
H
i

T
D

a

A
R
R
A
A

K
P
P
F
H

1

t
i
o
m
m
t
m
c
h
a
t
b

p
t
m
a
[
s
i

0
d

Journal of Hazardous Materials 162 (2009) 860–865

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

eterogeneous photo-Fenton degradation of polyacrylamide
n aqueous solution over Fe(III)–SiO2 catalyst

ing Liu, Hong You ∗, Qiwei Chen
epartment of Environmental Science and Engineering, Harbin Institute of Technology, P.O. Box 2606, 202 Haihe Road, Harbin 150090, PR China

r t i c l e i n f o

rticle history:
eceived 29 December 2007
eceived in revised form 8 April 2008
ccepted 22 May 2008
vailable online 28 May 2008

a b s t r a c t

This article presents preparation, characterization and evaluation of heterogeneous Fe(III)–SiO2 catalysts
for the photo-Fenton degradation of polyacrylamide (PAM) in aqueous solution. Fe(III)–SiO2 catalysts are
prepared by impregnation method with two iron salts as precursors, namely Fe(NO3)3 and FeSO4, and
are characterized by Brunauer–Emmett–Teller (BET), X-ray diffraction (XRD) and X-ray photoelectron
eywords:
hoto-Fenton
olyacrylamide
e(III)–SiO2 catalyst
eterogeneous catalysis

spectroscopy (XPS) methods. The irradiated Fe(III)–SiO2 is complexed with 1,10-phenanthroline, then is
measured by UV–vis-diffuse reflectance spectroscopy (UV–vis-DRS) and XPS to confirm the oxidation
state of Fe in solid state. By investigating the photo-Fenton degradation of PAM in aqueous solution, the
results indicate that Fe(III)–SiO2 catalysts exhibit an excellent photocatalytic activity in the degradation
of PAM. Moreover, the precursor species and the OH−/Fe mole ratio affect the photocatalytic activity of
Fe(III)–SiO2 catalysts to a certain extent. Finally, the amount of Fe ions leaching from the Fe(III)–SiO2
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catalysts is much low.

. Introduction

“Produced water” is the largest volume of waste generated by
he oil industry. In particular, with the application of polymer flood-
ng technology in tertiary oil recovery processes in China, a kind
f new produced water containing polyacrylamide (PAM), a high
olecular weight polymer, have been produced. The conventional
ethod to dispose of such produced water is either re-injected into

he subsurface for permanent disposal or discharged directly to the
arine environment. However, both methods have caused serious

ontamination to the ground water and surface water. On the other
and, the current physical treatment processes (settling separation
nd filtration) can not satisfy the treatment requirement. Hence,
he treatment technologies of produced water containing PAM have
ecome a key problem in oil industry in China.

Physical [1,2], biological [3,4] and chemical methods [5] are
resently used for treatment of PAM. It was found that the degrada-
ion ratio of PAM in aqueous solution was slow by using biological

ethods. Recently, some investigators have reported the successful

pplication of advanced oxidation processes for PAM degradation
6,7]. One of advanced oxidation processes, Fenton (a powerful
ource of oxidative HO• generated from H2O2 in the presence of Fe2+

ons) or photo-Fenton reaction has been used in the degradation of

∗ Corresponding author. Tel.: +86 451 86283118; fax: +86 451 86283118.
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any organic compounds [8,9]. Even though these systems are con-
idered as a very effective approach to remove organic compounds,
t should be pointed out that there is a major drawback because the
ost-treatment of Fe sludge is an expensive process. This short-
oming can be overcome by using heterogeneous photo-Fenton
eaction. Therefore, a lot of effort has been made in developing
eterogeneous photo-Fenton catalysts. For example, Parra et al. pre-
ared Nafion/Fe structured membrane catalyst and used it in the
hoto-assisted immobilized Fenton degradation of 4-chorophenol
10]. However, Nafion/Fe structured membrane catalyst is much
xpensive for practical use. Thus, the low cost supports such as the
structured fabric [11,12], activated carbon [13], mesoporous silica

BA-15 [14–16], zeolite [17,18] and clay [19–21], have been used for
he immobilization of active iron species. Remirez et al. prepared
he catalysts using four iron salts as precursors for the heteroge-
eous Fenton-like oxidation of Orange II solutions [22]. The results
howed that the nature of the iron salt had a significant effect on
he process performance. So, it is necessary to discuss the photo-
atalytic activities of the catalysts by using different iron salts as
recursors.

In this paper, a series of Fe(III)–SiO2 catalysts were prepared at
ifferent OH−/Fe mole ratio and by using two iron salts as precur-

ors, namely Fe(NO3)3 and FeSO4. All catalysts were characterized
y BET, XRD and XPS. The oxidation state of Fe in the solid state
as detected by the UV–vis-DRS and XPS measurement. The pho-

ocatalytic activity of Fe(III)–SiO2 catalyst was evaluated in the
hoto-assisted Fenton degradation of PAM in aqueous solution in

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:youhong@hit.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.05.110
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he presence of H2O2 and UV light at an initial solution pH of 6.8.
he effects of the precursor species and the OH−/Fe mole ratio on
he photocatalytic activities of Fe(III)–SiO2 catalysts were also stud-
ed. In addition, the leaching behavior of Fe from the catalyst surface
as discussed.

. Experimental

.1. Materials

The analytical grade PAM, H2O2 (30%, w/w), Fe(NO3)3·9H2O,
eSO4·7H2O, NaOH and 1,10-phenanthroline were used for this
xperiment without further purification. The average molecular
eight of PAM was 5 000 000 Da and degree of hydrolysis of PAM
as about 30%. Silica gel (40–60 mesh) as a support was purchased

rom Qingdao Ocean Chemical Company, China. The aqueous solu-
ion of PAM was prepared by dissolving a weighed quantity of PAM
n distilled water.

.2. Preparation of the catalysts

A series of catalysts were prepared by two methods as follows:

1) Two catalysts were prepared by impregnation of 20 g silica
gel in aqueous solution containing 0.05 mol/L Fe(NO3)3 and
0.05 mol/L FeSO4, respectively and kept stirring for 6 h. After
aging for 40 h at 105 ◦C, the samples were separated and washed
several times with deionized water, then dried overnight at
80 ◦C. The dried samples were calcined at 500 ◦C for 5 h in an
oven. Finally, two Fe(III)–SiO2 catalysts were obtained, namely
S-Fe3+ and S-Fe2+.

2) Twenty grams of silica gel carrier were first added into the aque-
ous solution containing 0.05 mol/L Fe(NO3)3 and 0.05 mol/L
FeSO4, respectively and kept under vigorous stirring for 2 h.
Then, NaOH aqueous solution with different concentration
was added drop by drop under stirring until the OH−/Fe3+ or
OH−/Fe2+ mole ratio was equal to 1 and 2. After aging for 40 h
at 105 ◦C, the solid product were separated and washed several
times with deionized water and dried overnight at 80 ◦C. The
dried samples were calcined at 500 ◦C for 5 h in an oven and
the catalysts were named as S-Fe3+/1, S-Fe3+/2, S-Fe2+/1 and
S-Fe2+/2, respectively.

.3. Characterization of the catalysts

The iron content of Fe(III)–SiO2 catalysts were verified by an
nductively coupled plasma (ICP) (Model: Perkin-Elmer 5300 DV)
fter acidic digestion of the catalysts.

Brunauer–Emmett–Teller (BET) specific surface area, total pore
olume and average pore size of synthesized Fe(III)–SiO2 catalysts
ere measured by adsorption of nitrogen at 77 K, by using auto-
ated volumetric adsorption instrument (model Quantachrome

utosorb-1).
X-ray diffraction (XRD) measurement was employed using a

igaku D/max-rB system with Cu K� radiation operating at 45 kV
nd 40 mA. The 2� ranged from 10 to 90◦.

X-ray photo-electron spectroscopy (XPS) measurements were
erformed using a PHI 5700 spectrometer. The X-ray source was
perated at 250 W and 12.5 kV and the C 1s signal was adjusted
o 284.62 eV as the reference. The curve fitting was achieved by

sing a Physical Electronics PC-ACCESSESCA-V6.0E program with a
aussian–Lorentzian sum function.

Finally, UV–vis-diffuse reflectance spectroscopy (UV–vis-DRS)
easurements were recorded on TU1901 with a sphere reflectance

ccessory.

o
I
t
m
p

Fig. 1. Schematic diagram of three-phase fluidized bed photoreactor.

.4. Catalytic activity

The photocatalytic activities of Fe(III)–SiO2 catalysts were
valuated by degradation of PAM from aqueous solutions in a three-
hase fluidized bed photoreactor (Fig. 1). The light source was UV

amp (Philips, 8 W, 254 nm) fixed inside of a cylindrical quartz tube.
he total volume of PAM aqueous solution was 1500 mL. In order
o ensure a good dispersion of Fe(III)–SiO2 catalysts and good mix-
ure in solution, compressed air was bubbled from the bottom at
flow rate of 3.3 L/min. For each experiment, the concentration

f PAM and H2O2 were 100 and 200 mg/L, respectively. The cata-
yst loading was fixed at 1.0 g/L. The Fe(III)–SiO2 catalyst and H2O2

ere added into the photoreactor, at the same time, UV light was
urned on and this was considered as the initial time for reaction.
hen, samples were withdrawn at time intervals. The concentration
f PAM in solution was measured by starch-CdI2 spectrophotom-
try [23]. To determine mineralization of PAM solution, the total
rganic carbon (TOC) of the reaction solution was measured by a
OC-VCPN Shimadzu TOC analyzer. In addition, the concentration of
e in reaction solution was monitored by ICP.

.5. Characterization of Fe(III)–SiO2 after the reaction

In order to know the oxidation state of Fe on Fe(III)–SiO2 catalyst
urface under irradiation, the 1,10-phenanthroline was used which
ould be complexed with Fe(II)–SiO2 in solid state [17]. 0.03% 1,10-
henanthroline and 0.6 mol/L acetate buffer (pH 8.60) was added

nto the photoreactor and the S-Fe2+/1 catalyst was irradiated for
h. After reaction, the sample was filtered, washed several times
nd dried, then characterized by UV–vis-DRS and XPS measure-
ent.

. Results and discussion

.1. Characterization of the catalysts before reaction

The content of Fe in Fe(III)–SiO2 catalysts is shown in Table 1. It is
bserved that the Fe content in catalysts increases with the increase

f OH−/Fe mole ratio in both Fe(NO3)3 and FeSO4 used as precursor.
t should be mentioned that, with the increase of OH−/Fe mole ratio,
he structure of iron species in the solution develops from the low-

olecular-weight species into high polymerization degree cationic
olymer [24]. Therefore, with the increase of OH−/Fe mole ratio,
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Table 1
The content of Fe in catalysts and the results of BET tests

Samples The content
of Fe (wt.%)

BET surface
area (m2/g)

Total pore
volume (cm3/g)

Average pore
width (Å)

SiO2 0 419.0 0.93 88.9969
S-Fe3+ 0.404 446.0 0.99 88.7406
S-Fe3+/1 0.496 462.0 1.02 88.4524
S-Fe3+/2 0.684 470.0 1.04 88.2624
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-Fe2+ 0.184 442.6 0.98 88.6380
-Fe2+/1 0.534 411.8 0.99 96.5204
-Fe2+/2 0.976 314.9 1.07 135.8424

he polymerization degree of iron which was absorbed on SiO2 car-
ier increased. It indicates that increasing OH− concentration can
mprove the loading of Fe in Fe(III)–SiO2 catalyst.

The BET surface area, total pore volume and average pore width
f the investigated Fe(III)–SiO2 catalysts are also listed in Table 1.
he surface area of S-Fe3+ and S-Fe2+ catalysts were 446.0 and
42.6 m2/g, respectively, higher than the SiO2 carrier. When using
e(NO3)3 as precursor, with the increase of OH−/Fe mole ratio, the
urface area and total pore volume of catalysts increased and the
verage pore width of catalysts changed a little. On the contrary,
hen using FeSO4 as precursor, with the increase of OH−/Fe mole

atio, the surface area of catalysts reduced, while the total pore vol-
me of catalysts and the average pore width of catalysts increased.
he results show that the pore structure of Fe(III)–SiO2 catalysts
repared by the second method are affected remarkably by the
recursor species and the OH−/Fe mole ratio.

The XRD patterns of S-Fe3+, S-Fe3+/2, S-Fe2+ and S-Fe2+/2 cata-
ysts are illustrated in Fig. 2. The pattern showed a typical broad
eak, which indicated that silica gel used as a support was a pure
morphous structure. On the other hand, the XRD patterns did not
how iron oxides peaks, even for catalyst with 6.2 wt.% of iron (not
hown in the figure). It may be proposed that the XRD techniques
re not sensitive enough to detect little iron oxides because the
igher background of XRD measurement caused by amorphous
iO2.

The oxidation state of Fe on the surface of catalysts was charac-
erized by XPS and the results are presented in Fig. 3. The binding
nergy of Fe 2p3/2 was determined to be 710.945 eV, 710.595 eV and
10.975 eV for S-Fe3+, S-Fe3+/1 and S-Fe3+/2 catalyst, respectively,

hich was ascribable to Fe2O3 [25]. When FeSO4 was used as the
recursor, the Fe 2p3/2 peak was found at 711.195 eV, 711.345 eV and
11.850 eV for S-Fe2+, S-Fe2+/1 and S-Fe2+/2 catalyst, respectively,
trongly suggesting that the iron on the catalysts was Fe(III) [21].

hen FeSO4 was used as precursor, the binding energy of Fe 2p3/2

Fig. 2. XRD patterns of the Fe(III)–SiO2 catalysts.
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Fig. 3. XPS spectra of the Fe 2p region for the Fe(III)–SiO2 catalysts.

n catalysts were higher than that of catalysts prepared by Fe(NO3)3.
t was difficult to give an adequate explanation of increasing in the
inding energy of Fe 2p3/2 yet. O 1s survey scan further indicated
he oxygen status on the catalyst surface. As shown in Fig. 4, the O
s region can be fitted into four peaks, which are attributed to the
hemisorbed oxygen, the lattice oxygen of SiO2, the lattice oxygen
f Fe2O3 and the chemically or physically adsorbed water. Accord-
ng to the reports [26,27], the chemisorbed oxygen can take an
ctive part in the oxidation process and greatly improve the cat-
lyst activity. It can be seen from Table 2 that the percentage of
hemisorbed oxygen of catalyst was improved when FeSO4 was
sed as precursor and the S-Fe2+/1 catalyst had the highest per-
entage of chemisorbed oxygen.

.2. Characterization of the catalysts after the reaction

The catalyst was characterized by UV–vis-DRS and XPS to
onfirm the formation of Fe(II)–SiO2 when Fe(III)–SiO2 was irradi-
ted by photon. The UV–vis diffuse reflectance absorption spectra
f Fe(III)–SiO2 catalyst before and after reaction are shown in
ig. 5. The results clearly shows a new broad absorption band
t 505–525 nm after irradiation which is characteristic band of
Fe(1,10-phenanthroline)]2+ complex [17]. It is accounted for that
he Fe(III)–SiO2 on irradiation with photon is converted into
e(II)–SiO2 that would be complexed with 1,10-phenanthroline in
olid state. The binding energy of Fe 2p for the catalyst before and

fter reaction is shown in Fig. 6. It is observed that the binding
nergy of Fe 2p3/2 is slightly shifted to lower BE value from 711.345
o 710.600 eV after irradiation, which is due to the reduction of
e(III)–SiO2 to Fe(II)–SiO2 during the irradiation.

Fig. 4. O 1s curve fitting of S-Fe2+/1 catalyst.
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Table 2
XPS data of O element on the surface of the catalysts

Catalysts Binding energy (eV) Percentage of Oad or OL (%)

Oad
a OL

b (SiO2) OL
b (Fe2O3) OL

c (H2O) Oad OL (SiO2) OL (Fe2O3) OL (H2O)

S-Fe3+ 531.80 532.80 529.79 533.89 26.94 48.52 2.95 21.59
S-Fe3+/1 531.80 532.80 529.99 533.89 24.16 44.39 3.57 27.87
S-Fe3+/2 531.80 532.84 529.79 533.89 27.73 44.59 7.48 20.2
S-Fe2+ 531.80 532.80 529.79 533.89 31.39 42.28 4.36 21.98
S-Fe2+/1 531.81 532.87 529.79 533.79 38.46 34.53 7.60 19.41
S-Fe2+/2 531.89 532.80 529.99 533.70 32.22 30.07 11.93 25.79

a The chemisorbed oxygen.
b The latter oxygen.
c The chemically or physically adsorbed water.
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In the present of 1.0 g/L S-Fe /1 catalyst and 200 mg/L H2O2 in
ig. 5. UV–vis diffuse reflectance spectra of S-Fe2+/1 catalyst: (a) Fe(III)–SiO2 and
b) Fe(II)–(1,10-phenanthroline)–SiO2 sample.

.3. Degradation and mineralization of PAM by heterogeneous
hoto-Fenton processes

The degradation of 100 mg/L PAM in aqueous solutions under
ifferent conditions was preformed by using S-Fe2+/1 as a photo-
enton catalyst at an initial solution pH of 6.8, and the results are
hown in Fig. 7. In the presence of UV lamp, about 5% degradation of
AM in aqueous solution was observed, indicating that the degra-
ation of PAM caused by direct photolysis is very limited. In the
resence of 1.0 g/L S-Fe2+/1 catalyst, the removal of PAM was less

han 5%, which was caused by the adsorption of PAM on the catalyst.

ith 1.0 g/L S-Fe2+/1 catalyst and 200 mg/L H2O2 in dark, the degra-
ation of PAM was low, implying that the PAM degradation in the
ourse of heterogeneous Fenton reaction is limited in neutral cir-
umstance. In the presence of UV and 200 mg/L H2O2 without any

ig. 6. XPS spectra of the Fe 2p region for the S-Fe2+/1 catalyst: (a) Fe(III)–SiO2 and
b) Fe(II)–(1,10-phenanthroline)–SiO2 sample.
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atalyst, the concentration of PAM decreased significantly. It is due
o the oxidation of PAM by •OH radicals formed direct photolysis of
2O2. In the presence of 1.0 g/L S-Fe2+/1 catalyst, UV and 200 mg/L
2O2, the concentration of PAM decreased rapidly and about 94%
AM degradation in 90 min. As the leaching of Fe from Fe(III)–SiO2
atalyst was negligible (described as follows), the degradation of
AM in aqueous solutions was almost caused by the heterogeneous
hoto-Fenton reaction, indicating that S-Fe2+/1 catalyst exhibits a
ood photocatalytic activity in PAM degradation. It is assumed that
e(III) species on the surface of catalysts transform to Fe(II) species
nder irradiation of UV light, then, the Fe(II) species generate •OH
adicals by the decomposition of H2O2 [28,29]. At the same time, the
V light irradiates hydrogen peroxide to produce the •OH radicals.
inally, PAM is oxidized by •OH radicals. Therefore, the mechanism
or the photo-Fenton degradation of PAM using Fe(III)–SiO2 catalyst
s a heterogeneous catalyst is proposed below:

2O2 + h� → 2•OH (1)

e(III) − X + H2O + h� → Fe(II) − X + •OH + H+ (2)

e(II)−X + H2O2 → Fe(III) − X + OH− + •OH (3)

AM + •OH → Intermediates → CO2 + H2O (4)

here X represents the surface of Fe(III)–SiO2 catalyst.
The mineralization process of PAM aqueous solutions under dif-

erent conditions was measured and the results are shown in Fig. 8.
nly with 8 W UV, there was almost no mineralization of PAM.

2+
ark, about 20% TOC of PAM was removed after 180 min, indicating
hat the mineralization of PAM by heterogeneous Fenton reaction
s limited in neutral circumstance. In the presence of 8 W UV and
00 mg/L H2O2, the mineralization of PAM is significant, about 40%

ig. 7. Degradation of PAM under different conditions: (a) 1 g/L S-Fe2+/1 catalyst, (b)
W UV, (c) 1 g/L S-Fe2+/1 catalyst + 200 mg/L H2O2, (d) 8 W UV + 200 mg/L H2O2 and

e) 8 W UV + 200 mg/L H2O2 + 1 g/L S-Fe2+/1 catalyst.
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ig. 8. Mineralization of PAM under different conditions: (a) 8 W UV, (b) 1 g/L
-Fe2+/1 catalyst + 200 mg/L H2O2, (c) 8W UV + 200 mg/L H2O2 and (d) 8 W
V + 200 mg/L H2O2 + 1 g/L S-Fe2+/1 catalyst.

OC of PAM was removed after 180 min. With the present 1.0 g/L
-Fe2+/1 catalyst, 8 W UV and 200 mg/L H2O2, the mineralization
f PAM was significantly accelerated. After 180 min, about 70% TOC
f PAM was removed, suggesting that the S-Fe2+/1 catalyst show a
ignificant photocatalytic activity for the mineralization of PAM.

.4. Effects of the precursor species and the OH−/Fe mole ratio on
he PAM degradation

To check the photocatalytic activity of catalysts prepared by
ifferent methods, degradation of PAM in aqueous solutions by
e(III)–SiO2 catalysts was evaluated and the results are presented
n Fig. 9. It was observed that the catalysts prepared with two pre-
ursor species and different OH−/Fe mole ratio showed different
hotocatalytic activity. At the same OH−/Fe mole ratio, catalysts
repared with FeSO4 shown a higher photocatalytic activity than
e(NO3)3. The most effective catalyst seems to be that prepared
ith FeSO4 and the OH−/Fe mole ratio at 1. By using S-Fe2+/1 cata-

yst, 98.6% of degradation was obtained after 120 min. In contrast,
-Fe3+/1 catalyst gave rise to the less photocatalytic activity, which
roduced an efficiency degradation of 89.7%. The different photo-
atalytic activity was observed when two precursors are used. The
esults are not clear, and it will be the aim of further work (iron
xidation state effect).
.5. Fe leaching from Fe(III)–SiO2 catalysts

In addition to having a high photocatalytic activity, stability is
nother important factor for a catalyst prepared. The concentra-

Fig. 9. Degradation of PAM by using different Fe(III)–SiO2 catalysts.
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Fig. 10. Fe concentration in solution by using different Fe(III)–SiO2 catalysts.

ion of Fe ions in solution with different catalysts was examined
y ICP and the results are shown in Fig. 10. It can be seen that
here is no significant difference in the patterns of the curves. The
oncentration of Fe ions increased as reaction time increased, and
eached a peak value, then followed by a decrease. The same phe-
omenon has been reported by Feng et al. [30], but the reason

s still not clear. At the same OH−/Fe mole ratio, the Fe leaching
rom the catalysts prepared by Fe(NO3)3 was usually lower than
he catalysts prepared by FeSO4. The maximum concentration of Fe
mong all the catalysts was 0.17 mg/L, suggesting that the Fe leach-
ng from the Fe(III)–SiO2 catalysts is negligible, and the degradation
f PAM aqueous solutions are almost caused by the heterogeneous
hoto-Fenton reaction in neutral circumstance. After 120 min of the
eaction, the percentage of Fe leached from the S-Fe2+/1 catalyst is
nly about 0.62%, the results also suggest that the catalysts have a
ong-term stability.

. Conclusions

Fe(III)–SiO2 catalysts have been synthesized by two methods
ith Fe(NO3)3 and FeSO4 as precursors, and were characterized

y the BET, XRD and XPS method. The percentage of chemisorbed
xygen on the surface of catalysts prepared by FeSO4 is higher than
hat prepared by Fe(NO3)3. The results confirm the formation of
e(II)–SiO2 when Fe(III)–SiO2 was irradiated by photon.

The photocatalytic activities of Fe(III)–SiO2 catalysts were eval-
ated by the degradation of PAM from aqueous solution in the
hoto-Fenton reaction and all the catalysts exhibited a better
hotocatalytic activities. However, the precursor species and the
H−/Fe mole ratio have influence on the photocatalytic activi-

ies of the catalysts. At the same OH−/Fe mole ratio, the catalysts
ould present the better photocatalytic activities when using
eSO4 as precursor. The best efficiency for the degradation of
AM in heterogeneous photo-Fenton reaction was 94% degrada-
ion in 90 min and 70% TOC removal in 180 min at an initial pH of
.8.

Finally, it was observed that Fe leaching from Fe(III)–SiO2 cata-
ysts was negligible, indicating that the catalysts have a long-term
tability and the degradation of PAM from aqueous solution are
lmost caused by the heterogeneous photo-Fenton reaction.
cknowledgments
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