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a b s t r a c t
In the present study, the removal of ciprofloxacin (CIP) from aqueous solutions was performed 
using the magnetic Fe3O4@AC (MAC) nanocomposite as a particle electrode in three-dimensional 
electrocoagulation (EC) system, as well as using persulfate (PS) to increase the removal efficiency. 
First, the MAC nanocomposite was synthesized and then characterized by X-ray diffraction, vibrat-
ing-sample magnetometer and field emission scanning electron microscopy, energy-dispersive 
X-ray spectroscopy, Mapping and Fourier-transform infrared spectroscopy analyses. Each pro-
cess was evaluated separately and the appropriate process was selected. The results confirmed
the spherical structure of the MAC nanocomposite, with the smallest amount of clogging, uniform
distribution of the elements on the nanoparticle surface and the creation of suitable magnetic prop-
erties. The CIP removal values for each of PS, EC, MAC, EC-MAC and EC-MAC-PS processes were
0%, 0%, 70%, 94.2% and 98.9%, respectively. However, since significant amounts of non-recoverable
sludge were formed in the EC-MAC-PS process, no sludge was produced in the EC-MAC process,
and only recoverable nanoparticles existed, PS was excluded from the tests. Finally, optimal con-
ditions for the EC-MAC process were determined. Under the optimum conditions: CIP (10 mg/L),
MAC (0.9 g/L), pH (7), current density (0.3 mA/cm2) and contact time (35 min) the CIP removal
efficiency was 98.21%. The results revealed that the Avrami fractionary and pseudo-second-order
kinetic models fitted better the experimental results and Qmax of MAC nanocomposite obtained
from the Langmuir isotherm model was 97.39 mg/g. Based on the results, the EC-MAC process has
a good efficiency in removing the CIP antibiotic and can be considered as an economical process.
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1. Introduction

Contamination of water resources in today’s world has 
become a serious problem and many pollutants have been 
discharged into the environment through a variety of indus-
trial, agricultural and other activities. Antibiotics are a new 
class of emerging pollutants produced and used for ther-
apeutic purposes for humans and animals. Besides, large 
quantities of these compounds are being used in agricul-
tural activities [1,2]. Antibiotics, because of their chemical 
structure, fall into the category of substances that are called 
highly non-degradable and are not degraded by conven-
tional methods utilized to treat hospital wastewaters. As 
a result, large amounts of them are released into the envi-
ronment without sufficient treatment, which can contami-
nate water resources [3,4]. Even small contents of antibiot-
ics can increase the population of resistant bacteria in the 
future, which makes antibiotics unable to cure infections. 
These pollutants also have a cyclic structure and cause var-
ious health effects, including mutagenicity and carcinoge-
nicity [5,6]. Ciprofloxacin (CIP) is one of the most import-
ant antibiotics belonging to the fluoroquinolone family; it 
is widely used to treat human and animal infections [7,8]. 
The presence of CIP in drinking water may cause various 
side effects on humans such as diarrhea, nausea, vomiting, 
tremor, headache and nervousness and interference with 
plant photosynthesis and apparent deformation in plants 
[9–11]. As mentioned, conventional biological treatment 
methods cannot remove antibiotics; thus, new processes 
should be developed to eliminate them. Many methods have 
recently been used to remove CIP from aqueous solutions 
such as reverse osmosis [12], membrane ultrafiltration [13], 
membrane bioreactors [14], adsorption [15], and so forth. 
Advanced oxidation processes are new methods for waste-
water treatment and the electrochemical technique is one 
of them, which has been utilized in many researches due 
to its high efficiency, versatility and environmental friend-
liness [16,17]. Among electrochemical methods, the utili-
zation of three-dimensional (3D) electrodes has been taken 
into account by various researchers; these new systems are 
on the basis of traditional two-dimensional (2D) electrode 
devices filled with some conductive particles that are called 
particle electrodes [18,19]. In 3D-electrocoagulation (EC), 
after electric current generation, the particles are subjected 
to electrostatically induced polarization to form numerous 
microelectrodes, which can not only increase the specific 
electrode surface but also shorten the migration distance of 
the pollutants, leading to an improvement in process effi-
ciency and capacity [20–22]. Compared to the 2D electrodes, 
the 3D-based electrode system, under similar conditions, has 
higher degradation efficiency, lower energy consumption, 
shorter reaction time and less sludge production. Moreover, 
the microelectrodes are recyclable and reusable, which 
overall reduce costs compared to other electrochemical pro-
cesses [23–26]. Among strong oxidizers, persulfate (PS) and 
its sulfate radical have unique properties, such as higher 
kinetic speed, greater stability than hydroxyl radicals and 
are less influenced by natural organic matters. Combining 
PS with EC can activate PS using the electrons produced in 
the cathode according to Eq. (1). Also, based on Eq. (2), PS 
is regenerated in the anode, which results in the production 

of a continuous cycle of radical sulfate and PS production, 
which causes an increase in process efficiency [1,27].
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Therefore, the purpose of the present study was to use 
the 3D-EC using the magnetic Fe3O4@AC (MAC) nano
composite in combination with sulfate radicals.

2. Materials and methods

2.1. Materials and devices

All the chemicals used in this study were of analyt-
ical grade. Chemical materials including NaOH, HCl, 
NaCl, FeCl3·6H2O, FeCl2·4H2O, NH4, sodium PS and pow-
dered activated carbon (PAC) were purchased from Merck 
(Germany). CIP (purity  ≥  98%) was procured from Temad 
Pharmaceutical Company (Tehran, Iran). The properties of 
CIP have been shown in Table 1.

Deionized water was used to provide the necessary 
solutions. Since the antibiotic half-life of CIP is about 5.5 h, 
the synthetic solutions were made daily before the experi-
ments began. Also, pH meter (HANNA, USA), DC power 
supply (Pars Azma, Iran), scales (Sartorius, Germany), 
magnetic stirrer (Heidolph, Germany), spectrophotometer 
(Shimadzu, Japan) and atomic absorption device (Shimadzu, 
Japan) were used during the tests.

2.2. Synthesis of MAC nanocomposite

To synthesize the MAC nanocomposite, the PAC was 
first placed at 550°C for 2 h to eliminate potential organic 
impurities. Next, PAC (2  g), FeCl3·6H2O (2  mmol) and 
FeCl2·4H2O (1  mmol) were added to 100  ml of deionized 
water. The mixture was then inserted into a 250 ml beaker 
and placed on a magnetic stirrer with a hot plate. A burette 
containing ammonia solution and a thermometer were fixed 
on the surface of the beaker. The thermometer was inserted 
into the solution and, as the beaker contents were being 
stirred, the temperature of the solution was fixed using a 
heater at 60°C–70°C. After the temperature was fixed, the 

Table 1
Properties of CIP

Drug class Fluoroquinolone

Chemical formula C17H18FN3O3

Molar mass 331.346 g/mol
Kow 1.9
Solubility Soluble in 0.1 N HCl at 25 mg/mL
Chemical structure
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ammonia solution was slowly added and the pH value 
was checked every 5 min using pH paper. The addition of 
ammonia continued until the pH reached about 11 and was 
subsequently checked by a magnet for magnetization. After 
ensuring the magnetic properties, the synthesized nano-
composites were washed several times using deionized 
water until the pH reached a neutral limit. Finally, the nano-
composites were dried at 60°C for 24 h.

2.3. MAC nanocomposite characterizations

After synthesizing the MAC nanocomposite, its prop-
erties were determined by field emission scanning electron 
microscopy (FESEM), energy-dispersive X-ray spectroscopy 
(EDS), mapping (TESCAN MIRA3, Czech Republic), X-ray 
diffraction (XRD) (PANAlytical, Netherlands), vibrating-
sample magnetometer (VSM 7400  M, USA), and Fourier-
transform infrared spectroscopy (FTIR 27 Tensor) analyses. 
One sample of the nanocomposite was analyzed by FTIR, 
XRD and EDS after the EC-MAC process. Furthermore, one 
sample of the produced sludge was sent to the EDS analysis 
after the EC-MAC-NaCl and EC-MAC-PS processes.

2.4. Pilot specification

In this study, a 700  ml cylindrical reactor capable of 
containing 500  ml solution was utilized. Two brass elec-
trodes (40% zinc and 60% copper) were used as the cathode 
and anode, respectively. The dimensions of the electrodes 
were 40 mm × 120 mm × 1 mm that were connected to a DC 
power supply and separated by 4 cm apart. A magnetic stir-
rer and magnet were used to mix the contents of the reac-
tor. Fig. 1 shows an overview of the pilot used in the present 
study.

2.5. Experimental set up

2.5.1. Effect of EC, PS, MAC, EC-MAC, EC-MAC-NaCl 
and EC-MAC-PS

At the beginning of the experiments, each of the EC, PS, 
MAC, EC-MAC, EC-MAC-NaCl, EC-MAC-PS processes 
were evaluated separately. To this end, solutions contain-
ing initial CIP concentration of 20 mg/L were prepared and 
their pH was adjusted to 5. Then, the experiments were 

performed under the following conditions: EC = 1 mA/cm2, 
PS = 300 mg/L, MAC = 0.9 g/L and NaCl = 0.5 g/L.

2.5.2. Effect of key parameters on EC-MAC

The EC-MAC process at different pH values (3, 5, 7 and 
9), initial CIP concentrations (10, 20, 30 and 40  mg/L), dif-
ferent MAC concentrations (0.3, 0.6 and 0.9 g/L) and differ-
ent current density (CD) values (0.3, 0.6, 1 and 1.32 mA/cm2) 
were carried out.

2.6. Analysis

To determine the solubility of the electrodes during 
the EC-MAC process, the effluent and sludge were sampled. 
The effluent sample was analyzed by atomic absorption for 
determination of copper and zinc contents and the sludge 
sample was also sent for the EDS analysis. During the exper-
iments, the reactor was sampled once every 5 min and the 
residual CIP values at λmax = 276 nm were determined using 
a spectrophotometer (Shimadzu’s UV-1800  UV-VIS, Japan). 
The residual amount of CIP (RE) was determined by Eq. (3).

RE
CIP CIP

CIP
=

−
×0

0

100 	 (3)

CIP0: initial CIP concentration (mg/L); CIP: final CIP 
concentration (mg/L).

3. Results and discussion

3.1. Characterization of MAC nanocomposite

The results of the FESEM analysis have been shown 
in Figs. 2a and b. As can be seen, the nanoparticles were 
almost spherical with the smallest amount of clogging at 
31–28  nm. The results of the mapping analysis shown in 
Fig. 2c also confirm the uniform distribution of iron, car-
bon and oxygen elements on the MAC nanocomposite sur-
face. According to the EDS analysis (Fig. 2d) for the MAC 
nanocomposite, iron, carbon and oxygen elements with 
expected values of C (31.04%), Fe (24.34%) and O (44.61%) 
were observed.

The results of the FTIR analysis for the MAC nano-
composites have been shown in Fig. 3a. As shown in 
FTIR spectra, the absorption band observed at 582  cm–1 is 
related to the tensile vibrations of metal-oxide (Fe–O) in 
the Fe3O4 compound present in the MAC nanocompos-
ite structure. The absorption band observed at 3,430  cm–1 
is related to the OH groups due to the moisture absorbed 
on the surface of the MAC nanocomposite. Also, accord-
ing to the XRD analysis (Figs. 3b and c), the magnetite 
(Ref. Code: 96-900-5840) and graphite (Ref. Code: 96-901-
2706) phases were identified; thus, in the MAC struc-
ture, both phases were identifiable. The peak at 2θ values 
of 26.61° related to carbon and the peaks at 2θ values of 
18.47%, 29.5%, 30.27%, 35.64%, 43.26%, 53.66%, 57.21%, 
62.82%, 71.38% and 74.31% related to Fe3O4, are visible in 
the MAC nanocomposite structure. Fig. 3d also shows the 
results of the VSM analysis with respect to the magnetic 
saturation (Ms) obtained at about 36 emu/g; this confirms Fig. 1. A schematic diagram of the pilot used in the study.
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the high magnetic strength of the MAC nanocomposite, 
which provides its separation from the aqueous solution.

3.2. Comparison of EC, PS, MAC, EC-MAC, EC-MAC-NaCl 
and EC-MAC-PS

In this study, the performance of each process and com-
bined processes were evaluated. Fig. 4 shows the results 
of each of the EC, PS, MAC, EC-MAC, EC-MAC-NaCl and 
EC-MAC-PS methods. As shown, the EC process alone 
after 60 min of contact time had no effect on CIP removal. 
In 3D-EC, electrodes including anode, cathode and particle 
electrodes are one of the most important determinants. In 
the conventional EC process, iron and aluminum electrodes 
are usually used. But, when iron or aluminum electrodes 
are used as the anode in 3D-EC, anodic corrosion causes the 
release of iron and aluminum and, in turn, metal hydroxide 
clots are formed [1]. The formation of these clots in 3D-EC is 
undesirable because they are adsorbed on the particle elec-
trodes and, in turn, reduce the efficiency of the 3D systems 
[28]. The most common types of electrodes used in anode 
in 3D-EC systems include platinum, titanium, and boron-
doped diamond, all of which are very expensive [26,29,30]. 
Therefore, in this study, a relatively inexpensive and avail-
able brass metal was used in the 3D-EC system. As noted, 

the EC process using brass electrodes had no effect on the 
removal of the CIP antibiotic; this can be due to the lack of the 
flocculation property of the copper and zinc metals present 
in the electrode composition. The resistant structure of the 
CIP antibiotic is another reason for this phenomenon [2,8]. 
As shown in Fig. 4, the PS process alone had no effect on the 
removal of CIP owing to the absence of an activator. Since 
PS is a non-selective, soluble anion that is relatively stable at 
room temperature and is the strongest oxidant of the perox-
ygen family under atmospheric conditions, it has little effect 
on the removal of organic pollutants. However, if heat, light 
or metal ions and magnetic nanoparticles are used as a cata-
lyst, the reaction of PS enhances dramatically and increases 
the production of sulfate radicals [27,31–33]. In the study by 
Cai et al., in which photoexcited dye was used to activate 
PS for tetracycline removal, minor amounts of the antibiotic 
were removed when PS was applied separately; this observa-
tion accords with the results of the present study [34]. Also, 
similar results were reported in the study by Malakootian et 
al. [1], who used the EC-PS process to remove CIP from aque-
ous solution.

In the process by means of using the MAC nanocom-
posites alone after 60  min contact time, 70% of CIP was 
removed. The phenomenon is also due to the adsorption of 
antibiotics onto the high surface area of magnetic carbon, 
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Fig. 2. Results of (a and b) FESEM, (c) mapping, and (d) EDS for the characterization of the MAC nanocomposite.



M. Ahmadian et al. / Desalination and Water Treatment 203 (2020) 188–201192

 

  

0

10

20

30

40

50

60

70

44
00

41
80

39
60

37
40

35
20

33
00

30
80

28
60

26
40

24
20

22
00

19
80

17
60

15
40

13
20

11
00 88
0

66
0

%
T

cm-1

3430.40 582.91

Position [°2Theta] (Copper (Cu))

20 30 40 50 60 70

Counts

0

100

200

300

400
 borna 39589

Position [°2Theta] (Copper (Cu))

20 30 40 50 60 70 80

 Peak List

 96-900-5840

 96-901-2706

b 

c d 

a 

Fig. 3. Results of (a) FTIR, (b and c) XRD, (d) VSM analyses for the MAC nanocomposite.
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the chemistry of adsorbent surface such as the presence of 
surface groups and the presence of functional groups that 
cause the antibiotic to separate from the solution and sit on 
the adsorbent surface [6,10,15,35,36]. In the study by Gupta 
and Garg, who used granular activated carbon (GAC) to 
remove CIP, the performance was about 65% after a long 
contact time (7  h). In the study by Darweesh and Ahmed 
[38], who applied activated carbon in the columnar mode 
for CIP removal, they reported a similar efficiency at the 
same contact time.

The EC-MAC process eliminated 94.5% of CIP after 
60 min, with a 25% increase in CIP removal efficiency com-
pared to the MAC process alone, which could be further 
enhanced by optimizing the test conditions. In fact, during 
this process, the MAC nanocomposites play a role as the 
particle electrodes. These electrodes have both positive 
and negative charges when they are placed in an external 
magnetic field. As a result, charged pollutants in the mag-
netic field move to a part of the particle electrode with the 
opposite charge. This phenomenon was called the electro-
sorption that occurs during the 3D-EC process. In 3D-EC, 
pollutants are also eliminated by electrochemical oxidation 
resulting from the hydrolysis of water and the formation 
of hydroxyl radicals. As a result, the combination of the 
electrochemical oxidation, adsorption and electrosorption 
process will increase the CIP removal efficiency. According 
to the results of this study, the use of MAC alone removed 
more than 70% of CIP and adding the EC process increased 
the efficiency by about 25%. Therefore, the predominant 
phenomenon in this process is adsorption, and with the 
addition of EC to the MAC process, which caused a 25% 
increase in efficiency. Therefore, in general, the adsorption 
processes play a major role in the elimination of CIP, and 
the effect of the chemical oxidation process is small [28,30].

In the EC-MAC process, the nanocomposite was simply 
separated by a magnet after the process and an increase in 
volume or sludge production was not observed. One sample 
of the MAC nanocomposites was analyzed by EDS after the 
EC-MAC process (Fig. 5a). As can be seen, the percentages of 
iron, carbon and oxygen were 48.65%, 13.90% and 37.45% and 
no Cu and Zn spectra were observed. This indicates that the 
dissolution of the electrode did not occur or the dissolution 
was so low that it was not detectable in the EDS test. Samples 
of the EC-MAC process effluent were also analyzed for elec-
trode leaching and the amount of Zn and Cu entering the 
final effluent by atomic absorption spectrometry. The results 
of these experiments showed that Cu and Zn in the effluent 
were 41 and 135 µg/L, respectively. According to the Iranian 
Environmental Protection Agency, the amount of Cu and Zn 
in treated effluent, which is allowed to be discharged to sur-
face water is 1 and 2 mg/L, respectively [39]. The values of Cu 
and Zn in effluent based on the United States Environmental 
Protection Agency are 0.25 and 1  mg/L, respectively [40]. 
Therefore, the amounts of these metals in the treated waste-
water were much lower than the discharge standards.

The EC-MAC-NaCl process eliminated 95.5% of CIP 
after 60  min. Adding NaCl salt to the EC-MAC process 
increased the efficiency by 1%. This is because NaCl plays 
an electrolyte role and is usually used to improve the elec-
trical conductivity of water or wastewater for better treat-
ment. Electrical conductivity also affects Faradic yield, cell 

voltage; as a result, it is expected to see an increase in pro-
cess efficiency and a decrease in energy consumption in the 
EC reactor [41,42]. But, in this study, by adding NaCl salt, 
a large and green sludge was formed and corrosion was 
observed at the anode. The findings of the EDS analysis in 
the sludge from the EC-MAC-NaCl process (Fig. 5b) con-
firm the dissolution of the anode and the entry of Cu and 
Zn into the reaction reactor. According to previous studies, 
one of the disadvantages of adding salt to the EC reactor, 
despite its benefits, is the corrosion of the electrodes, which 
is consistent with the results of the present study [41]. It was 
found that adding NaCl salt to the EC-MAC process caused 
an ignorable increase in efficiency; furthermore, a high 
amount of non-recoverable sludge was produced. Hence, 
the current research was continued without adding salt to 
the EC-MAC process, because it is not economically and 
environmentally friendly.

The EC-MAC-PS process eliminated 98.9% of CIP after 
60 min. By adding PS to the EC-MAC process, the removal 
efficiency increased by about 4.5%. This phenomenon may 
be due to an increase in the number of sulfate radicals due 
to the cathode reduction of the PS anions [according to Eqs. 
(1) and (2)] and the chemical oxidation process of CIP by 
sulfate radicals, which have a higher oxidation potential 
than hydroxyl radicals in the system. Thus, in addition to 
adsorption and electrosorption processes, oxidation with 
sulfate radicals also occurs, which increases removal effi-
ciency [1,27].

Nevertheless, another phenomenon that happened 
during the EC-MAC-PS process was that some of the gray-
ish sludge (less than the sludge produced in the EC-MAC-
NaCl process) was produced, which was flocculated and 
separated by a magnet. This is owing to the presence of 
the MAC nanocomposites in the clot structure. The sludge 
from the EC-MAC-PS process was investigated by the EDS 
experiment (Fig. 5c). As can be seen, the amounts of Zn and 
Cu in the sludge were very low, which were not detectable. 
The sludge produced in the EC-MAC-PS process is a prob-
lem for the environment and needs to be treated, but in 
the EC-MAC process, the MAC nanocomposites are easily 
magnetically separable, regeneration and reusable. Also, 
the difference between the efficiency of EC-MAC-PS and 
EC-MAC was very low (about 4.5%). Therefore, the use 
of PS was neglected and the optimum conditions for the 
EC-MAC process were investigated.

3.3. Effect of key parameters on EC-MAC process

3.3.1. pH

The results of the effect of pH on the EC-MAC process 
have been shown in Fig. 6a. As indicated in the figure, there 
was an overall upward trend in the removal efficiency with 
increasing pH. The removal efficiencies of CIP at pHs: 3, 5, 
7 and 9 after 60 min were 87, 94.21, 94.4 and 95.64%, respec-
tively. The efficiency at acidic pH of 3 was the lowest, but 
the pHs of 5, 7 and 9 had a similar performance. Due to the 
proximity of the efficiencies, neutral pH 7 was selected as 
the optimum value. The pH of the CIP solution plays an 
important role in the adsorption and electrosorption pro-
cesses because CIP exhibits different behaviors at different 
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pH values. When pH is below 5.5, the CIP charge is posi-
tive (CIP+), when pH is between 5.5 and 7.7, CIP behaves 
zwitterionically (CIP±) and, when pH is greater than 7.7, CIP 
charge is neutral (CIP0) [43,44]. The pHZPC of the MAC nano-
composite was 6.4, hence, it was positive at pH  <  6.4 and 
negative at pH  >  6.4. Therefore, the MAC nanocomposite 
surface is positive and this phenomenon causes repulsive 
forces between the adsorbent and the antibiotic surface at 
acidic pH of 3, resulting in a decline in process efficiency. By 
increasing pH to 5.5, the MAC surface charge was positive 
and the charge of the antibiotic was neutral and zwitterionic, 
so the process efficiency increased slightly. In this research, 
the pH changes were also evaluated during the experiment, 
which showed that, after the final reaction time, the final pH 

of the reactor reached the zwitterionic range (7–8); it should 
be noted that the highest removal rate also occurred in this 
area. In the study by Wu et al. [45], by using carbon aerogel as 
particle electrodes for decoloration of RBRX dye solution in 
a 3D-EC, pH of 5.1 was selected as the optimum value. Also, 
in the study by Pang et al. [22], in which paced activated car-
bon was used in the 3D-EC to remove organic pollutants, it 
was claimed that there was a similar trend for the optimum 
pH and the removal efficiency increased with raising pH.

3.3.2. MAC nanocomposite dose

In the previous studies with the 3D-EC process, mainly 
GAC has been used as a particle electrode, which eliminates 
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Fig. 5. Results of (a) EDS after EC-MAC process, (b) EDS after EC-MAC-NaCl process and (c) EDS after EC-MAC-PS process.
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pollutants due to being exposed to the magnetic field by the 
adsorption and electrosorption processes. The amounts of 
GAC used in these studies were very significant between 
50 and 110  g/L, which are not economically [18,20,23,24]. 

A plus factor of the synthesized MAC nanocomposite was 
that a much lower amount of it was needed and accord-
ingly its performance was higher. Also, because of the mag-
netic properties of the MAC nanocomposite, they can be 
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Fig. 6. The effect of (a) pH (experimental conditions: CIP = 20 mg/L, EC = 1 mA/cm2, MAC = 0.9 g/L), (b) MAC dose (experimental 
conditions: CIP = 20 mg/L, EC = 1 mA/cm2, pH = 7), (c) CD (experimental conditions: CIP = 20 mg/L, MAC = 0.9 g/L, pH = 7) and (d) 
initial CIP concentration (experimental conditions: CD = 0.3 mA/cm2, MAC = 0.9 g/L, pH = 7) on EC-MAC process in CIP removal and 
(e) XRD results of MAC after process.	
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easily separated and recovered in a short time. The results 
of the effect of different MAC nanocomposite doses on the 
EC-MAC process have been presented in Fig. 6b. As can be 
seen, the CIP removal efficiency increased with increasing 
the dose of the MAC nanocomposite. The removal efficien-
cies for different MAC nanocomposite doses: 0.3, 0.6 and 
0.9 g/L after 60 min were 56.4%, 88.08% and 94.3%, respec-
tively. An increase in the MAC nanocomposite dose leads 
to an increase in the adsorbent active sites, the increase 
of the number of particle electrodes and thus the increase 
of the useful surface of active electrodes, which perform 
adsorption and electrosorption [26,28]. The results obtained 
for the effect of the MAC nanocomposite dose are consistent 
with those of similar studies [25,26,28].

3.3.3. Current density

CD is one of the most important parameters in the 3D 
system because it not only produces hydroxyl radicals by 
hydrolysis of water and eliminates pollutants by the elec-
trochemical oxidation process but also polarizes the MAC 
nanocomposites and creates particle electrodes. The cre-
ation of the particle electrodes increases the surface area of 
the electrodes and dominates the electrosorption process 
in addition to the adsorption process. Increasing the sur-
face area of the electrodes also increases the production of 
hydroxyl radicals and consequently enhances the process 
efficiency [18,21,41]. On the other hand, an increase in CD 
increases energy consumption, as well as the cost of treat-
ment, which makes the process uneconomically. Therefore, 
optimizing the CD and determining the optimum value is 
very important. The results of the influence of CD on the 
EC-MAC process have been shown in Fig. 6c. As can be 
seen, the CIP removal rates at the current densities of 0.3, 
0.6, 1 and 1.32 mA/cm2 were 96.6%, 96.11%, 95% and 94.25%, 
respectively. It was found that increasing CD had no effect 
on increasing the CIP removal efficiency and even slightly 
decreased the removal efficiency. The decrease in removal 
efficiency with increasing CD may be due to short-circuit 
current and bypass current, which occur with increasing 
CD [46]. Also, the high CD may lead to side reactions that 
have an adverse effect on the general CIP removal efficiency 
[24]. As mentioned above, the CD of 0.3 mA/cm2 was cho-
sen as the optimum value of the EC-MAC process. In other 
studies, using the 3D-EC process for the treatment of vari-
ous pollutants, higher CD values (20–50 mA/cm2) have been 
reported as the optimal value [24,47–49]. Therefore, the 
CD value used in the present study was much lower than 
those claimed in other studies.

3.3.4. Initial CIP concentration

In general, the removal efficiency decreases with an 
increasing initial concentration of pollutants due to the 
increased contaminant load on the adsorption and oxi-
dation processes occurring in 3D-EC. But, according to 
previous studies, this decrease in the 3D-EC process is rel-
atively less than that in the adsorption and EC processes 
[30]. As shown in Fig. 6d, with MAC nanocomposite dose 
of 0.9  g/L at initial CIP concentrations of 10, 20, 30 and 
40 mg/L, the removal efficiencies were 98.22%, 96.6%, 95.7% 

and 93.3%, respectively. As shown in the figure, the amount 
of the decrease in efficiency at high concentrations was very 
low, which is consistent with the results of other studies 
[16,20]. The main reason for the increase in removal effi-
ciency with increasing CIP concentration is that, in theory, 
increasing the initial concentration of pollutants can reduce 
the mass transfer limitations resulting in an increase in 
pollutant removal efficiency [50].

3.3.5. Stability of MAC

A sample of the MAC nanocomposite was sent for 
the XRD analysis after undergoing the EC-MAC process. 
The results of this analysis have been indicated in Fig. 6f. 
The XRD patterns before and after the process were almost 
identical, indicating that no change in the structure of the 
MAC nanocomposite crystals had occurred. As a result, the 
synthesized nanocomposites had high chemical stability 
after being processed.

3.4. Kinetic study

The kinetic studies are fundamental in adsorption 
processes due to their significant role in designing full- 
scale removal plants. To find a rate-controlling step and to 
explore the mechanism involved in CIP adsorption, several 
kinetic models [Eqs. (4)–(7)] were considered as summarized 
in Table 2.

The experimental data were fitted with the studied 
kinetic models (Table 2) by using the Origin 8.5 program. 
The quality of fitting and also the validity of the models used 
in this work were ascertained by calculating the non-linear 
parameter (R2

adj) by using Eqs. (8) and (9).
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Table 2
Adsorption kinetic models

Kinetic model Equation
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The experimental data and the model predictions have 
been plotted in Fig. 7, and the kinetic parameters obtained 
have been presented in Table 3.

The results revealed that the Avrami fractionary and 
pseudo-second-order kinetic models fitted better the exper-
imental results than the other models, indicating that the 
interaction between CIP and adsorption sites of MAC. As 
the pseudo-second-order kinetic model depicted that, with 
increasing MAC dose to CIP ratio, the ratio of the amount 
of CIP adsorbed at equilibrium to the initial amount of CIP 
increases, and the rate constant (kS) also improves indicating 
faster adsorption of CIP.

3.5. Isotherm study

Batch adsorption experiments were carried out to obtain 
CIP concentrations in the liquid phase. Several adsorp-
tion models can be used to describe experimental data of 
adsorption isotherms. According to Table 4, the equilib-
rium data were modeled with the Freundlich, Langmuir, 

Dubinin–Radushkevich, Temkin, Sips, Liu and Redlich–
Peterson isotherms [Eqs. (10–16)].

This study aimed to find the best isotherm model that 
can correctly predict CIP removal and equilibrium liquid 
phase concentration. In order to fit the experimental and 
predicted values of adsorption capacity for plotting the 
isotherm curves, R2

adj were calculated according to Eq. (9). 
The isotherm equations were fitted with the adsorption data 
at various MAC doses (Fig. 8). The parameters obtained 
in fitting the experimental data have been summarized 
in Table 5.

The results showed that, amongst the two-parameter 
models, the best data fit belonged to the Langmuir model, 
indicating the occurrence of adsorption by a homogenous 
monolayer process without any internal interactions among 
the adsorbed CIP ions on the MAC surface. Furthermore, the 
studied three-parameter isotherms indicated a good fit with 
the experimental results of CIP adsorption at various doses 
of MAC, based on the high R2

adj values. Compared to the two-
parameter models, the higher R2

adj related to three-parameter 
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Fig. 8. Plots of isotherm models for CIP adsorption onto MAC nanocomposite.

Table 3
Values of kinetic parameters and correlation coefficients for the adsorption of CIP

Kinetic model Constant  
parameter

MAC dose (g/L)

0.3 0.6 0.9

Pseudo-first-order qe 37.26 ± 0.32 28.1 ± 0.49 21.43 ± 0.19
kf 0.13 ± 0.006 0.12 ± 0.01 0.18 ± 0.01
R2

adj 0.991 0.95 0.986
Pseudo-second-order qe 41.21 ± 0.29 31.26 ± 0.34 23.01 ± 0.11

kS 0.005 ± 0.002 0.006 ± 0.004 0.014 ± 0.001
R2

adj 0.997 0.993 0.998
Elovich Α 48.25 ± 16.68 33.57 ± 0.38 46.78 ± 1.83

Β 0.16 ± 0.01 0.21 ± 0.005 0.29 ± 0.002
R2

adj 0.978 0.994 0.942
Avrami fractionary qe 38.21 ± 0.18 33.67 ± 0.77 21.91 ± 0.01

kAV 0.13 ± 0.003 0.09 ± 0.01 0.19 ± 0.0001
nAV 0.73 ± 0.02 0.46 ± 0.02 0.65 ± 0.003
R2

adj 0.999 0.999 0.996
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Table 4
Adsorption isotherm models and parameters

Isotherm model Equation
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Table 5
Values of isotherm parameters and correlation coefficients for the adsorption of CIP

Isotherm model Constant  
parameter

MAC dose (g/L)

0.3 0.6 0.9

Freundlich KF 22.08 ± 2.68 23.13 ± 2.01 39.04 ± 1.52
1/nF 0.27 ± 0.04 0.32 ± 0.04 0.45 ± 0.03
R2

adj 0.978 0.979 0.991
Langmuir Qmax 59.09 ± 3.19 61.54 ± 0.27 97.39 ± 0.53

KL 0.31 ± 0.07 0.41 ± 0.007 0.67 ± 0.01
R2

adj 0.977 0.939 0.973
Dubinin–Radushkevich Qmax 50.84 ± 0.13 49.99 ± 0.17 72.52 ± 0.21

KD–R 1.13 × 10–6 4.08 × 10–7 1.9 × 10–7

R2
adj 0.894 0.825 0.955

Temkin AT 4.86 ± 0.09 7.72 ± 0.35 8.58 ± 0.23
B 11.02 ± 0.04 11.29 ± 0.13 19.59 ± 0.17
R2

adj 0.981 0.875 0.922
Sips Qmax 70.29 ± 0.56 66.78 ± 0.61 84.48 ± 1.23

KS 0.31 ± 0.002 0.48 ± 0.005 0.57 ± 0.03
nS 1.42 ± 0.02 1.31 ± 0.02 0.91 ± 0.02
R2

adj 0.988 0.985 0.956
Liu Qmax 70.29 ± 2.53 66.78 ± 2.44 84.48 ± 1.82

Kg 0.19 ±0.001 0.39 ± 0.001 0.96 ± 0.001
nL 0.71 ± 0.001 0.76 ± 0.001 1.11 ± 0.001
R2

adj 0.999 0.99 0.99
Redlich–Peterson KRP 28.91 ± 0.17 44.82 ± 0.19 68.75 ± 0.09

aRP 0.77 ± 0.007 1.05 ± 0.007 0.67 ± 0.001
G 0.87 ± 0.001 0.89 ± 0.001 0.99 ± 0.001
R2

adj 0.999 0.999 0.999
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isotherms illustrated that these models were more suitable 
than two-parameter models for the prediction of CIP adsorp-
tion by the MAC nanocomposite. As reported in Table 5, the 
theoretical maximum adsorption capacity (Qmax) of the nano-
composite was obtained from all three-parameter models 
at various MAC doses close to the value obtained from the 
Langmuir model. Also, all the exponents of the three-param-
eter models were close to unity, signifying the adsorption of 
CIP onto MAC nanocomposite was a homogeneous process.

4. Conclusion

In this study, the MAC nanocomposite was synthesized 
and then used as particle electrodes in a 3D system in com-
bination with PS. The characterization of the nanocompos-
ite by related analyses indicated the formation of a proper 
nanoparticle structure and stability during the experiments. 
Among the EC-MAC and EC-MAC-PS processes, EC-MAC 
was selected as the appropriate process and optimum con-
ditions for this process were determined. Moreover, the 
EC-MAC-PS method was excluded from further experi-
ments because of producing unrecoverable sludge owing 
to using PS. Under the optimal conditions in the EC-MAC 
process, the CIP removal rate was 98.21% that is a very good 
efficiency. On the other hand, the MAC nanocomposite 
used in the EC-MAC process could easily be recovered and 
reused, which is one of the benefits of this process. Studies 
of isotherms and kinetics also showed that the Avrami frac-
tionary and pseudo-second-order kinetic models were the 
most consistent with the results of the present study and 
Qmax obtained from the Langmuir isotherm model was found 
to be 97.39 mg/g. Overall, the present study had very good 
results in removing deodorants from aqueous solutions. 
However, it may have some limitations, such as the use of 
electricity and its cost, which would be minimized if optimi-
zation of the variable were done.
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Symbols

aRP	 —	 Redlich–Peterson constants, mg/L
AT	 —	 Temkin constant, L/g
Ce	 —	� Supernatant adsorbate concentration at the equi-

librium, mg/L
g	 —	 Redlich–Peterson exponent, dimensionless
kAV	 —	 Avrami kinetic constant, 1/min
KD–R	 —	 Adsorption energy, mol2/kJ2

KF	 —	 Freundlich equilibrium constant, mg/g
kf	 —	 Pseudo-first-order rate constant, 1/min
Kg	 —	 Liu equilibrium constant, L/mg
KL	 —	 Langmuir equilibrium constant, L/mg
KRP	 —	 Redlich–Peterson constants, L/g
KS	 —	 Sips equilibrium constant, (mg/L)–1/n

kS	 —	 Pseudo-second-order rate constant, g/mg min

nAV	 —	 Fractional adsorption order
nF	 —	 Freundlich exponent, dimensionless
nL	 —	 Liu exponent, dimensionless
np	 —	 Number of experiments performed
nS	 —	 Sips exponent
p	 —	 Number of parameters of the fitted model
q̄exp	 —	 Average of q experimentally measured
qe	 —	� Amount of adsorbate adsorbed at the equilib-

rium, mg/g
qe	 —	 Equilibrium adsorption capacity, mg/g
qi,exp	 —	 Value of q measured experimentally
qi,model	 —	 Value of q predicted by the fitted model
Qmax	 —	� Maximum adsorption capacity of the adsorbent, 

mg/g
qt	 —	 Amount of adsorbate adsorbed at time t, mg/g
R	 —	 Universal gas constant, 8.314 J/mol K
t	 —	 Contact time, min
T	 —	 Absolute temperature, °K
α	 —	 Initial adsorption rate, g/mg min
β	 —	� Extent of surface coverage and the activation 

energy involved in chemisorption, g/mg
ε	 —	 Polanyi potential
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