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ABSTRACT

Response surface methodology was employed to investigate the individual and interaction
effect of the independent variables on the degradation of polyacrylamide (PAM) in aqueous
solution by heterogeneous Fenton process with Fe2+–Al2O3 catalyst. pH, catalyst and H2O2

dosage were chosen as independent variables, and the degradation of PAM was chosen as
the response value. A predictive polynomial quadratic equation model was developed by
ANOVA as well as analysing the response surface plots and their corresponding contour
plots. Response surface analysis results showed that the chosen variables had important
correlation with the degradation of PAM in aqueous solution. The optimum conditions of
heterogeneous Fenton process were determined to be pH of 4.80, 0.82 g L−1 catalyst and
20.64 mmol L−1 H2O2, under which the degradation ratio of PAM (initial concentration
1000 ppm) reached 95.68%. The adequacy of the model for predicting the optimum
response values was verified by the experiment effectively. After five recycle, the
Fe2+–Al2O3 still maintain high catalysis activity.

Keywords: PAM; Heterogeneous Fenton; Response surface methodology

1. Introduction

Polyacrylamide (PAM) is a kind of linear water-
soluble polymer. Based on its linear form, relatively
high molecular weight and corresponding solubility,
PAM is employed in a multitude of applications, such
as water purification flocculants [1], soil-conditioning
agents [2] and many biomedical applications [3]. In
particular, it is extensively used to enhance oil
recovery in tertiary oil extraction, called polymer
flooding [4]. And recently, PAM is applied to coalbed
methane developed as fracturing fluid [5]. In general,

remarkable amounts of these polymers go through
underground injection or discharge into the natural
water body [6].

As a synthetic high polymer, PAM is absent in
natural water. The discharge of sewage-containing
PAM will not only change the physical and chemical
properties of receiving waters, but also contribute to
the chemical oxygen demand (COD), even though
PAM is a safe material. Furthermore, the monomer
acrylamide (acrylamide, AM) of PAM, who occurs
naturally along with PAM degrading under some
certain conditions, is neurotoxic [7,8]. Therefore, it is
necessary to conduct studies on PAM degradation (or
mineralization) effectively and rapidly.*Corresponding author.
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In recent years, researchers have made break-
throughs in treating PAM with a serials of methods
[7,9–11]. Among them, Fenton agent has attracted atten-
tions from many investigators [12–14]. It is sought after
on account of rapid reaction, energy saving, simple
operation and environment friendly, but, its shortcom-
ing is also very obvious, narrow range of pH values,
iron ion leaching, post-treatment of Fe-containing
sludge [15,16]. For these reasons, heterogeneous Fenton
can effectively overcome aforesaid deficiencies of tradi-
tional Fenton technique by employing solid catalyst
fixed with iron ion or other catalytic ions [17–19].

The previous studies have demonstrated that, pH
value, catalyst dosage, hydrogen peroxide (H2O2)
dosage influence the reaction of heterogeneous Fenton
more than other factors in existence of the same
pollutant concentration [20–22]. In general case, such
studies adopt conventional parameter optimization
approach as follows: changing one variable each time
while keeping all others invariable. This classical
pattern is time consuming, labour and resources
demanding and could not reflect the interactive effects
of variables especially, which lead to process optimi-
zation results imprecision. As a solution, experimental
design technique is suggested as a very useful tool.
Response surface methodology (RSM), a coalition
design technique of mathematical and statistical, can
be used to evaluate, optimize the action process even
in the presence of complex synergistic or antagonistic
interactions between factors [23,24]. The most
frequently-used design employed in RSM is the
Box–Behnken design. Compared with other designs,
Box–Behnken presents some advantages, i.e. requiring
few experimental points for its application (three
levels per factor) and high efficiency [25].

In the present paper, Box–Behnken design and
RSM has been used to design experiments, build
models and optimize the degradation of PAM by
heterogeneous Fenton, in which Fe–Al2O3 as the
catalyst. The impacts of three variables: pH value,
catalyst dosage and H2O2 dosage were studied
synchronously on a dependent variable, degradation
of PAM. In addition, we expect this work could
conduce to other researches, which their optimization
method is single-factor test, to discover different
aspects of heterogeneous Fenton process in PAM-con-
taining effluents treatment practices.

2. Materials and methods

2.1. Chemicals

PAM (average molecular weight 3,000,000), ferrous
sulphate (FeSO4·7H2O), activated alumina (γ-Al2O3),

sodium acetate trihydrate (C2H3NaO2·3H2O), aluminium
sulphate octadecahydrate (Al2(SO4)3·18H2O), acetic acid
(C2H4O2), bromine (Br), sodium formate (CHNaO2),
amylum ((C6H10O5)n), cadmium iodide (CdI2), obtained
from Sinopharm Chemical Reagent Co., Ltd. Sodium
hydroxide (NaOH) and titanium potassium oxalate
(K2TiO(C2O4)2), anhydrous sodium acetate (C2H3NaO2),
purchased from Shanghai Lingfeng Chemical Reagent
Co., Ltd. sulphuric acid (H2SO4), silver sulphate
(Ag2SO4), mercury sulphate (HgSO4), potassium dichro-
mate (K2Cr2O7), ammonium ferrous sulphate ((NH4)2Fe
(SO4)2∙6H2O), potassium acid phthalate (KC6H5O4),
1,10-phenanathroline monohydrate, Hydrogen peroxide
(H2O2, 30%, w/w) procured from Shanghai Suyi Chemi-
cal Reagent Co., Ltd, and deionized water was used for
all solutions preparation.

2.2. Preparation of the catalyst

Catalyst was synthesized using the modified
version of Hu and Muthukumari [16,26]. Twenty
grams of γ-Al2O3 was added to a certain amount of
dilute sulphuric acid solution (25%), keeping stirring
for 24 h, after that, cleaned, dried and set aside, which
aims to clean up the surface impurity of γ-Al2O3.
Then, 2.5 g of worked γ-Al2O3 and required concentra-
tion (4,000 ppm, measured in [Fe2+]) FeSO4·7H2O were
added to 500 mL ethanol/water mixture (60:40). The
suspension was stirred for 24 h under 300 rpm with
adjustment the pH value to 4, and afterwards, result-
ing suspended solids was filtered, dried at 110˚C for
6 h, and then calcined at 550˚C for 5 h in a muffle
furnace, the Fe–Al2O3 catalysts were obtained.

2.3. Degradation of PAM by Fenton

The experiments were carried out in a batch
reactor, which was made of borosil glass becherglas.
In each batch, a magnetic stirrer was placed in 0.5 L of
PAM solution with a certain concentration, for the
maximum PAM content being 682.5 mg L−1 in the
wastewater samples taken from Daqing oilfield, and
also previous studies [10,15,27–29] mainly focusing on
degradation of low concentration PAM, the level of
model PAM solution used in this study was defined
1,000 mg L−1. The dosages of Fe-Al2O3 catalyst at 0.25,
0.35, 0.5, 0.65, 0.75, 0.85 and 1 g L−1, the initial pH
values of reaction solution at 3, 4, 5, 6, 7, 8.35 (original
pH value of PAM solution), and 10, the different
concentrations of H2O2 at 15, 20, 25, 35, 50, 70 and 100
were added, respectively, and the suspension was
stirred for 30 min. In reaction process, at the point 5,
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10, 20, 30 min, successively, 10 mL reacting solution
was pipetted for PAM residue measure. The
percentage of PAM degradation efficiency (DEPAM%)
was calculated using the following formula:

DEPAM ð%Þ ¼ C0 � Ct

C0
� 100 (1)

where C0 and Ct represent the initial and remaining
PAM concentrations at given time t, respectively.

2.4. Experimental design and statistical analysis

The three-level, three-factorial Box–Behnken experi-
mental design was employed to investigate and
validate the process parameters that affect the removal
of PAM under the heterogeneous Fenton process. The
design constituted by a total of 17 runs, including 12
factorial experiments and 5 replications at the centre
point. On the basis of summarizing other research
results and preliminary experiments, pH value,
catalyst dosage and H2O2 dosage were selected as
independent variables, which were labelled as X1, X2

and X3, respectively, for the purpose of statistical
computations and PAM degradation (Y) was consid-
ered as the dependent variable (response). Three levels
of independent variable, (low, central and high, being
designated as −1, 0 and +1), were assignment limited
to the results of preliminary experiments. The
experimental design matrix was generated with the
help of the Design Expert 8.0.5 Trial software, and
homologous experiments were implemented in
duplicate. Data from the Box–Behnken design could be
simply related by multiple regressions to fit linear or
quadratic models. The most commonly used second-
order polynomial equation can be written as follows:

Y ¼ b0 þ
Xk

i¼1

biXi þ
Xk

i¼1

biiX
2
i þ

Xk

i\j

bijXiXj þ e (2)

where Y represents the predicted response, β0 is the
intercept parameter, βi, βi, βij is the linear coefficient,
quadratic coefficient and interaction coefficient, distin-
guished. Xi Xj are the evaluated factors, k is the number
of factors. ε, the random error. The results were
analysed by applying the coefficient of determination
(R2), response plots and analysis of variance (ANOVA).

2.5. Analytical method

PAM concentration was measured by starch-cad-
mium iodide method [30], CODCr was determined

with a potassium dichromate method base on ISO
6060–1989, colorimetric determination of iron concen-
tration was performed with 1,10-phenanathroline
monohydrate according to ISO 6332–1988. Hydrogen
peroxide was analysed by a spectrophotometric
method using titanium potassium oxalate [31].

3. Results and discussion

3.1. Preliminary experiments

Preliminary experiments were conducted following
single-factor test method to determine the most influ-
ential experimental parameters affecting the Fenton
degradation of PAM and to find out their ranges. The
effect of initial pH on the Fe2+–Al2O3 degradation
efficiency of PAM was investigated and the results are
shown in Fig. 1. It was observed that the increase in
pH from 3 to 5 improves the extent of PAM dislodge,
while the removal rate decreased with increase in pH
from 5 to 10 yet. The possible reasons are as follows:
the hydroxyl radical (HO·), pivotal active group of
Fenton system, generate inversely with consistence of
OH− in liquor, so elevation of pH would restrain
generation of HO·, in addition, H2O2 is labile thus to
be effective at high-pH condition. On the other side,
H2O2 being situated in low-pH circumstance would
capture a proton to create H3O

+, which is adverse to
the repercussion H2O2 on catalyst, and that
scavenging effect of hydrogen ion (H+) to HO· could
intensified at low pH, as indicated in the equation
listed below:

Fig. 1. Effect of initial pH for PAM degradation:
PAM = 1,000 ppm, catalyst suspended = 0.65 g L−1, H2O2=25
mmol L−1, time: 5, 10, 20, 30 min.
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HO� þHþ þ e� ! H2O (3)

The elimination of PAM with Fe2+–Al2O3 at different
H2O2 dosages was also studied. Fig. 2 displays removal
efficiency of PAM with catalyst addition 0.65 g L−1 and
the initial pH 5. It can be seen the efficiency of PAM
degradation present to rise first and then fall along
with increase in H2O2 dosages. It maybe because H2O2

contribute to productivity of HO·, which play the
decisive role in the Fenton oxidation process. Low
dosing of H2O2 create fewer HO· than system reacting
required, but to excess, not only H2O2 itself would con-
sume HO· hence decrease in removal efficiency but
also hydroxyl radicals generated at high concentration
dimerized to water, oxygen abiding by Eqs. (4–6)
[32,33].

H2O2 þHO� ! HO�
2 þH2O (4)

2HO� þ 2HO� ! 2H2OþO2 (5)

HO�
2 þHO� ! H2OþO2 (6)

In addition to initial pH and H2O2 consumption,
catalyst dosage is another important factor for PAM
degradation. Fe2+–Al2O3 additions between 0.25 and
1.0 g L−1 with H2O2 concentration 25 mmol L−1, initial
PAM concentrations of 1000 ppm, and initial pH value

5 are investigated and represented in Fig. 3.
Accompanying increment of Fe2+–Al2O3 input from
0.25 g L−1 up to 0.75 g L−1, removal ratio of PAM rises
to 95.5% maximum, which indicated increase in
catalyst dosage afford more active sites to expedite
Fenton reaction. However, further added catalyst to 1
g L−1, removal ratio dropped to 70% approximately, it
maybe the interperturbance of catalyst particles and
scavenging of HO· by excess iron species through
reaction (7) [34].

HO� þ Fe(II) ! OH� þ Fe(III) (7)

3.2. Statistical analysis

According to the preliminary experiments, the
range and levels used in the experiments are selected
and listed in Table 1. The design used for forecast and
the responses observed in reality are depicted in
Table 2, based on which, polynomial regression
modelling was operated between the dependent
variable and the three different independent variables.
The results obtained were then analysed by ANOVA
to estimate the “coincidence level”. As shown in
Table 3, the models of F-values are 23.24 and the
corresponding p-values are 0.0002. This implies that
the model is significant. There is only a 0.02% chance
that a “Model F-value” this large could occur due to
noise. The lack of fit (LOF) F-values of 0.17 was not

Fig. 2. Effect of H2O2 dosage for PAM degradation:
PAM = 1,000 ppm, catalyst suspended = 0.65g L−1, initial
pH = 5, time:5, 10, 20, 30 min.

Fig. 3. Effect of catalyst dosage for PAM degradation:
PAM = 1,000 ppm, H2O2=25 mmol L−1, initial pH = 5,
time:5, 10, 20, 30 min.
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significant as the p-value was 0.9129. The LOF F-val-
ues describes the variation of the data around the
fitted model. Non-significant LOF is good for a model
to be successfully used to predict. The coefficient of
determination is used as a measure of degree of
compliance of the model. In this case, the independent
variables of the quadratic polynomial model catalyst
dosage (X2), and H2O2 dosage (X3), the interaction
between pH (X1) and X3, X1X3, the interaction
between X2 and X3, X2X3, quadratic terms X1

2, X2
2

and X3
2 are quite significant for the p-value is lower

than 0.05. Judging by the F-values of the items in the
regression model, the order in which the independent
variables influence the degradation of PAM was,
catalyst dosage (X2) > H2O2 dosage (X3) > initial pH

(X1). F-values greater than 0.1 indicated the model
items are not significant, to modify regression model
accuracy, the ultimate model equation in terms of
coded factors after excluding the insignificant items
[35,36] was obtained as follows:

Degradation PAM ¼ þ93:19� 1:65X1 þ 8:15X2 þ 3:53X3

� 2:95X1X3 � 3:03X2X3 � 5:13X2
1

� 5:50X2
2 � 7:62X2

3 ð8Þ

In terms of actual factors, an empirical relationship
has been expressed by the following quadratic
equation:

Degradation PAM ¼ �683:20229þ 61:47120X1

þ 1027:44875X2 þ 20:39171X3

� 0:58997X1X3 � 6:05115X2X3

� 5:13265X2
1 � 549:92725X2

2

� 0:30493X2
3 ð9Þ

This model can be used to predict the removal of
PAM within the restriction of experimental discussion.
The coincidence level of the model was checked by
the R2 and adjusted R2 then, both of them should be
at least 0.80 for a preferable fit of a model [37] and
approximate to one is desired. For this study, the

Table 1
Experimental range and levels of independent process
variables

Independent
variables Symbol Unit

Real values of
coded levels

−1 0 +1

pH value X1 Dimensionless 4 5 6
Catalyst

dosage
X2 g L−1 0.65 0.75 0.85

H2O2 dosage X3 mmol L−1 15 20 25

Table 2
Experimental design for removal of PAM and results
response

Run

pH
value

Catalyst
dosage H2O2 dosage

Degradation PAM
(%)

X1 X2(g L−1) X3(mmol L−1) Actual Predicted

1 4.00 0.65 20 76.9418 77.01
2 6.00 0.65 20 70.726 71.79
3 4.00 0.85 20 92.4648 91.40
4 6.00 0.85 20 90.0838 90.01
5 4.00 0.75 15 75.2703 75.60
6 6.00 0.75 15 78.8497 78.19
7 4.00 0.75 25 87.91 88.57
8 6.00 0.75 25 79.69 79.36
9 5.00 0.65 15 65.76 65.35
10 5.00 0.85 15 86.9847 87.71
11 5.00 0.65 25 79.1932 78.47
12 5.00 0.85 25 88.3156 88.72
13 5.00 0.75 20 89.3136 93.19
14 5.00 0.75 20 95.7597 93.19
15 5.00 0.75 20 93.7419 93.19
16 5.00 0.75 20 90.8758 93.19
17 5.00 0.75 20 95.2391 93.19

Table 3
Analysis of variance regression model for PAM degrada-
tion by using Fenton process

Source
Sum of
squares df

Mean
square

F
value

p-value
prob > F

Model 1265.77 9 140.64 23.24 0.0002
X1 21.90 1 21.90 3.62 0.0988
X2 531.83 1 531.83 87.89 <0.0001
X3 99.72 1 99.72 16.48 0.0048
X1X2 3.68 1 3.68 0.61 0.4613
X1X3 34.81 1 34.81 5.75 0.0476
X2X3 36.62 1 36.62 6.05 0.0435
X1

2 110.92 1 110.92 18.33 0.0036
X2

2 127.33 1 127.33 21.04 0.0025
X3

2 244.70 1 244.70 40.44 0.0004
Residual 42.36 7 6.05
Lack of

fit
4.73 3 1.58 0.17 0.9129

Pure
error

37.63 4 9.41

Cor.
total

1308.13 16

S. Yue et al. / Desalination and Water Treatment 53 (2015) 1923–1932 1927



values were 0.9648 and 0.9296, respectively, which
means that predicted and actual degradation PAM
efficiencies are accordance to a great extent. Moreover,
the adjusted R2 is closed to R2, indicating that the
sample size in this study and the number of terms in
the model are rational and adequate. An adequate
precision is a signal-to-noise ratio. It compares the
range of the predicted values at the design points to
the average prediction error. Ratios greater than four
indicate adequate model discrimination [35,38]. The
AP values obtained for the models of degradation
PAM is 15.946, which demonstrates once again that
the models could be used in predicting degradation
PAM. Fig. 4(a) shows us the relationship of predicted
value and experimental value. It manifests that the
prediction model correspond to the experimental data
in a specific range, and evident from its predict R2

0.9067, the prediction of the destination object was
quite satisfactory.

The normality test of the data can be run with the
plots of residuals, which are an important diagnostic
method to detect the homogeneity of variance, normal
distribution and mutual independence of random
errors. It is observed from the normal probability plot
of the residuals shown in Fig. 4(b) that the points on
the plot follow a straight line, demonstrating the
correctness of normality hypothesis [39,40].

3.3. Interactive effect of process independent variables

To realize the interactive impact of any two factors
on the degradation PAM within the experimental
ranges, the surface response and contour plots were
constructed in this section.

Three-dimensional and contour plots of the interac-
tion of pH and catalyst dose on PAM removal
efficiency are present in Fig. 5, with keeping constant
H2O2 dose at 20 mmol L−1. It is seen from Fig. 5(a) that
at low value, about <0.75 g L−1, the positive influence of
catalyst dose on PAM removal efficiency is significant,
while in case of the catalyst dose being above 0.75 g L−1,
the percentage of PAM removal will climb up 90 but no
matter magnitude pH is, and that for a definite amount
of catalyst, an optimum pH value exists around five.
We deem the removal rate of PAM rise along with
increase catalyst dosage roughly without regard to
other operation condition as evident from Fig. 5(b).

In Fig. 6, the response curve and isogram are drawn
as a function of H2O2 dose and pH value. Fig. 6(b)
shows there is one site maximizing the degradation
PAM with catalyst addition maintaining at 0.75 g L−1.
As seen from Fig. 6(a), in order to achieve satisfied
removal efficiencies (>90%), the selected region being
pH 4.0–5.5 and H2O2 dose 18–25 mmol L−1. Further-
more, the importance of H2O2 dose appears relatively
when pH value less than 5.5, the PAM removal rise
from 80% corresponding increasing quantities of H2O2.
Once pH leap up 5.5, adjustment of H2O2 transfusion
in this investigate range is barely to gain high level
removal ratio of PAM.

The effect of catalyst dose and H2O2 dose on PAM
removal efficiency at constant pH of 5 is illustrated in
Fig. 7. These two figures clearly display the PAM
removal rate increase with the enhancement in both
catalyst dose and H2O2 dose, and then remain almost
invariant, above 90%. The H2O2 impact PAM removal
percentage relatively insignificantly meanwhile the
catalyst dose lies in extent 0.72–0.85 g L−1.

3.4. Optimization and model validation

It is meaningful to seek the optimal conditions to
maximize PAM degradation within defined

Fig. 4. Relationship of predicted and actual value (a) and
residuals plots for the BBD (b).
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experimental range using appropriate mathematical
model. Operating the Design Expert software optimi-
zation choices, keeping the goal selection of each
arguments (pH value, catalyst dosage, and H2O2

dosage) “in range”, response (degradation PAM)
being “maximize” meanwhile to obtain the optimal
conditions for degradation PAM using heterogeneous
Fenton in batch process, which reveal as follow: initial
pH of 4.80, catalyst dose of 0.82 g L−1 and H2O2 dose
of 20.64 mmol L−1. At these conditions, 96.4561%
removal was calculated by the regression equation (7),
and then the result was tested and verified experimen-
tally (95.98% PAM degradation), which was very close
to the predicted value.

3.5. Catalyst stability and reusability

The stability and reusability of Fe2+/Al2O3 were
performed at the above-optimized conditions, i.e.
PAM solution of 1,000mg L−1 (CODCr was 873mg L−1),
initial pH of 4.80, catalyst addition of 0.82 g L−1 and
H2O2 dose of 20.64 mmol L−1. The catalyst was sepa-
rated by filtration and then rinsed by deionized water
for three times and dried at 110˚C for 12 h before the
next batch experiment. Fig. 8 displays the degradation
efficiency of PAM, the removal of CODCr and leaching
of iron ions in five consecutive runs. It can be seen
both PAM and CODCr removal efficiency reduce
slightly during five successive runs, the reason for this

Fig. 5. Effects of catalytic dosage and pH on PAM degradation, H2O2 dose = 20 mmol L−1.

Fig. 6. Effects of H2O2 dosage and pH on PAM degradation, catalyst dose = 0.75 g L−1.
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profile may was the loss of iron from the catalyst
surface [41], or poisoning of catalyst for adsorbing
organic species [42]. Lower removal rate of CODCr

compared with PAM may be due to the formation of
intermediates of propionamide and acetamide. In
addition, as shown in Fig. 8, in all of the runs, the
leaching of iron ions remained below 1mg L−1, the
high catalyst stability could be ascribed to employ at
higher pH [43] and proper calcination [44]. It should
be noticed, after five times reuse, nearly 90% of PAM
and 85% of CODCr could be removal steadily, with
the residual 113 and 146mg L−1, respectively, which
were exceeding the limit established by specific

industry organization in China, including SY/T 5329–
2012 and GB 20426–2006. Considering the synthetic
solution contained more amount than actual effluent,
laboratory finding was acceptable.

3.6. Changes of pH with reaction time

The change of pH value in reaction process were
investigated with PAM concentration of 1,000 ppm,
catalyst dose of 0.5 g L−1, H2O2 dose of 25 mmol L−1

and initial pH value of 3, 5, 7, 8.35, the result was
graphed to Fig. 9. It is obvious that at the initial stage,
the pH value varied fast and then, after 20 min,

Fig. 7. Effects of H2O2 dosage and catalyst dosage on PAM degradation, pH = 5.

Fig. 8. Removal efficiency of PAM and CODCr, leaching
iron ion in recycle experiment. Fig. 9. pH variation over reaction time.

1930 S. Yue et al. / Desalination and Water Treatment 53 (2015) 1923–1932



swings between 4 and 6 slightly, which explained
partly the influence of pH value on PAM removal was
smallest among three factors we chose, this verdict is
slightly different from homogeneous Fenton process.
We inferred that heterogeneous Fenton system was
relaxed in pH, for another, the accumulation of
degradation products, designating, acetic acid and
ammonium acetate, which two buffer pH situating
3.757–5.757.

4. Conclusions

The effects of three variables: pH value, catalyst
dose and H2O2 dose on the PAM degradation with
heterogeneous Fenton using Fe2+–Al2O3 catalyst were
studied by conducting Box–Behnken experimental
design and RSM. The results displayed in the present
study revealed that the response surface model
developed for predicting PAM removal efficiency was
sufficiently adaptive, as confirmed by a high
coefficient of determination value R2 of 0.9648.

The optimum conditions calculated by the modifi-
catory regression equation and RSM were 4.80 pH
value, 0.82 g L−1 catalyst and 20.64 mmol L−1 H2O2, at
the point, 95.68% removal ratio achieves, which fitted
well to the predicted value.

In all five consecutive runs, the Fe2+–Al2O3 catalyst
is good activity.

The outcomes of this research indicated that
heterogeneous Fenton had great possibilities to
degrade the polymer-bearing effluents.
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