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a b s t r a c t

There is an increasing interest in the use of advanced oxidation process to remove antibiotic resistant 
compounds. The aim of this study was to optimize ciprofloxacin antibiotic decomposition in the US/
PS/nZVI process using the CCD-RSM. In fixed radiation ultrasound waves with 40 KHz frequency, 
the influence of independent parameters such as pH of the solution, PS, and nZVI concentrations 
were examined in the decomposition of ciprofloxacin with a concentration of 50 mg/L in all cases. 
The synergy of decomposition and impact of retention time was determined after process optimi-
zation. Nanoparticles of zero valent iron were synthesized by sodium borohydride reduction. The 
results showed that initial pH was the most effective parameter at determined optimal values. In 
initial concentration of COD (195 mg/L equivalent to 50 mg/L of the antibiotic), concentration of PS 
and nZVI were 1200 mg/L and 120mg/L, respectively. Under these conditions, the observed removal 
efficiency was 57% after 60 min. For the US/PS/nZVI, synergy of decomposition was about 42.55% in 
optimal conditions. Almost 94% of COD was removed as a result of retention in optimal conditions 
after 180 min. The results of this study confirmed an acceptable performance of the US/PS/nZVI as 
an advanced oxidation process for ciprofloxacin decomposition.
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1. Introduction

Wastewater containing antibiotic compounds such as 
the waste of the pharmaceutical industry is one of the envi-
ronmental problems that threaten the environment [1–5]. 
Among the antibiotic compounds, ciprofloxacin is a well-
known antibiotic in a large family of fluoroquinolones [6,7]. 
The presence of fluorine atoms in these antibiotics leads to 
drug resistance and environmental sustainability. There-

fore, the presence of these compounds in the environment 
is considered as a pollutant [8–10]. Antibiotic concentra-
tions in the range of ng to mg are found in urban sewage 
and wastewater of antibiotic associated industries such as 
pharmaceutical industry, as well as livestock and poultry 
industries [11]. However, concentrations of these pollutants 
in the wastewater of pharmaceutical industry can reach 100 
mg/L [12,13]. The most important environmental problems 
in this concentration range is antibiotic resistance of patho-
gens particularly microbes [14,15].

In order to remove organic and toxic compounds, the 
use of advanced oxidation processes has been one of the 
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options for researchers and operators of water and waste-
water treatment plants in recent decades [16–21]. The per-
sulfate anion (S2O8

2–) or PS1 oxidation potential of 2.01 V 
is among the compounds used in the oxidation of organic 
compounds, the advantages of which include inexpensive-
ness, non-selective oxidation, high stability of generated 
radicals in different conditions, high solubility, solidness, 
and the easy handling and storage compared to hydrogen 
peroxide (H2O2) [22–25]. However, studies on the appli-
cation of PS in the decomposition of organic matter have 
shown that its decomposition kinetics at room tempera-
ture is slow, therefore, PS needs to be activated to speed 
up the process. Heat, ultraviolet light, and electron transfer 
by transition metals (Me2+) are PS activation methods. The 
final product of activation is sulfate radical (SO4

•–) with an 
oxidation potential of 2.6 V [26,27]. Eq. (1) shows chemical 
activation of PS with transition metal [26]:

S2O8
2– + Me2+ → SO4

•– + Me3+ + SO4
2–�  (1)

The use of divalent iron (Fe2+) as the most common 
transition metal has a number of disadvantages, including 
increased production of iron sludge and absorbance of SO4

•– 
radicals in high concentrations of iron [28–32]. Because of 
the problems associated with the use of this activator, nZVI 
or (F0) was used in this study, which can act as a permanent 
source of Fe2+ and continuously make iron in reaction with 
PS. The reactions of Fe0 with PS are shown in Eqs. (2) and 
(3) [33,34]:    

S2O8
2– +Fe0 → Fe2+ + 2SO4

2–�  (2) 

S2O8
2– + Fe2+ → SO4

•– + Fe3+ + SO4
2–�  (3) 

Today, advanced oxidation with US waves based on 
acoustic cavitation is also of interest to researchers. The 
release of the waves in water creates micro bubbles with 
indoor temperature and pressure of 5000°K and 1000 atm, 
respectively. This condition eventually leads to the forma-
tion of OOH•, OH•, H• and O• radicals around the bubbles 
[35–37]. In this regard, Zou et al. used the heterogeneous 
Fenton PS/Fe0 enhanced with US for the oxidation of sul-
fadiazine antibiotic. In this study, the removal efficiency of 
antibiotics increased with increasing the ratio of PS to Fe0 
from 1 to 0.1 to 1 to 1. In addition, maximum efficiency 
obtained at pH = 3 [38]. In the process of Fe0/PS, Deng et al. 
also introduced zero-valent iron as an alternative source to 
activate PS instead of Fe2+ for acetaminophen oxidation [39].

Oncu et al. studied PS activation by heat/iron in sewage 
sludge treatment of antibacterial micro-pollutants using 
three micro-pollutants, viz. oxytetracycline, ciprofloxacin, 
and triclosan yielding decomposition rates of 95, 84, and 
99%, respectively [40].

In the present study, to optimize the parameters of the 
process, central composite design and response surface 
methodology was used. The design of testing reduces time 
and costs and lead to products that have better performance 
of its kind and high reliability [41]. Response surface meth-
odology is able to take into account interactions between 
parameters and propose a mathematical model to predict 
the response process [3,42,43]. In addition, finding optimal 

points out of the test with an equal accuracy to experimen-
tal ones, and presenting two-dimensional and three-dimen-
sional graphs are of other benefits of this approach [44]. A 
literature review indicated that there is no study related to 
the optimization of ciprofloxacin removal with simultane-
ous processing of US/PS/nZVI. Also, synergistic effects 
of advanced oxidation processes are not well identified. 
Therefore, the aim of this study was to optimize sonochem-
ical decomposition of ciprofloxacin in US/PS/nZVI process 
with CCD-RSM, and ultimately to determine the synergistic 
effect of the components participating in the process.

2. Materials and methods

2.1. Materials 

Ferrous sulfate heptahydrate, sodium borohydride, 
starch, ethanol, sodium hydroxide, sulfuric acid, and potas-
sium persulfate were obtained from Merck, Germany. Cip-
rofloxacin HCl was purchased with a purity of 99.8% from 
Alborz Pharmaceutical Company (Iran). General specifica-
tions of ciprofloxacin is shown in Table 1 [45]. 

2.2. Optimization of ciprofloxacin removal

The effects of three independent parameters, includ-
ing initial pH, PS concentration, and the concentration of 
nZVI were evaluated in process performance. The time 
parameter (60 min) and the concentration of antibiotics (50 
mg/L) were fixed at this stage [45,46]. Quantitative range of 
parameters were selected based on similar studies and pre-
tests and named according to Table 2, respectively. In this 
study, central composite design (CCD) in five levels (α+, 1+, 
0, 1–, α–) combined with RSM statistical methods were used 
to design and optimize the process using Design-Expert 
software Version 7.1.3. Removal efficiency was considered 
as the dependent variable (response). Twenty experiments 
were designed given the number of variables and the five 
levels.

2.3. Procedure

This experimental study was carried out in a sonochem-
ical batch experiment reactor at the water and wastewater 

Table 1
General specifications of ciprofloxacin antibiotic (El-Shafey et 
al., 2012)

Molecular structure

Chemical structure C17H18FN3O3

Molecular weight 331.346 g·mol–1
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laboratory, School of Public Health, Hamadan University 
of Medical Sciences in winter 2014. Finally, retention times 
(90, 120, 180 min) and synergy of decomposition were also 
investigated after optimization of three key parameters. The 
volume of each sample was 100 mL. PS required concentra-
tion was prepared from a mother solution (1 g of potassium 
persulfate in 1000 mL distilled water). The pH was adjusted 
using sulfuric acid 0.1 M and 0.1 N. In order to prevent 
clotting of iron, required nZVI concentrations were added 
after pH adjustment. During the process (60 min), all sam-
ples were exposed to US- radiation with constant frequency 
(40 KHz) and power (350 W). Fig. 1 (A and B, respectively) 
shows the working reactors and the preparation of samples. 
Ciprofloxacin content in the samples was measured with 
COD method [47]. In order to remove the adverse effect of 
remaining iron on the measurement of COD, samples were 
aerated for 2 min, and then was centrifuged at 5000 rpm for 
3 min. COD removal efficiency observed in the samples was 
obtained from Eq. (4) [1]. COD was measured according to 
5220. C1 Directive of standard book [48].

X
COD COD

COD
%t=

−
×0

0
100 � (4)

In this equation: X is COD observed removal efficiency 
in terms of %, COD0 is 195 mg/L, which is equivalent to 50 
mg/L of ciprofloxacin, CODt is remaining COD value at the 
time t, t is retention time (60 min).

2.4. nZVI synthesis and determining its properties

Sodium borohydride reduction process (NaBH4) was 
used to synthesize nZVI. According to this method, about 
10 g of ferrous sulfate heptahydrate (FeSO4·7H2O) was dis-
solved in 100 mL of 30% ethanol and 70% distilled water 

mixture with a pH adjusted to 6.8. About 1.8 g of NaBH4 
powder was then gradually added to the solution and 
mixed for 20 min. Finally, nanoparticles were separated 
by centrifuge at 5000 rpm, washed several times by etha-
nol and distilled water, and dried at ambient temperature 
washed for several times by ethanol and distilled water and 
then dried at ambient temperature [49]. The nanostructures 
in synthesized nZVI were verified by TEM analysis (H-800 
Hitachi Japan).

3. Results and discussion

3.1. TEM images of nZVI

TEM analysis (Fig. 2) shows the formation of a dense 
spherical structure with chain links in the structure of syn-
thesized nZVI. Given the image scale, the diameter of the 
nanoparticles is about 12.5–50 nm. Results of TEM image 
analysis are in accordance with that of Yanpeng regard-
ing the use of iron nanoparticles with microwaves for the 
removal of solvent blue and reactive yellow colors [50] as 
well as the study of Pema for absorption of antimony with 
nZVI [51].

3.2. Test results

Table 3 shows the results of observed removal efficiency 
(response) in 20 samples. 

3.3. ANOVA results

The first step in analyzing results is selection of a suit-
able model for system that can predict the results with 

Table 2
Levels and range of variables to optimize ciprofloxacin removal

LevelsUnitSignVariable

α++10–1α–
10.5396.754.52.97–AInitial pH
1455.671200825450194.33mg/LBInitial concentration of PS
147.27120804012.73mg/LCInitial concentration of nZVI

Fig. 1. (A) Overview of working reactor, (B) the preparation process of samples.



A.R. Rahmani et al. / Desalination and Water Treatment 145 (2019) 300–308 303

appropriate accuracy. Thus, the quadratic model was used 
for this purpose. The proposed model for the system con-
sists of three terms of single effects (A, B, C), three terms 
of interactive effects (AB, AC, BC), and three terms of cur-
vature effects (A2, B2, C2). However, all of these parame-
ters have no important effects on the model. The removal 
of these parameters - in terms of being significant or not 
significant- makes the model more convenient. ANOVA is 

usually used to assess the model and to test the significance. 
ANOVA results (Table 4) represent the elimination of cip-
rofloxacin using the US/PS/nZVI. Factors with a signifi-
cance level of p > 0.1 for their single and interactive effects 
were excluded from the model. Although p-value less than 
0.05 were considered significant, and those with a p-value 
less than 0.1 remained in the model, by which a model was 
developed in the system to predict the efficiency of antibi-
otic removal. The model includes single, interactive, and 
curvature factor effects. Eq. (5) shows the proposed model:

x’ = +65.1013 – 18.193 pH + 0.046482 PS  
        + 0.093629 nZVI –3.11×10–3pH.PS + 1.16313 pH2� (5)

In this equation, X‘ COD removal efficiency (%) is the 
forecast, pH has no unit, PS is in mg/L, and nZVI is in 
mg/L.

3.4. Index regression of the proposed model 

Quality of the proposed model was evaluated by the 
coefficient of determination (R2) with a numeric value range 
of 0–1. When the R2 values are closer, model is more reliable, Fig. 2. TEM image of nZVI.

Table 3
Experiments designed to remove ciprofloxacin (COD0 = mg L–1 195 and time = 60 min)

No Input variables Response No Output variables Response

Initial pH PS
(mg/L)

nZVI
(mg/L)

Removal (%) Initial pH PS
(mg/L)

nZVI
(mg/L)

Removal (%)

1 9 450 40 14.25 11 6.75 825 80 23
2 9 450 120 15.75 12 9 1200 120 32.75
3 4.5 1200 120 56.45 13 6.75 825 12.73 15.25
4 6.75 825 80 23.55 14 6.75 825 80 25.45
5 6.75 1455.67 80 35.25 15 4.5 1200 40 48.5
6 6.75 825 80 24.25 16 2.97 825 80 58/55
7 6.75 194.33 80 2.25 17 4.5 450 120 32.25
8 4.5 450 40 28.75 18 6.75 825 80 23
9 9 1200 40 24.25 19 6.75 825 80 23
10 6.75 825 147.27 30.5 20 10.53 825 80 15.5

Table 4
ANOVA results related to the ciprofloxacin removal equation 

p-valueF-valueMean squareDFSum of squaresSource

Significant< 0.000155.91754.1653770.79Model
< 0.0001131.091768.3111768.31A-pH
< 0.000192.45124711247B-PS
0.002114.2191.561191.56C-nZVI
0.06284.0955.13155.13AB
< 0.000137.72508.811508.81A2

13.4914188.85Residual
Significant0.001921.0420.449183.99Lack of Fit

0.9754.86Pure Error
193959.64Cor. total
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when R2 is greater than 0.9, the proposed model can be used 
to optimize the response. In this case, R2 is 0.9523 showing 
that the model is reasonably accurate. Review of the plot of 
normal function of remains:

The difference between the answer provided by the 
tests and fitted answer by model is called remains. The 
results of testing should be on a direct line to represent the 
normality of the data. This line is generally shown based on 
theoretical observation and preferably with an emphasis on 
the central points to the trailing. As shown in Fig. 3, they are 
nearly along a straight line and, thus, it can be speculated 
that the remains are normally distributed.

3.5. The effects of parameters affecting ciprofloxacin removal

Fig. 4 indicates ciprofloxacin removal efficiency as 
a function of pH and concentrations of PS. Fig. 5 depicts 
the interaction of nZVI concentration and pH effect on 
the removal efficiency of ciprofloxacin. Fig. 6 shows the 
interactive effect of PS concentration and nZVI in removal 
efficiency. It is observed that removal efficiency increases 
with increasing concentrations of PS and nZVI, and with 
decreasing pH values. Removal efficiency was about 57% 
at pH < 4.5, PS > 1200 mg/L, and nZVI concentration > 120 
mg/L.

In the efficiency of chemical processes, pH is the most 
influential factor. In the process of PS activation by iron, 
pH has a direct effect on either the species or state of iron 
needed for PS, or to determine the dominant radical species.

At pH > 4, Fe2+ ions transform to Fe3+ that has little abil-
ity to activate PS and produce SO4

•– radicals. With further 
increases in pH, Fe3+ ions form ferric hydroxide increase 
sludge production [33], With increasing pH, iron becomes 
colloidal and solid (FeOH+), which is not able to participate 
in the activation process because only iron ions are able to 
activate PS in solution form [Eq. (6)] [52].

Fe2+ + H2O → FeOH+ + H+� (6)

With further increase in pH above 9, ferric hydroxide 
species (FeOH3+, Fe (OH)4

¯, Fe(OH)3
•, and Fe2(OH)3

4+) are 
produced that have little capacity for PS activation [53]. 
Also, changing pH activates PS with Fe2+ leading to the 
production of SO4

•– radicals that can somewhat drive the 
reaction to produce hydroxyl radical (OH•), which is more 
likely to accrue at alkaline conditions. According to Eq. (3), 
a pH below 7, especially from 3 to 5, leads to production 
of SO4

•– radical. According to Eq. (7), when pH is between 
7 and 9, both radicals are present in alkaline conditions of 
the system, particularly in a pH over 12. As shown in Eq. 
(8), SO4

•– radicals produced OH• in reaction with hydroxyl 
ions (OH¯). Since the oxidation potential of OH• is highly 
reduced in alkaline conditions, process efficiency will be 
low even in prevailing presence of radicals [54].

SO4
•– + H2O ↔ OH• + H+ + SO4

2–�  (7)

SO4
•– + OH¯ → OH• + SO4

2–�  (8)

In a study by Wang on the removal of humic acids with 
activated PS process by US waves, a suitable pH of 3 was 

reported for the removal of humic acid in acidic conditions. 
According to Figs. 4 and 5, increasing pH in the samples 
decreased removal efficiency [55]. In this regard, Rao et al. 
examined decomposition of carbamazepine with the PS/
Fe2+ process in an optimal pH of 3 [52]. In addition, Bagal 

Fig. 3. Remains normal function in ciprofloxacin removal system.

Fig. 4. Removal efficiency of ciprofloxacin as a function of pH 
and concentrations PS (COD0 = 195 mg/L, Time = 60 min).

Fig. 5. Removal efficiency of ciprofloxacin as a function of pH 
and concentrations of nZVI (COD0 = 195 mg/L, Time = 60 min).
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examined the removal of 2,4-dinitrophenol with hybrid 
processes based on ultrasound waves. The highest removal 
efficiency obtained at acidic conditions at pH of 2.5–4 [56]. 
In addition, in a reactor with acidic conditions, superoxide 
radicals (O2

•–) react with hydrogen ions in the solution and 
produce perhydroxyl radicals (HO2

•) [Eq. (9)], which finally 
leads to the production of OH• radicals [57].

O2
•– + H+ → HO2

•� (9)

In the reaction between PS and nZVI, nZVI is able to act 
as a resource for Fe2+ ions. Eqs. (10)–(13) show the produc-
tion of Fe2+ from nZVI, among which Eq. (11) is only obtained 
in acidic conditions with a pH of 3. Another advantage of 
nZVI is that [Eq. (13)], it can reduce Fe3+ to Fe2+, re-enter it to 
the cycle of activation, and reduce iron intake [39,58].

Fe0 + H+ → Fe2+ + H2�  (10)

2Fe0 + O2 + H2O → Fe2+ + 4OH–�  (11) 

2Fe0 + 2H2O → Fe2+ + 2OH– + H2�  (12)

2Fe3+ + Fe0 → 3Fe2+� (13)

According to Figs. 5 and 6, increasing concentrations 
of nZVI improve ciprofloxacin removal efficiency. Optimal 
concentration of this parameter is 120 mg/L (Table  5). In 
this regard, Ghauch examined the efficiency of PS/micro-
metric Fe0 process for the removal of Sulfamethazole. 
Increasing Fe0 concentration to 2.23 mM improved the pro-
cess efficiency to remove pollutants. However, the process 
efficiency decreased with increasing concentrations of Fe0 to 
4.46, 8.92, and 8.85 mM [27]. The reasons for this decrease 
was the suppression phenomenon and absorption of SO4

•– 
with Fe2+ radicals, as in Eq. (14):

SO4
•– + Fe2+ → SO4

2– + Fe3+� (14)

Due to limits for concentrations of nZVI, the phenom-
enon of efficiency reduction due to excessive increase 

of nZVI concentration was not observed in the present 
study.

Increasing PS concentrations as the main source of SO4
•– 

radicals will raise efficiency. Hao investigated the ampli-
fied effect of PS on sonochemical decomposition of APFO, 
which had characteristics such as resistance and biological 
accumulation. The examined parameters were ultrasound 
power, concentrations of PS, pH and concentration of 
APFO. An efficiency of 35.5% was obtained at an initial con-
centration (46.4 μmol/L) of APFO when PS was not present 
for 120 min. When 10 mmol/L of the PS was added to the 
reaction, removal efficiency increased to 51.2%. Increasing 
the concentration of PS from 10 mmol/L reduced the effi-
ciency [59]. Results presented by Hao regarding the impact 
of increasing concentrations of PS on increasing efficiency 
are consistent with the results of the present study (Figs. 4 
and 6). 

Regarding the concentration, increasing the concentra-
tion to a certain extent did not increase the pollutant removal 
efficiency, but acted as a kidnapping agent for SO4

•– radicals 
available in the aqueous solution, which reduces the pro-
cess efficiency. Eq. (15) shows this phenomenon [60]:

S2O8
2– + SO4

•– → S2O8
•– + SO4

2–�  (15)

3.6. Optimum conditions for the removal of ciprofloxacin and 
validation of models

Method of optimization in the software was used to 
achieve maximum removal of ciprofloxacin by determin-
ing maximization as the answer. The low limit of efficiency 
was set to 2.25% that was the lowest percentage observed 
in the experimental results. The upper limit was set to 100% 
because it is the highest theoretical amount. Optimum con-
ditions predicted by the software are shown in Table 5. 
Optimal testing was conducted according to the parameters 
mentioned, and the result are presented in the same table. 
As can be seen, the experimental removal efficiency error 
is 0.94 compared to predicted efficiency. Such a little differ-
ence reflects the validity of the fit model.

3.7. Decomposition synergy in the US/PS/nZVI process

For this purpose, various samples of the antibiotic 
were prepared with an initial concentration of 50 mg/L. In 
each of these samples, the process lasted for 60 min, and 
the components participated in the process both separately 
and in combination with optimum conditions. Compara-

Fig. 6. Removal efficiency of ciprofloxacin as a function of PS 
and concentration nZVI (COD0 = 195 mg/L, Time = 60 min).

Table 5
The optimal values of parameters in the removal of ciprofloxacin

System parameters Amount

Initial pH 4.5
PS concentration, mg/L 1200
nZVI concentration, mg/L 120
Predicted removal efficiency (X‘), % 57.9398
Observed removal efficiency (X), % 57
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tive results are shown in Fig. 7a. As specified in a separate 
application, PS had the highest (7.5%) removal efficiency. 
Combination of treatment components increased the effi-
ciency. The synergy of decomposition in all combinative 
process can be seen in Fig. 7b. For example, the efficiency 
levels of PS and US were 7.5% and 2.5%, respectively. How-
ever, a combination of PS/US resulted in 18.5% efficiency, 
so the synergy in this case is calculated as: PS/US process 
efficiency minus (total efficiency of PS and US separately) 
that in this case equals 8.5%. Synergy of decomposition for 
US/PS/nZVI was 42.55%. The results of nZVI application 
are also visible in Fig. 7.

In sonochemical reactor under the direct influence of 
US waves on the molecules of water and oxygen, OH•, H• 
and O• radicals are produced according to Eqs. (16) and (17) 
[61]; followed by the production of OOH• and OH• radicals 
[Eqs. (18) and (19)] [62].

H2O))) H• + OH•�  (16)

O2))) 2O•� (17)

O• + H2O → 2OH•� (18)

H• + O2 → OOH•� (19)

According to Fig. 7a, the efficiency of US, nZVI, and PS 
in separate application to remove antibiotics were about 
2.5, 4.45, and 7.5%, respectively, at optimized terms. How-
ever, when these components were put together in partner-
ship, removal efficiency was more than the algebraic sum of 
separate parameters. Therefore, the synergistic effect of the 
process can be calculated according to Fig. 7b. In this regard, 
Wang et al. observed no removal efficiency in a study on the 
application of US/PS/Fe0 for oxidation of acid orange 7 with 
separate application of US, PS, and Fe0. However, when US/
PS/Fe0 were combined, about 90% of the color was removed 
within 20 min [63]. In a study by Liu on the application of 
the US/Fenton for wastewater decomposition of acid scarlet, 
Fenton and US separate process efficiencies were 40% and 

4%, respectively. The synergy of combined US/Fenton was 
eye-catching with an efficiency of 90% [64]. The results of 
these studies are consistent with those found herein.

3.8. The effect of time on the removal of ciprofloxacin in optimal 
conditions

After optimizing pH parameters, PS concentration, and 
the concentration of nZVI at a fixed time of 60 min, the 
impact of retention time was evaluated at optimal condi-
tions (Fig. 8). Accordingly, COD removal efficiency of anti-
biotics was 94.25% at the end of 180 min.

4. Conclusion

According to the results of this study, pH was the most 
important parameter influencing the process at an optimal 

Fig. 7. (a) Removal efficiency of effective parameters in combination and separately at optimal conditions. (b) synergy of decompo-
sition of parameters (COD0 is 195 mg/L, Time = 60 min).

Fig. 8. The impact of retention time on COD removal under op-
timal conditions (COD0 = 195 mg/L).
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value of 4.5. Rising pH levels reduced removal efficiency. 
Optimal concentrations of PS and nZVI were 1200 and 120 
mg/L, respectively. Process efficiency at optimized condi-
tion efficiency of US/PS/nZVI was 57% within 60 min. The 
parameters involved in the decomposition process had syn-
ergistic effects, so that the efficiency of individual processes 
of PS, nZVI, and US were 7.5, 4.445, and 2.5%, respectively, 
whereas their combined efficiency was 57%. Increasing the 
retention time in optimal conditions elevated removal effi-
ciency to 94% in 180 min.
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