
Introduction

Pharmaceuticals present in wastewaters are considered
an emerging environmental problem due to their toxicity
and chemical persistence in the environment [1]. They can
remain in the environment for a long time and their pres-
ence is considered dangerous at both low and high concen-
trations [2-6]. It has been estimated that up to half of the
pharmaceutical wastewater produced worldwide is released
without any treatment [7]. These pollutants are non-
biodegradable, so application of non-biological processes
such as advanced oxidation processes (AOPs) for their
destruction will be necessary [8].

Of the various processes that can be used to treat phar-
maceutical wastewater, advanced oxidation processes

(AOPs) with the capability of exploiting the high reactivity
of hydroxyl radicals in driving oxidation have emerged as a
promising technology for refractory organic compounds
treatment [9]. Several technologies such as Fenton, photo-
Fenton, wet oxidation, ozonation, photocatalysis, etc. are
included in the AOPs and their main differences are the
source of radicals. Wet peroxide oxidation (WPO) is a kind
of AOP developed on the basis of wet oxidation and it is
developed in order to decrease the running cost, which is
efficient under severe temperature and pressure conditions
[10]. It has gained the wide attention of many scholars in
recent years [11-13]. Single-factor analysis is employed in
the current study of WPO process, but it does not predict
optimum conditions well and also does not reveal the inter-
action between the various operating parameters.

In this paper, important factors and the interaction
between the factors for WPO of pharmaceutical wastewater
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by RSM optimization are investigated. RSM is a product of
the integration of mathematics and statistics [14-17], which
has been widely applied to professional research in biology
and statistics, but it is rarely reported in environmental gov-
ernance, especially in WPO process optimization. RSM can
draw the response surface according to some point value
and obtain optimal operating points through the analysis of
the mathematical model. But the optimal point obtained
from traditional methods is only the relatively optimal point
of each group in the orthogonal table and is not the optimal
overall value of the real.

Experimental

Apparatus and Method

All the experiments were performed in a batch reactor.
As shown in Fig. 1, the apparatus includes a feed system,
preheater, reactor, condenser, gas-liquid separator, and
backpressure regulator. WPO of pharmaceutical waste-
water was carried out in a 0.7 L batch autoclave. First, water
and pharmaceutical wastewater (concentration was 4,000

mg/L) were put into the reactor, and then the system was
flowed by nitrogen to remove the air within the system; the
valves around the reactor were closed when the air was
removed entirely. Liquid samples (ca. 20 mL) were period-
ically withdrawn from the reactor and analyzed.

Analytical Methods

The diluted wastewater and COD of the collected liquid
are measured by potassium dichromate method of Chinese
Standard 11914-89. The HE is defined as equation 1.

...where HE is the H2O2 excess (%); (H2O2)in is the concen-
tration of hydrogen peroxide fed into the reactor at the
beginning of the reaction (mg/L); (H2O2)stoichiometric is the sto-
ichiometric requirement concentration of H2O2 to obtain a
complete oxidation of the feed (based on COD) and equal
to [COD]0 of pharmaceutical wastewater (mg/L).

Experimental Design

The central composite design, an experimental design
for RSM, was used to create a set of designed experiments
by MINITAB software (version 16). In this paper, the cen-
tral composite design is selected for 4 factors, i.e. tempera-
ture (A), initial concentration of pharmaceutical wastewater
(B), reaction time (C), and HE (D).

Table 1 shows the levels of original and coded factors
using central composite design. Table 2 shows central com-
posite design and response value. Given the four main vari-
ables and five test levels, 30 experiments were designated
by MINITAB software.

Results and Discussion

Interaction by RSM

The surface plot of objective function is drawn by
Minitab in order to more directly reflect the interaction
between the various factors that affect the COD removal
and the role of strength for interaction between the various
experimental factors.
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Fig. 1. Schematic diagram of the experimental setup. 
1. Oxidant container, 2. Heater, 3. High-pressure autoclave, 4.
High-pressure pump, 5. Gas-liquid separator, 6. Nitrogen cylinder

Table 1. Factor level.

Factor
level

-2 -1 0 1 2

A/ºC 260 280 300 320 340

B/mg/L 10,000 20,000 30,000 40,000 50,000

C/min 2 4 6 8 10

D 0 0.25 0.5 0.75 1
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Fig. 2. Response surface plots of the interaction between tem-
perature and initial concentration of pharmaceutical wastewater
on COD removal.
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Figs. 2-7 show the response surface plots for the varia-
tions of COD removal according to temperature, initial con-
centration of pharmaceutical wastewater, reaction time, and
HE. In each plot, two factors are varied while the rest is
kept constant.

Fig. 2 shows that temperature and initial concentration
have obvious effects on COD removal. When temperature
is closed to 330ºC and initial concentration of pharmaceuti-
cal wastewater is about 10,000 mg/L, COD removal is

about 75%. However, temperature is closed to 260ºC and
initial concentration of pharmaceutical wastewater is about
50,000 mg/L and COD removal is above 90%. Fig. 3 shows
that the higher HE, the more obvious COD removal. When
HE is closed to 1, COD removal is about 97%. The effect
of reaction time on COD removal changes little. Fig. 4
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Table 2. Central composite design and response value.

Number A B C D
COD

Removal [%]

1 1 1 -1 -1 86.67

2 2 0 0 0 94.67

3 -2 0 0 0 93.44

4 0 0 0 0 78.55

5 1 -1 1 -1 69.11

6 -1 1 -1 1 87.11

7 0 0 0 0 69.33

8 0 0 -2 0 78.00

9 -1 -1 -1 -1 96.00

10 0 0 0 0 88.00

11 -1 1 -1 -1 96.30

12 0 0 0 0 70.00

13 -1 -1 -1 1 86.00

14 -1 -1 1 1 96.00

15 0 -2 0 0 55.00

16 -1 -1 1 -1 78.00

17 1 1 1 1 96.22

18 0 0 2 0 97.88

19 0 0 0 -2 96.33

20 1 1 -1 1 97.55

21 0 0 0 0 96.33

22 1 -1 -1 -1 99.00

23 0 0 0 0 98.77

24 1 -1 -1 1 76.33

25 -1 1 1 -1 79.55

26 0 0 0 2 82.33

27 0 2 0 0 98.22

28 1 -1 1 1 74.22

29 -1 1 1 1 69.00

30 1 1 1 -1 86.00
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Fig. 3. Response surface plots of the interaction between reac-
tion time and HE on COD removal.
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Fig. 4. Response surface plots of interaction between initial
concentration of pharmaceutical wastewater and HE on COD
removal.
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Fig. 5. Response surface plots of the interaction between initial
concentration of pharmaceutical wastewater and reaction time
on COD removal.
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shows a strong interaction between initial concentration of
pharmaceutical wastewater and HE. When HE increases,
COD removal increases. However, COD removal reduces
when initial concentration of pharmaceutical wastewater
increases.

Fig. 5 shows that COD removal increases when initial
concentration of pharmaceutical wastewater and reaction
time both increase. Increased range of reaction time on
COD removal is not very obvious. For Fig. 6 it is seen that
there is strong interaction between temperature and HE. HE
plays the main role in COD removal when temperature
changes little. Fig. 7 shows that there is interaction between
temperature and reaction time. Increased range of reaction
time on COD removal is not very obvious.

Optimization of Process Parameters 
Using RSM

Objective function of Minitab’s response surface pro-
vides an intuitive tool for objective optimization and its
unique response optimizer is a powerful tool for multi-
objective problem to the solution encountered in the exper-
imental design. And the target function is optimized by
Minitab’s response optimizer. The result is shown in Fig. 8.
It is calculated that the optimized conditions are present:
temperature is 260ºC, H2O2 excess (HE) is 0, the initial con-
centration of pharmaceutical wastewater is 45,000 mg/L,
and reaction time is 10 min.

Conclusions

The WPO process is possibly suitable for a primary treat-
ment of pharmaceutical wastewater. This paper demonstrates
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Fig. 6. Response surface plots of the interaction between tem-
perature and HE on COD removal.
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Fig. 7. Response surface plots of the interaction between tem-
perature and reaction time on COD removal.
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Fig. 8. The optimized result for COD removal by response optimizer.



that the WPO process is effective in reducing COD by
97.5%. Central composite design provides sufficient data to
fit the quadratic models for COD removals. The optimization
of the models provides the optimum conditions: temperature
is 260ºC, H2O2 excess (HE) is 0, the initial concentration of
pharmaceutical wastewater is 45,000 mg/L, and reaction
time is 10 min. RSM could be effectively adopted to opti-
mize the operating multifactor in a complex WPO process.
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