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a b s t r a c t
The fate of glucocorticoids (GCs) in environment has been an increasing concern. In this study, 
performance of calcium peroxide (CaO2) in removing GCs was investigated using clobetasol propionate 
(CP) as the representative compound. Critical treatment parameters (including CaO2 dosage, initial 
pH, reaction time, and initial CP concentration) were optimized for CP removal by Response surface 
methodology (RSM) with a four-level Box-Behnken factorial design. A coefficient of determination 
(R2) value (0.97), model F-value (32.18) and its low p-value (F < 0.0001) along with lower value of 
coefficient of variation (9.35%) indicated the fitness of the model. The results showed that CaO2 
treatment was effective in CP removal due to its coupled effects of oxidation and adsorption during 
CaO2 treatment. At optimum CaO2 dosage (3.43 g L–1), initial pH (7), reaction time (17.34 min), and 
initial CP concentration (0.03 mM), the model predicted 95.0% CP removal against the experimental 
value of 94.2 % CP removal. Water matrixes influenced CP removal during CaO2 treatment in which 
HCO3

– ions played an inhibitory role. The highest removal efficiency was obtained in underground 
water, followed by in secondary effluent, in tap water, and in surface water.

Keywords:  Calcium peroxide; Clobetasol propionate (CP); Response surface methodology (RSM); 
Box-Behnken factorial design (BBD); Water matrix

1. Introduction

Pharmaceuticals and personal care products (PPCPs) 
have been detected in sewage treatment plant effluents, 
surface waters, groundwater, and sediments worldwide [1]. 
Among the PPCPs, glucocorticoids (GCs) are very important 
with regard to their potency [2]. GCs are a group of steroids 
that can affect immune system response, energy metabolism, 
and stress adaption in vertebrate animals [3]. They are 
used in treating a variety of diseases, including rheumatic, 
asthma, inflammatory bowel, eye and ear conditions, and 

inflammatory skin [1]. Depending on the therapy, type and 
preparation of the GC drug, the daily average dose can vary 
from 100 μg to 500 mg [4].

The extensive use and quick excretion of GCs have led to 
massive discharge of these pollutants into the environment 
through partially treated and untreated wastewater 
[5,6]. Many studies have reported the existing of GCs in 
environment of different areas as summarized in Table S1. 
Lalone et al. [7] reported that dexamethasone (Dex) was 
detected in river water collected downstream at a concen-
tration of approximately 10 μg/L in France. Schriks et al. 
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[8] found that prednisolone concentrations in hospital and 
industrial wastewater were 0.25 and 2 μg/L, respectively. 
Creusot et al. [9] detected high levels of synthetic GCs in the 
effluent of an industrial wastewater treatment plant (WWTP) 
in France with concentrations of 23 ng/L (Dex) and 300 ng/L 
(prednisone). Synthetic GCs in water can adversely affect fish 
at very low concentrations (ng/L level) [1]. Considering their 
high concentrations far exceeding ng/L level in the environ-
ment, synthetic GCs are highlighted as priority pollutants for 
future research. 

Despite their high concentrations and physiological 
effects, to date, very few studies focus on GC removal 
from the environment. Most of these limited studies 
only investigate GC removal by sewage treatment plants 
(STPs) [5,10]. Unfortunately, these studies have shown 
that traditional treatments applied by STPs are not fully 
effective in eliminating these contaminants [11]. Schriks 
et al. [8] found that prednisolone had a relatively low 
removal rate (around 20%) from sewage treatment plants. 
Roberts et al. [12] found that the total removal efficiency 
for glucocorticoid potency was poorer (53%–66%) after 
primary and/or secondary treatment and glucocorticoid 
activity could persist to 4 km downstream of the effluent 
outfall. The low removal efficiency of GCs by STPs and their 
emission to environmental waters will inevitably damage 
aquatic organisms, and these contaminants may enter the 
food chain and cause adverse effects on living organisms 
[13]. However, no further studies have been conducted in 
exploring other advanced or more efficient technologies to 
remove GC pollutants, which is urgently required. 

Advanced oxidation processes (AOPs) have drawn par-
ticular attention for degradation of endocrine disrupting 
compounds (EDCs) in various aqueous matrices [14–16]. 
Their removal efficiencies depend on chemical structures and 
oxidizers or ways of hydroxyl radical (HO•) generation [17]. 
However, research on EDCs mainly focuses on estrogenic 
and androgenic compounds [18]. Only a few investigations 
into the ability of AOPs to remove GCs have been conducted 
[3]. As a substitute for oxygen (O2) and hydrogen perox-
ide (H2O2), calcium peroxide (CaO2) was used in pollutant 
removal from water, soil, and sediment [18–20]. At wide pH 
ranges, CaO2 dissolves in water slowly to generate H2O2 and 
O2 (Eqs. (1) and (2)) [19]. 

CaO H O Ca OH H O2 2 2 2 22+ → +( )  (1)

2 2 22 2 2 2CaO H O Ca OH O+ → + ↑( )  (2)

Compared with liquid H2O2, solid CaO2 releases H2O2 
for relatively long time at a controlled rate, thus reduc-
ing H2O2 disproportionation, achieving higher removal 
efficiencies of micro-pollutants than liquid H2O2 [21,22]. 
Moreover, CaO2 in its solid form is more stable than liquid 
H2O2, making it convenient to use, store, and transport [21]. 
In addition, solid forms of CaO2 could offer active surface 
sites for oxidation or provide low steady-state levels of 
H2O2 for reaction with “built-in” activators and also provide 
an alkaline environment conducive to certain oxidation 
pathways [23]. 

Therefore, this study focused on the efficiency of 
CaO2 in removing GCs. A halogenated synthetic GC, 
clobetasol propionate (CP), was chosen as the representa-
tive GC because of its much higher bioactivity (38 times 
the activity of dexamethasone) [3] and large consumption 
and release (top 100 most prescribed drugs in the United 
States) [24] among most GCs. The molecular structures 
and atoms label for CP are shown in Fig. 1. As most 
researches used traditional one-factor-at-a-time method 
to optimize treatment conditions in pollutant removal, 
the interactions of various factors were neglected [25]. In 
order to consider the interactions of different operational 
variables, response surface methodology (RSM) is cre-
ated to design experimental processes evaluating effects 
of various variables and their interactions [26–28]. So in 
our study, performance of CaO2 treatment in CP removal 
was evaluated by RSM. Optimum values of CaO2 dosage, 
reaction time, initial pH value, and initial CP concentration 
have been determined by RSM for CP removal during CaO2 
treatment. The influencing mechanisms and changes of CP 
toxicity were tested. Influences of background water matrix 
constituents on effectiveness of CaO2 treatment were also 
evaluated. Owing to the limited number of studies on GCs 
removal, to the best of our knowledge, this is the first paper 
using RSM to simulate CP removal during CaO2 treatment.

2. Materials and methods

2.1. Chemicals and water matrices

The CP (Cas: 25122–46–7) standard was purchased from 
Sigma-Aldrich (USA). 1 g/L of CP in methanol was stored 
in brown bottles at 4°C. CaO2 reagent (75%) and humic 
acid (HA, > 90%) was purchased from Aladdin Reagent 
Co. Ltd. (Shanghai, China). Inorganic chemicals (including 
sodium hydroxide (NaOH) and sulfuric acid (H2SO4)) were 
of analytical grade and were purchased from Sinopharm 
Chemical Reagent (Shanghai, China). Organic solvents 
(including methanol, acetic acid, and acetonitrile) were of 
high-performance liquid chromatography (HPLC) grade 
and were obtained from Sigma-Aldrich. Ultrapure water was 
achieved from a Milli-Q water process (Classic DI, ELGA, 
Marlow, UK).

In addition, four real water samples were collected in 
order to evaluate the influence of water matrix: the tap 
water (TW) collected from the lab in Shanghai (N 31o3’39’’; 
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Fig. 1. Chemical structure of clobetasol propionate.
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E 121o12’21’’); the underground water (UW) collected from 
Chengdu, south-west of China (N 30o42’37’’; E 103o50’28’’); 
the surface water (SW) collected from a lake in Shanghai 
(N 31o3’30’’; E 121o12’18’’); the secondary effluent (EW) 
collected from a wastewater treatment plant, also in 
Shanghai (N 31o17’10’’; E 121o29’34’’). These water samples 
were vacuum-filtered through 0.45 μm nitrocellulose filters 
before use. The water quality parameters were tested and are 
shown in Table 1.

2.2. Experimental procedures

Experiments were performed in 1 L of brown bottles 
magnetic stirring at room temperature. Desired CP was 
added to the bottle and then the solution in bottle was blown 
with nitrogen (N2) to reduce the methanol. The initial pH 
was controlled by appropriate amount of NaOH or H2SO4. 
After adjusting the pH, calculated amount of CaO2 reagent 
was added to the solution to initiate the reaction. At desired 
time intervals, samples were withdrawn and transferred to 
150 mL brown bottles. Excess Na2S2O3 were added to the 
bottles of 150 mL immediately to quench the reaction. Then 
the solutions in bottles of 150 mL were filtered and analyzed.

2.3. Experimental design and statistical model

The Box-Behnken factorial design (BBD) was used to 
evaluate the performance of CaO2 for CP removal and 
optimized the operational conditions [29]. For CP removal 
efficiency during CaO2 treatment in an aqueous solution, 
four factors (i.e., CaO2 dosage (g L–1), initial pH value, 
reaction time (min), and initial CP concentration (mM)) 
were investigated by RSM. For statistical calculations, the 
four factors were designated as X1 (CaO2 dosage (g L–1)), 
X2 (initial pH value), X3 (reaction time (min)), and X4 (initial 
CP concentration (mM)), respectively, and were coded 
according to Eq. (3):

x
X X
Xi

i

i

=
− 0

∆  (3)

where xi is the coded value of an independent variable, Xi is 
the real value, X0 is the real value at the centre point and 
ΔXi is the step change value [30]. The lowest level (–1) of 
the variables and highest levels (+1) of the variables for the 
BBD design were CaO2 dosage 0.05 and 4 g L–1, initial pH 2 
and 12, reaction times were 0.5 and 18 min, and initial CP 
concentrations of 0.02 and 0.06 mM as shown in Table 2. The 
CP removal efficiency was multiply-regressed with regard 
to the different parameters by the least square methods as 
shown in Eq. (4): 

Y = + + +∑ ∑ ∑β β β β0
2

i i ij i j ii ix x x x  (4)

where Y is the predicted response variable (CP removal 
efficiency); β0, βi, βii, and βij are constant regression coefficients 
of the model; xi and xj (i = 1– 4; j = 1–4, i ≠ j) represent the 
variables in the form of coded values.

For BBD, the number of experimental runs (N) is given 
by N = 2k(k–1) + C0, where k is the number of variables and 
C0 is the number of center points [29]. There were 29 runs 
for the BBD design in our study as shown in Table 3. All the 
29 runs were conducted at random order with two replicates. 
The quantitative relationship between the CP removal 
efficiency and different levels of variables was obtained 
by Box-Behnken design using the software (Design Expert 
software version 8.0.6, Stat ease). According to effects of each 
variable, optimum value of each variable was recommended 
by the software to achieve maximum CP removal efficiency.

2.4. Effects of water matrix on CP removal

The effects of inorganic ions (Cl–, HCO3
–, SO4

2–, NO3
–) 

on CP removal were investigated in ultrapure water at ion 
concentrations of 1, 10, and 100 mM at unadjusted pH, CaO2 
of 3.43 g L–1, CP at 0.03 mM, and reaction time for 10 min. 
Effects of HA on CP removal were tested in ultrapure water 
at HA concentration of 0.1–2 g L–1 at unadjusted pH, CaO2 
of 3.43 g L–1, CP at 0.03 mM, and reaction time for 10 min. 
The removal efficiencies of CP in various real water matrixes 
were determined at unadjusted pH, CaO2 of 3.43 g L–1, CP at 
0.03 mM, and reaction time for 18 min.

2.5. Analytical methods

2.5.1. Analysis of CP

For CP analysis, 100 mL of water sample was enriched 
and purified by solid phase extraction (SPE) as described in 
the article written by Jia et al. [3]. The extract was dried by 

Table 1 
Physical and chemical properties of different water matrix

Quality Water matrix
TW UW SW EW

pH 7.65 7.4 7.94 7.8
Temperature (oC) 20.8 21.5 20.8 21.4
Conductivity (us/cm) 452.5 13.9 565.3 605.4
TOC (mg/L) 7.1 5.7 11.6 12.6
Cl– (mg/L) 192.7 2.2 181.9 1165.5
SO4

2– (mg/L) 53.3 0.5 67.1 24.6
HCO3

– (mg/L) 103.7 12.2 170.2 100.7
NO3

– (mg/L) 5 0.8 8.6 7.7
Mg2+ (mg/L) 7.85 0.15 11.99 10.41
Fe2+ (mg/L) 9.37 1.43 5.66 13.52
Na+ (mg/L) 32.19 0.69 40.89 41.27
Ca2+ (mg/L) 33.14 1.14 43.52 39.18

Table 2
Range of variation of parameters used in the Box-Behnken design

Factors Levels
–1 0 +1

CaO2 dosage (X1, g/L) 0.05 2.02 4.00
Initial pH (X2) 2.00 7.00 12.00
Reaction time (X3, min) 0.50 9.25 18.00
Initial CP concentration (X4, mM) 0.02 0.04 0.06
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nitrogen and was dissolved in 1 mL of methanol for HPLC 
analysis with a C–18 column (4.6 × 250 mm, 5 μm) obtained 
from Agilent, USA. The wavelength for UV detection was set 
at 240 nm. The solvent program for mobile phase is described 
in Table 4 using acetonitrile and water. The quantification 
limit of CP for this method was 0.147 μM. The recoveries for 
CP were in range of 94%–102%.

2.5.2. Analysis of surface properties of CaO2 particles

Experiments investigating interaction effects between 
CaO2 particles and CP molecules were conducted in 1 L of 
brown bottles where the initial CP concentration was 0 and 
0.6 mM, respectively. CaO2 reagents of 0.1 g L–1 were added 
with pH unadjusted. After stirring for 1 min, the solutions 
were filtered. The residuals on the filters were freeze-dried 
and investigated by scanning electron microscopy (SEM) 
equipped with energy dispersive spectroscopy (EDS; FEI 
Quanta 200). The CaO2 surface area and the residuals were 
achieved by Brunauer-Emmett-Teller (BET) analysis with a 
Beckman Coulter 3100 pore size and surface area analyzer.

2.5.3. Analysis of UV absorbance

Scans of the UV absorbance of the CP samples during 
CaO2 treatment were performed at specific sampling times 
(0, 2, 4, 8, and 12 min). A UV visible spectrophotometer 
(Cary 50 Conc, Varian, USA) was used for the scan. The 
wavelengths for the scan were ranging from 210 to 280 nm. 
For CaO2 treatment, the initial pH was 7 and the initial CP 
concentration was 0.06 mM with a CaO2 dosage of 0.08 g L–1. 

Table 3
Box-Behnken design matrix in coded terms along with experimental and predicted values for CP removal efficiency

Runs Independent variables (coded) CP removal efficiency (%) Residues
x1 x2 x3 x4 Experimental Predicted

1 –1 0 1 0 30.0 26.2 3.8
2 0 1 –1 0 58.4 56.8 1.6
3 0 1 0 1 83.3 80.5 2.8
4 1 0 –1 0 35.2 37.8 –2.6
5 0 1 1 0 86.2 91.0 –4.8
6 1 0 0 1 61.0 57.9 3.1
7 0 –1 0 –1 41.5 43.0 –1.5
8 –1 0 –1 0 32.1 32.3 –0.2
9 –1 1 0 0 44.7 44.3 0.4
10 0 0 –1 –1 44.2 46.2 –2
11 0 0 0 0 70.0 70.0 0
12 1 0 0 –1 83.8 80.9 2.9
13 1 0 1 0 90.6 89.2 1.4
14 0 –1 0 1 40.4 43.8 –3.4
15 –1 0 0 1 43.6 47.7 –4.1
16 0 1 0 –1 83.8 79.1 4.7
17 –1 0 0 –1 18.3 22.6 –4.3
18 1 1 0 0 80.0 84.5 –4.5
19 0 0 0 0 63.0 70.0 –7
20 0 0 –1 1 54.5 54.9 –0.4
21 0 0 1 –1 76.8 76.3 0.5
22 0 0 0 0 74.8 70.0 4.8
23 0 0 0 0 78.3 70.0 8.3
24 0 –1 –1 0 35.6 32.0 3.6
25 0 0 1 1 72.0 69.9 2.1
26 0 –1 1 0 40.2 43.0 –2.8
27 1 –1 0 0 41.8 42.1 –0.3
28 0 0 0 0 63.9 70.0 –6.1
29 –1 –1 0 0 18.4 13.8 4.6

Table 4
The detailed mobile phase gradient for CP analysis

Time (min) Acetonitrile (%) Water (%)

0 28 72
3 28 72
4 60 40
8 70 30
8.5 100 0

10 100 0
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2.5.4. Analysis of properties of real water matrices

Upon sample receipt, water quality parameters were 
measured. The pH and temperature were measured with 
a pH meter (FE28, Mettler Toledo); the conductivity was 
detected using a conductivity meter (3020M, Jenco, USA); 
total organic carbon (TOC) was determined using a TOC 
analyzer (TOC-V CPH, Shi-madzu, Tokyo, Japan); the anion 
analysis (including Cl–, SO4

2–, HCO3
–, and NO3

–) was achieved 
by the IC25 ion chromatography system (Thermo Scientific, 
CA). An inductive coupled plasma emission spectrometer 
(ICP, Agilent 720ES) was used to analyze the metal ions.

3. Results and discussion

3.1. Development of regression model equation and validation 
of the model

As shown in Table 3, variation of selected factors 
(CaO2 dosage, initial pH, reaction time, and initial CP 
concentration) greatly affected CP removal efficiency during 
CaO2 treatment. According to Eq. (4), the data in Table 3 were 
analyzed by multiple regression analysis. The predicted 
response Ym for CP removal efficiency (%) was achieved as 
shown in Eq. (5):

Y x x x
x x x x x

m = + + +
+ + +
69 99 17 12 18 21 11 31
0 54 2 98 14 38

1 2 3

4 1 2 1 3

. . . .
. . . −−

+ + − −

− −

12 02
5 80 0 13 3 78 16 58
7 22 7

1 4

2 3 2 4 3 4 1
2

2
2

.
. . . .
. .

x x
x x x x x x x
x 004 1 113

2
4
2x x− .

 (5)

In Eq. (5), Ym is the CP removal efficiency (%); x1, x2, x3, 
and x4 are the influencing factors in coded units, that is, CaO2 
dosage, initial pH value, reaction time, and initial CP concen-
tration, respectively.

In order to ensure the adequacy of the model, ambiguous 
results were avoided by the analysis of variance (ANOVA) 
and “t-test” [31,32]. As shown in Table 5, the model 
obtained, as shown in Eq. (3), was significant. As indicated 
in Table 5, the model’s F-value is 32.18 with a low probability 
value (“Prob > F”) below 0.0001. This implied that the model 
was significant for CP removal efficiency. There was only 
0.01% chance that a “Model F-value” could occur due to 
noise [31]. Similarly, the adequate precision (AP) could also 
evaluate the signal-to-noise ratio. The desired value of AP is 
4 or more [26–28]. The AP of the model for CP removal effi-
ciency is 20.215, indicating a good fit of the model. Besides, 
the R2 value for this model was 0.9699 as shown in Table 5, 
indicating the fit of the model in navigating the design space 
for CP removal efficiency [33]. Therefore, the regression 
model in our study explained well the CP removal during 
CaO2 treatment for these response variables (CaO2 dosage, 
initial pH, reaction time, and initial CP concentration). The 
ANOVA analysis for the RSM model gave F-value of 32.18, 
p-value of < 0.0001, AP ratio of 20.215, and R2 value of 0.9699, 
signifying that the model (shown as Eq. (3)) was accurate and 
the experimental data are reliable (Table 5). 

Significance of each coefficient in Eq. (5) is listed in 
Table 5. The coefficient is significant if its p-value is less than 
0.05. As shown in Table 5, the linear effect of coefficients CaO2 
dosage (p < 0.0001), initial pH value (p < 0.0001), and reac-
tion time (p < 0.0001) was significant. The interactive effects 

Table 5
Analysis of variance (ANOVA), regression coefficient estimate and test of significance for CP removal efficiency (response surface 
quadratic model)

Factor Sum of 
squares

d.f. Mean square Coefficient 
estimated ± S.E.

F-value p-value 
Prob> F

Model 12704.11 14 907.44 +69.99 ± 2.37 32.18 <0.0001 Significant
x1 3516.45 1 3516.45 +17.12 ± 1.53 124.70 <0.0001 Significant
x2 3979.61 1 3979.61 +18.21 ± 1.53 141.12 <0.0001 Significant
x3 1536.12 1 1536.12 +11.31 ± 1.53 54.47 <0.0001 Significant
x4 3.46 1 3.46 +0.54 ± 1.53 0.12 0.7315
x1x2 35.46 1 35.46 +2.98 ± 2.66 1.26 0.2810
x1x3 827.14 1 827.14 +14.38 ± 2.66 29.33 <0.0001 Significant
x1x4 578.16 1 578.16 –12.02 ± 2.66 20.50 0.0005 Significant
x2x3 134.33 1 134.33 +5.80 ± 2.66 4.76 0.0466 Significant
x2x4 0.063 1 0.063 +0.13 ± 2.66 0.00 0.9631
x3x4 57.08 1 57.08 –3.78 ± 2.66 2.02 0.1767
x1

2 1782.38 1 1782.38 –16.58 ± 2.09 63.21 <0.0001 Significant
x2

2 338.16 1 338.16 –7.22 ± 2.09 11.99 0.0038 Significant
x3

2 321.74 1 321.74 –7.04 ± 2.09 11.41 0.0045 Significant
x4

2 8.05 1 8.05 –1.11 ± 2.09 0.29 0.6015
Residual 394.79 14 28.20
Lack of fit 217.15 10 21.72 0.49 0.8364 Not significant
Pure error 177.64 4 44.41
Corrected total 13098.90 28

AP = 20.215, R2 = 0.9699, Adj. R2 = 0.9397, Pred. R2 = 0.8833, and C.V. = 9.35 %.
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of CaO2 dosage and reaction time (p < 0.0001), CaO2 dosage 
and initial CP concentration (p < 0.0005), initial pH value and 
reaction time (p < 0.0466) were also significant. The effects of 
the quadratic terms CaO2 dosage (x1

2) (p < 0.0001), initial pH 
values (x2

2) (p < 0.0038), and reaction time (x3
2) (p < 0.0045) 

were significant. Small variations of these significant 
variables could sharply change the CP removal efficiency.

The final regression model in terms of actual factors for 
CP removal is expressed by Eq. (6):

Y x x x x
x x x x

1 1 2 3 4

1 2 1

33 84 28 24 5 80 1 25 1056 91
0 30 0 83

= + + + +
+ +
− . . . . .

. . 33 1 4 2 3

2 4 3 4 1
2

2
2

304 37 0 13
1 25 21 58 4 25 0 29

− +

+ − − −

−

. .
. . . .

x x x x
x x x x x x

00 092 2785 213
2

4
2. .x x−

 (6)

subjected to CaO2 of 0.05–4 g L–1, pH of 2–12, reaction time of 
0.05–18 min, and CP concentration of 0.02–0.06 mM.

Table 3 gives the experimental values and predicted 
values for CP removal efficiency calculated by Eq. (6). The 
predicted values for CP removal efficiency were close to the 
experimental ones as shown in Fig. 2.

Besides predicted values, the model residuals, the 
internally studentized residuals, and Box-Cox transform of 
power were also evaluated as shown in Fig. 3. As shown 
in Fig. 3(a), the residuals lie approximately along a straight 

line, showing that the residuals were normal [34]. As shown 
in Fig. 3(b), there were no series of increasing or decreasing 
residuals with increasing fits, indicating that the model was 
reliable [34]. As shown in Fig. 3(c), the residuals vs. run 
outlier points were found to be inside the red lines, which 
meant that the model was well fitting [35]. In Box-Cox plots 
(Fig. 3(d)), the observed lambda value was 1, indicating that 

 

(a)  (b ) 

(c ) (d ) 

Fig. 3. Plots for diagnostics studies of the model for optimization of CP removal efficiency. (a) Plots of normal probability vs. internally 
studentized residuals, (b) plots of internally studentized residuals vs. predicted values, (c) plots of internally studentized residuals vs. 
run number, (d) Box-cox plots for power transformation.

Fig. 2. Actual vs. predicted values for the response of CP removal 
efficiency.
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no transformation was required [35]. So The RSM model 
developed in this study could be used to predict CP removal 
during CaO2 treatment and navigate the practical treatment 
by CaO2.

3.2. Effects and interactions of different variables on 
CP removal efficiency

3.2.1. CaO2 dosage and reaction time

As shown in Figs. 4(a) and (b), the response surface 
and contour plot for CaO2 dosage and reaction time were 

achieved at initial pH value of 7 (central level) and initial 
CP concentration at 0.04 mM. CP removal efficiency reached 
80% at initial CP concentration of 0.04 mM and initial pH at 
7, when reaction time was above 14.5 min and CaO2 dosage 
was higher than 2.82 g L–1. This shows that CaO2 treatment is 
an effective technology in removing CP.

With CaO2 dose increased, CP removal efficiency 
increased at first and then decreased slightly, especially 
at short reaction time. The reason can be explained by 
the generation of hydroxyl radicals (HO•) during CaO2 
treatment. With the increase of CaO2 dosage, more H2O2 

(a)

(e)

(b)

(c) (d)

(f )

Fig. 4. Response surface plots (a, c, and e) and contour plots (b, d, and f) for effects of the CaO2 dosage and reaction time (a and b), 
CaO2 dosage and initial CP concentration (c and d), and initial pH value and reaction time (e and f) on CP removal efficiency while 
the other variables kept at central level.
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released [(shown in Eq. (1)], promoting the CP removal. 
However, further increase in the CaO2 dosage generated 
excessive H2O2. On the contrary, the excess H2O2 would 
scavenge HO• radicals as shown in Eqs. (7) and (8) [36]: 

H O HO H O O2 2 2 2+ •→ + •−
 (7)

HO HO H O• + •→ 2 2  (8)

The increase in CaO2 dosage therefore, does not 
guarantee better performance in CP removal during CaO2 
treatment.

It is also clear from Figs. 4(a) and (b) that the reaction 
time has positive effects on CP removal efficiency. This trend 
became more obvious at higher CaO2 dosages. The reason 
can be explained using Eqs. (1) and (9) [37]: 

2 22 2 2 2H O O H O→ +  (9)

CaO2 is a controlled-release reagent, it dissolves in water 
slowly and generate H2O2 continuously. With the increase 
of the reaction time, more CaO2 was dissolved and more 
H2O2 was released. This meant that more HO• radicals 
were released to oxidize CP, causing higher CP removal 
efficiencies.

In Fig. 4(b), an interaction between the CaO2 dosage 
and reaction time occurred. Generally, a circular con-
tour of response surfaces indicates no interaction while an 
elliptical or saddle nature of the contour plots indicates that 
the interaction is significant [38]. As can be seen in Fig. 4(b), 
interactions between CaO2 dosage and reaction time were so 
significant that showed a clear elliptical nature of the contour 
plot. The joint effect of CaO2 dosage and reaction time caused 
a clear curvature and a distinguished peak as shown in 
Fig. 4(a).

3.2.2. CaO2 dosage and initial CP concentration

The surface response and contour plots of CaO2 dosage 
and initial CP concentration are shown in Figs. 4(c) and (d) 
with the reaction time and initial pH value kept at central lev-
els. At CaO2 dosage of less than 2.02 g L–1, the initial CP concen-
tration had positive effects on CP removal efficiency. Higher 
CP concentration facilitated the reaction of CP with H2O2 
released by CaO2. The release of H2O2 also facilitated simul-
taneous dissolution of CaO2, thus promoting the CP removal.

However, at a CaO2 dosage larger than 2.42 g L–1, the 
initial CP concentration has negative effects on CP removal 
efficiency. This trend became much more obvious at higher 
initial CP concentration. A considerable drop of CP removal 
efficiency occurred in CaO2 dosage of more than 2.82 g L–1 
and CP concentration larger than 0.04 mM. As shown in 
Figs. 4(c) and (d), the interactions were so significant that it 
showed clear curvature in the three-dimensional surface and 
saddle nature of the contour plot. As can be seen in Table 5, 
the joint effect of CaO2 dosage and initial CP concentration 
had a negative effect on CP removal with a negative coeffi-
cient of x1 x4 (–12.02 ± 2.66). To explain the obvious negative 

interactions of CaO2 dosage and initial CP concentration to 
CP removal at high variable levels, surface properties of CaO2 
were researched by characterizing the surface morphology of 
CaO2 particles with and without the addition of high concen-
tration of CP (Fig. 5).

As shown in Figs. 5(c)–(f), the SEM images indicate 
porous and semispherical flaky shape CaO2 particles without 
the addition of CP (Figs. 5(c)–(e)). However, the CaO2 parti-
cles were agglomerated with the addition of CP (Figs. 5(d) 
and (f)). The surface area of CaO2 particles decreased sharply 
because of aggregation. As shown in Figs. 5(a) and (b), the 
surface areas of CaO2 particles before and after the addition 
of CP were determined by N2 adsorption-desorption iso-
therms and BET curves. The results showed that the surface 
area of CaO2 decreased after CP addition. The specific surface 
area characteristic was one of the main parameters affecting 
the activity of CaO2 reagent due to provision of available sites 
for adsorption of pollutants and/or production of reactive 
species [39]. So the decrease of surface area of CaO2 at high 
CP concentration and CaO2 dosage weakened the adsorption 
of CP to CaO2 and decreased the surface active sites at CaO2 
surface, leading to the decrease of CP removal efficiency.

3.2.3. Initial pH value and reaction time

Effects and interactions of initial pH value and reaction 
time on CP removal efficiency are shown in Figs. 4(e) and 
(f). With the increase of initial pH value, the CP removal 
efficiency increased at first and then decreased, especially at 
a reaction time of less than 7.5 min. The pH value influenced 
H2O2 emission and CaO2 dissolution. At low pH values, CaO2 
reagent dissolved rapidly and released H2O2 instantaneously, 
causing excessive disproportionation of H2O2 as presented 
in Eq. (9) [40]. Since H2O2 most likely released O2 instead of 
HO• radicals, the CP removal efficiency decreased in the 
acidic condition (initial pH values less than 7). However, at 
initial pH values higher than 7, CaO2 reagent was difficult 
to dissolve to generate H2O2, and the main reaction changed 
to produce Ca(OH)2 and O2 as shown in Eq. (2) [37]. With 
the increase of pH in alkaline conditions (initial pH values 
larger than 7), the production of H2O2 decreased, causing a 
decrease in CP removal efficiency (Fig. 4(e)). CaO2 treatment 
was therefore, most effective at pH values around 7. It was a 
remarkable advantage in comparison with the conventional 
Fenton process with the optimum pH value around 3.

The elliptical contour plot as shown in Fig. 4(e) indicates 
interactions between initial pH value and reaction time. 
The joint effect of initial pH and reaction time promoted CP 
removal with a positive coefficient (+ 5.80 ± 2.66) as shown 
in Table 5. At higher pH values, dissolution of CaO2 and 
generation of H2O2 and HO• radicals needed more time, thus 
synergistically affected the removal efficiency of CP.

The effects and interactions of CaO2 dosage and ini-
tial pH (p-value of x1x2 at 0.2810), initial pH and initial CP 
concentration (p-value of x2x4 at 0.9631), and reaction time and 
initial CP concentration (p-value of x3x4 at 0.1767) are shown 
in Fig. 6. As shown in Figs. 6(a), (c), and (e), the effect of each 
variable showed the same trend as described in section 3.2 
and shown in Fig. 4. The interactions of these variables were 
insignificant and were negligible with a circular contour of 
response surfaces as shown in Figs. 6(b), (d) and (f).
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Based on the above, efficient CP removal was achieved 
due to the coupled effects of oxidation and adsorption in CaO2 
treatment. With the addition of CaO2, H2O2 was generated 
according to Eq. (1). Since the purity of commercial CaO2 
reagent is usually less than 80% as shown in Fig. S1, various 
mineral impurities presenting in CaO2 reagent may catalyze 
the generation of HO• from H2O2 [41]. The existing metal 
ions in CaO2 reagent and H2O2 releasing from CaO2 could 
function as Fenton-like reagent and promote CP removal. 
Moreover, the removal of CP was promoted by adsorption 
of CaO2 and Ca(OH)2 formed as shown in Eqs. (1) and (2). 
As the reaction progress, the specific surface area of CaO2 
particles decreased as shown in Figs. 5(a) and 5(b) due to the 
aggregation of several particles as shown in Figs. 5(c)–(f). 

The surface hydroxyl groups that behaved as active sites 
also decreased with the decrease of surface area of CaO2 
particles [41].

3.3. Optimization of influencing factors for CP removal efficiency

In optimization, the desired goal was to achieve the 
maximum CP removal efficiency within the experimental range 
of the variables (CaO2 dosage, reaction time, and initial CP 
concentration). The initial pH value was selected to be 7 while 
practically considering reducing the cost of reagents in adjust-
ing pH values. As illustrated in Table 6, the optimum values of 
the variables according to Eq. (6) were CaO2 dose of 3.43 g L–1, 
initial pH value of 7, reaction time of 17.34 min, and initial CP 
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Fig. 5. N2 adsorption-desorption isotherms (a) and BET curves (b) of CaO2 particles with and without the addition of 0.6 mM of 
CP; SEM images of CaO2 particles without the addition of CP of (c) 10 μm, (e) 5 μm and with 0.6 mM of CP of (d) 10 μm, (f) 5 μm. 
Experimental conditions: CaO2 dosage at 0.1 g L–1 with pH unadjusted stirring for 1 min.
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concentration of 0.03 mM. At these optimized conditions, the 
model predicted 95.0% of CP removal efficiency.

Additional experiments were performed under the 
projected optimal conditions based on the results given 
in Table 6 so as to confirm the validity of the optimization 
procedure. In the experiments, the CP removal efficiency 
was 94.2% ± 1.7% which was closer to the proposed one by 
the model (95.0% of CP removal efficiency), meaning that the 
optimization procedure was valid.

3.4. Change in UV absorbance

The change in UV absorbance can imply change in chem-
ical structures [37]. The UV absorption spectra of CP samples 
during treatment are shown in Fig. 7.

Table 6 
Optimum operating conditions of the process variables for CP 
removal efficiency

Parameter Goal Lower 
limit

Upper 
limit

Value

CaO2 dosage (g L–1) In range 0.05 4 3.43
Initial pH value Target = 7 2 12 7
Reaction time (min) In range 0.5 18 17.34
Initial CP 
concentration (mM)

In range 0.02 0.06 0.03

CP removal 
efficiency (%)

Maximum 18.29 90.6 94.97

Desirability 1.000

(a) (b) 

(c) (d) 

(e) 
(f) 

Fig. 6. Response surface plots (a, c, and e) and contour plots (b, d, and f) for effects of the CaO2 dosage and initial pH value (a and 
b), initial pH value and initial CP concentration (c and d), and reaction time and initial CP concentration (e and f) on CP removal 
efficiency while the other variables kept at central level (CaO2 dosage at 2.02 g L–1, initial pH at 7, reaction time at 9.25 min, and initial 
CP concentration at 0.04 mM).
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Changes in absorbance were in the range of 235 < λ 
< 250 nm as shown in Fig. 7. With the increase of reaction time, 
an increase from 0 to 2 min and a decrease from 2 to 4 min 
and an increase from 4 to 12 min occurred. UV absorbance in 
the range of 230–280 nm was an indicator of sp2-hybridized 
carbon (e.g., alkene carbon, alcohol carbon, keto-carbon, and 
acyl carbon) [42]. The initial increase followed by a sharp 
decrease in absorbance in this specific wavelength range 
signaled formation of the sp2-hybridized carbon at first and 
then a considerable removal of the same during treatment.

The stability and potency of GCs could be changed by the 
modification of their perhydrocyclopentanophenanthrene 
structures, such as epoxidation at alkene carbon, substitution 
at alcohol carbon, and esterification at keto-carbon and/or 
acyl carbon [43]. In this study, the change in absorbance may 
indicate these variants in the molecular structure and 
activities of GCs during CaO2 treatment. Further research 
on the change of GC activities during oxidation should be 
conducted more systematically.

3.5. Influences of background water matrix

The influence of commonly existing inorganic anions and 
dissolved organic matters (such as HA) in water matrix on CP 
removal were investigated and the findings were as shown in 
Fig. 8(a). Compared with Cl–, SO4

2, and NO3
–, the presence of 

HCO3
– significantly inhibited CP removal. There was a pos-

sibility of Cl–, HCO3
–, and SO4

2– competing with CP for HO• 
radical, resulting to decrease in CP removal efficiencies [44]. 
HA can improve CP removal efficiencies by adsorption [36]. 
On the other hand, HA could also compete with CP for HO• 
during CaO2 oxidation, causing the decrease in CP removal 
efficiencies [36]. 

Based on the effects of each individual component in 
water matrix on CP removal, evaluation of CP removal in 
four complex and real media were conducted and shown 
in Fig. 8(b). The main parameters determined from the four 
real water samples are shown in Table 1. Within the four 
real water matrices tested, the highest removal efficiency 
was obtained in UW, followed by the EW, while the SW led 
to much lower removal efficiency. According to the qual-
ity parameter values shown in Table 1, the concentration of 
HCO3

– in matrices followed the order SW > TW > EW > UW. 
Therefore, more HCO3

– existing in water matrices, the lower 
the CP removal efficiencies obtained, meaning that HCO3

– 
played an important role in CP removal by CaO2. Although, 
HCO3

– could significantly inhibit the CP removal, no obvi-
ous decrease of CP removal efficiency occurred in real water 
matrix compared with the blank (Fig. 8(b)). This indicates 
that other constituents in real matrices may play a positive 
effect on CP removal. For example, the presence of metal ions 
in water matrix can participate in Fenton-type reactions and 
promote the CP removal [36]. Therefore, CaO2 treatment was 
suitable for CP removal in common water matrix.

4. Conclusion

CaO2 treatment is efficient in CP removal. The operat-
ing factors of CaO2 dosage, initial pH value, reaction time, 
and initial CP concentration influenced the efficiency of CP 
removal during CaO2 treatment. A model was developed to 
accurately predict CP removal efficiencies at different oper-
ating conditions.

Effects and interactions of different variables were 
evaluated by RSM. With CaO2 dose increased, the CP 
removal efficiency increased at first and then decreased. The 
effect of initial CP concentration on CP removal efficiency 
was dependent on CaO2 dosage because of the aggregation 
of CaO2 particles at high CP concentration and CaO2 dosage. 
The application of CaO2 enabled the adjustment of the 
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(a)

(b)

Fig. 8. Effects of inorganic anions and HA at various 
concentrations on CP removal during CaO2 treatment 
((a) unadjusted pH, CaO2 of 3.43 g L–1, CP at 0.03 mM, and 
reaction time for 10 min), and effects of water matrix on CP 
removal (b) unadjusted pH, CaO2 of 3.43 g L–1, CP at 0.03 mM, 
and reaction time for 18 min).
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reaction rate at a wide pH range and was most effective at 
near-neutral pH values.

The optimum operating conditions were a CaO2 dose of 
3.43 g L–1, initial pH value of 7, reaction time of 17.34 min, and 
initial CP concentration of 0.03 mM. At the optimized con-
ditions, the CP removal efficiency achieved 94.18% ± 1.72%. 
The change in absorbance indicated the variants in CP molec-
ular structure and activities of GCs during CaO2 treatment.

The presence of HCO3
– in real water matrix can signifi-

cantly inhibit CP removal. However, with the existence of 
other constituents, no obvious decrease of CP removal effi-
ciency occurred in real water matrix compared with in ultra-
pure water. Therefore, CaO2 treatment was suitable for CP 
removal in common water matrix.
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Supplementary information

Table S1
Concentrations of GCs in water samples from various countries

Glucocorticoid Type of samples Country Concentration (ng/L) References

Prednisolone Industrial and hospital wastewater France 250–2,000 [45]
Dexamethasone Wastewater of pharmaceutical factory France 10,000 [46]
Dexamethasone
Prednisone
Dexamethasone
6α-methylprednisolone

Effluent of an industrial WWTP
River water

France Up to 23,000
Up to 300
1–2,900
50–1,260

[45]

Total GC levels River thames UK 30–850 [47]
Prednisone 
Hydrocortisone

WWTP effluent in Arizona USA 20
7

[48]

Total GC levels 45 river samples in Beijing region China Up to 52 [49]
Total GC levels Municipal wastewater Australia Up to 81 [50]
Total GC levels WWTP secondary effluent and effluent after 

ozonation or chlorination
USA 16–24 [51]

Total GC levels WWTP secondary effluent subject to ozonation, 
microfiltration, reverse osmosis, or ultraviolet

USA <52–90 [52]

Total GC levels WWTP influents
WWTP effluents
Dehydrated sludge samples

China 42 ± 2
0.7 ± 0.1
1.2 ± 0.3

[53]

Prednisone
Prednisolone
Cortisone
Cortisol
Dexamethasone
6α-methylprednisolone

Influents in sewage treatment plants China 2.6 ± 2.1
3.0 ± 1.6
30 ± 21
39 ± 26
1.2 ± 0.7
0.62 ± 0.65

[49]

Betamethasone and 
dexamethasone
Budesonide
Cortisone
Cortisol
Flunisolide
Fluocinolone acetonide
Triamcinolone
Triamcinolone acetonide

Pierre Benite influents/effluents STP France 15/7
<0.007/3
174/229
53/63
7/5
0.3/11
31/30
40/3

[54]

Total GC levels Surface water
Effluents

Netherlands 0.39–1.3
11–243

[55]

Cortisol
Cortisone
Prednisone
Prednisolone
Triamcinolone acetonide

Hospital wastewater Netherlands 275–301
381–472
117–545
315–1918
14–41

[56]

Total GC levels STP effluents Japan <3.0–78 [57]
Total GC levels River water

Treated wastewater
Untreated wastewater

Switzerland <LOD-2.6
19–37
78–542

[58]
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Fig. S1. Size and elemental components of calcium peroxide analyzed by SEM-EDS and crystalline phase of calcium peroxide 
analyzed by XRD.


