion reached to equilibrium at 10 h, and the saturated adsorption
amount reached 162.88 mg g−1. To our knowledge, the adsorption
amount of 162.88 mg g−1 is very high compared with other values
(3–40 mg g−1) reported [2,10,11] and at least there is an enhance-
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bond (O–H· · ·O C hydrogen bond) with carbonyl � bond of carboxyl
ig. 1. Kinetic adsorption curve of PMAA/SiO2 for phenol. Temperature: 20 ◦C; pH = 6.

ent of three times. Obviously, the composite material PMAA/SiO2
as very strong adsorption ability and high affinity for phenol. This
an be attributed to the hydrogen bond interaction between them,
nd the interaction mechanism will be discussed below.

.2. Adsorption isotherm of PMAA/SiO2 for phenol

The adsorption isotherms of PMAA/SiO2 for phenol are shown
n Fig. 2. It can be seen that the equilibrium adsorption amount of
henol increases rapidly with the increase of equilibrium concen-
rations. This also implied that PMAA/SiO2 possesses very strong
dsorption ability and high affinity for phenol.

Freundlich adsorption equation and its logarithms form are fol-
ows:

e = kC1/n
e (3)

n Qe = Ln k + 1
n Ln Ce

(4)

The data in Fig. 2 are treated using Freundlich adsorption equa-

ion, and the straight line is displayed in Fig. 3. Linear regression
s performed according to the logarithmic form, and the linear
egression coefficient is 0.9996, the curve of the Ln Qe vs. Ln Ce fit
atisfactorily to Freundlich equation.

ig. 2. Adsorption isotherm of PMAA/SiO2 for phenol. Temperature: 20 ◦C; adsorp-
ion time: 10 h; pH = 6.
Fig. 3. Plot of Ln Qe vs. Ln Ce.

3.3. Influence of different factors on adsorption property of
PMAA/SiO2

3.3.1. Influence of pH
The adsorption isotherms at different pH values are shown

in Fig. 4. The effect of pH value on the adsorption property of
PMAA/SiO2 can be seen clearly from Fig. 5, which comes from the
data of Fig. 4. Obviously, the value of pH has a great influence on
the adsorption property of PMAA/SiO2 for phenol. The lower the pH
value, the higher the adsorption amount.

The adsorption amount of PMAA/SiO2 towards phenol decreases
with the increase of pH value. This is caused by different molecule
forms of MAA and phenol and acting forces (hydrogen bond)
between MAA and phenol. The forms of hydrogen bond occur-
ring possibly between MAA and phenol are expressed in Scheme 2.
First, the –OH of carboxyl groups could form aromatic hydrogen
bond (O–H· · ·� hydrogen bond) with �–electron cloud of aromatic
groups that act as the acceptor (a in Scheme 2) [23–25]. Sec-
ond, the –OH of carboxyl groups could also form hydrogen bond
(O–H· · ·O hydrogen bond) with –OH in phenol molecules (b in
Scheme 2). Additional, the –OH of phenol could form � hydrogen
groups [26] (c in Scheme 2).
As pH value is lower, there are lots of hydrogen ions H+ in solu-

tion, and the carboxyl groups of PMAA on PMAA/SiO2 nearly do not
dissociate. Three kinds of hydrogen bond could be formed at the

Fig. 4. Adsorption isotherms of PMAA/SiO2 for phenol at different pH. Temperature:
20 ◦C; adsorption time: 10 h.
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Fig. 5. Adsorption capacity of PMAA/SiO2 at different pH.

ame time. So the adsorption ability is the strongest and the adsorp-
ion amount is the highest. The dissociation degree of the carboxyl
roups of PMAA and hydroxy groups of phenol is enhanced with the
ncreases of pH value, resulting in weakening and decrease of the
hree kinds of hydrogen bond. So the adsorption capacity decline
ith the increase of pH value. As pH > 7, carboxyl groups of PMAA

nd hydroxy groups of phenol were neutralized, all three kinds of
ydrogen bond could not be formed. So adsorption amount is very

ow when pH > 7.

.3.2. Influence of temperature
The adsorption isotherms of PMAA/SiO2 towards phenol at dif-

erent temperatures are shown in Fig. 6. It can be found that the
dsorption amount of PMAA/SiO2 towards phenol decreases with
he increase of temperature, and the influence of temperature on
he adsorption amount is great. The saturated adsorption amount

−1 −1
t 293 K is 162.88 mg g , which is far greater than 50.47 mg g of
he saturated adsorption amount at 333 K. The fact that the adsorp-
ion amount of phenol decreases with the increase of temperature
mplies that the adsorption of PMAA/SiO2 towards phenol is an
xothermic process.

Scheme 2. Hydrogen bond between MAA and phenol.
Fig. 6. Adsorption isotherms of PMAA/SiO2 for phenol at different temperatures.
Adsorption time: 10 h; pH = 6.

According to the Van’t Hoff equation:

Ln
Qe

Ce
= −�H

RT
+ C (5)

When adsorption amount is 30 mg g−1, the curve of the
Ln(Qe/Ce) vs. 1/T is shown in Fig. 7. It gives the numerical values of
�H from slope. The numerical values of �H is −22.5 kJ mol−1. This
also indicated that the adsorption of PMAA/SiO2 towards phenol is
an exothermic process.

3.4. Dynamic adsorption curve

Fig. 8 shows the dynamic adsorption curve of PMAA/SiO2 for
phenol. It can found that when phenol solution passes through the
column packed with PMAA/SiO2 at a flow rate of 5 bed volumes
per hour (5 BV h−1) upstream, the leaking appears only at 109 BV,
the leaking adsorption amount to be calculated is 142.26 mg g−1,
and the saturated adsorption amount is 152.34 mg g−1. Obviously,
analogous to the static adsorption result, the dynamic adsorption
capacity is also very high.
3.5. Elution curve

Fig. 9 gives the elution curve of phenol from PMAA/SiO2. Sodium
hydroxide solution with a concentration of 0.01 mol L−1 is used as

Fig. 7. Plot of Ln(Qe/Ce) vs. 1/T.
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ig. 8. Breakthrough curve of phenol on PMAA/SiO2 column. Temperature: 20 ◦C;
nitial phenol concentration: 1 g L−1; pH = 6.

he eluent, and the eluent at a rate of 1 BV h−1 flows upstream
hrough the column of PMAA/SiO2 particles on which the adsorp-
ion of phenol has reached to saturation. It can be seen that the
hape of desorption curve is cuspate and without tailing, and it
hows the fine elution result. The calculation results show that
ithin 21 bed volumes, phenol is eluted from PMAA/SiO2 col-

mn with a desorption ratio of 99.64%. The fact reveals fully
hat PMAA/SiO2 on which phenol is adsorbed in saturation has
utstanding elution property, and this novel composite material
MAA/SiO2 has excellent reusing property.

.6. Reusability

Desorption ratios are very high (97.9%). When sodium hydroxide
olution with a concentration of 0.01 mol L−1 is used as an eluent,
he hydrogen bond interaction between phenol and MAA is dis-
upted and subsequently phenol is released into eluent. In order
o show the reusability of the PMAA/SiO2, adsorption–desorption
ycle was repeated 10 times by using the same material.

Adsorption–desorption cycle of PMAA/SiO2 was shown in Fig. 10.

he results clearly showed that the PMAA/SiO2 could be used
epeatedly without significantly loosing its adsorption amount.

Fig. 9. Elution curve of phenol from PMAA/SiO2. Temperature: 20 ◦C.

[

Fig. 10. Adsorption–desorption cycle of PMAA/SiO2.

4. Conclusions

In this study, functional macromolecule poly(methacrylic
acid) was grafted onto micron-sized silica gel using 3-
methacryloxypropyl trimethoxysilane (MPS) as intermedia,
and the novel adsorption material PMAA/SiO2 was successfully
prepared. PMAA/SiO2 has very strong adsorption ability for phenol
by way of hydrogen bond interaction, and the adsorption mecha-
nism was explained satisfactorily with introducing the � hydrogen
bond. The adsorption ability of PMAA/SiO2 for phenol is largely
dependent on pH value and temperature of solution. The lower
the pH value, the higher the adsorption amount. The adsorption
amount of phenol decreases with the increase of temperature. The
lower the temperature, the higher the adsorption amount, and
it can raise up to 162.88 mg g−1 at 293 K and pH of 6. This study
shows that PMAA/SiO2 could dispose acidic wastewater containing
phenol. Additionally, PMAA/SiO2 has excellent reusability.

Acknowledgement

The authors are grateful to the Science Foundation of Province
Shanxi of China for the financial support of this work.

References

[1] A. Monique, K.K. Ravi, B. Stephen, Adsorption of phenol and chlorinated phenols
from aqueous solution by tetramethyl ammonium and tetramethyl phospho-
nium exchanged montmorillonite, Appl. Clay Sci. 13 (1998) 13–20.

[2] S.H. Lin, M.J. Cheng, Adsorption of phenol and m-chlorophenol on organoben-
tonites and repeated thermal regeneration, Waste Manage. 22 (2002) 595–603.

[3] Y. Ku, K.C. Lee, Removal of phenols from aqueous solution by XAD-4 resin, J.
Hazard. Mater. 80 (2000) 59–68.

[4] F. Gritti, G. Guiochon, Comparison between the loading capacities of columns
packed with partially and totally porous fine particles. What is the effective
surface area available for adsorption? J. Chromatogr. A 1176 (2007) 107–122.

[5] J.A.F. MacDonald, M.J.B. Evans, Adsorption and enthalpy of phenol on BPL car-
bon, Carbon 40 (2002) 703–707.

[6] J.F. Ma, L.Z. Zhu, Removal of phenols from water accompanied with synthesis
of organobentonite in one-step process, Chemosphere 68 (2007) 1883–1888.

[7] S. Kim, Y.K. Kim, Apparent desorption kinetics of phenol in organic solvents
from spent activated carbon saturated with phenol, Chem. Eng. J. 98 (2004)
237–243.

[8] S. Al-Asheh, F. Banat, L. Abu-Aitah, Adsorption of phenol using different types
of activated bentonites, Sep. Purif. Technol. 33 (2003) 1–10.

[9] W.M. Zhang, Z.W. Xu, B.C. Pan, Q.J. Zhang, W. Du, Q.R. Zhang, K. Zheng,
Q.X. Zhang, J.L. Chen, Adsorption enhancement of laterally interacting phe-

nol/aniline mixtures onto nonpolar adsorbents, Chemosphere 66 (2007)
2044–2049.

10] F. Akbal, Sorption of phenol and 4-chlorophenol onto pumice treated with
cationic surfactant, J. Environ. Manage. 74 (2005) 239–244.

[11] Y.H. Shen, Removal of phenol from water by adsorption–flocculation using
organobentonite, Water Res. 36 (2002) 1107–1114.



ering J

[

[

[

[

[

[

[

[

[

[

[

F. An et al. / Chemical Engine

12] A. Bódalo, J.L. Gómez, E. Gómez, J. Bastida, M.F. Máximo, Comparison of com-
mercial peroxidases for removing phenol from water solutions, Chemosphere
63 (2006) 626–632.

13] C. Scully, G. Collins, V. O’Flaherty, Anaerobic biological treatment of phenol at
9.5–15 ◦C in an expanded granular sludge bed (EGSB)-based bioreactor, Water
Res. 40 (2006) 3737–3744.

14] D. Suryaman, K. Hasegawa, S. Kagaya, Combined biological and photocatalytic
treatment for the mineralization of phenol in water, Chemosphere 65 (2006)
2502–2506.

15] G.B. Seetharam, B.A. Saville, Carbon-coated anatase: adsorption and decompo-
sition of phenol in water, Water Res. 37 (2003) 436–440.

16] H.H.P. Fang, D.W. Liang, T. Zhang, Y. Liu, Anaerobic treatment of phenol
in wastewater under thermophilic condition, Water Res. 40 (2006) 427–
434.

17] N.A. Bagirova, T.N. Shekhovtsova, R.B. van Huystee, Enzymatic determi-

nation of phenols using peanut peroxidase, Talanta 55 (2001) 1151–
1164.

18] P.S. González, E. Agostini, S.R. Milrad, Comparison of the removal of 2,4-
dichlorophenol and phenol from polluted water, by peroxidases from tomato
hairy roots, and protective effect of polyethylene glycol, Chemosphere 70 (2008)
982–989.

[

[

[

ournal 153 (2009) 108–113 113

[19] F.Q. An, B.J. Gao, Adsorption of phenol on a novel adsorption material PEI/SiO2,
J. Hazard. Mater. 152 (2008) 1186–1191.

20] A.M. Li, Q.X. Zhang, J.L. Chen, Z.H. Fei, C. Long, W.X. Li, Adsorption of pheno-
lic compounds on Amberlite XAD-4 and its acetylated derivative MX-4, React.
Funct. Polym. 49 (2001) 225–233.

21] E. Tang, G.X. Cheng, X.L. Ma, X.S. Pang, Q. Zhao, Surface modification of zinc
oxide nanoparticle by PMAA and its dispersion in aqueous system, Appl. Surf.
Sci. 252 (2006) 5227–5232.

22] G.S. Azhgozhinova, O. Güven, N. Pekel, A.V. Dubolazov, G.A. Mun, Z.S. Nurkeeva,
Complex formation of linear poly(methacrylic acid) with uranyl ions in aqueous
solutions, J. Colloid Interface Sci. 278 (2004) 155–159.

23] T. Steiner, A.M.M. Schreurs, J.A. Kanters, J. Kroon, Water molecules hydrogen
bonding to aromatic acceptors of amino acids. The structure of Tyr–Tyr–Phe
dihydrate and a crystallographic database study on peptides, Acta Crystallogr.
D 54 (1998) 25–31.
24] T. Steiner, Hydrogen bonds from water molecules to aromatic acceptors in very
high-resolution protein crystal structures, Biophys. Chem. 95 (2002) 195–201.

25] T. Steiner, G. Koellner, Hydrogen bonds with �-acceptors in proteins: frequen-
cies and role in stabilizing local 3D structures, J. Mol. Biol. 305 (2001) 535–557.

26] Z.S. Derewenda, L. Lee, U. Derewenda, The occurrence of C–H· · ·O hydrogen
bonds in proteins, J. Mol. Biol. 252 (1995) 248–262.


	Adsorption mechanism and property of novel composite material PMAA/SiO2 towards phenol
	Introduction
	Experimental
	Materials and instruments
	Preparation and characterization of adsorbent PMAA/SiO2
	Adsorption of phenol on PMAA/SiO2
	Measurement of kinetic adsorption curve
	Measurement of adsorption isotherm with static method

	Examination of influence of various factors on adsorption property of PMAA/SiO2
	Dynamics adsorption and elution experiment
	Repeated use experiment

	Results and discussion
	Kinetic adsorption curve of PMAA/SiO2 for phenol
	Adsorption isotherm of PMAA/SiO2 for phenol
	Influence of different factors on adsorption property of PMAA/SiO2
	Influence of pH
	Influence of temperature

	Dynamic adsorption curve
	Elution curve
	Reusability

	Conclusions
	Acknowledgement
	References


