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a b s t r a c t
Tetracycline (TC), a widely used antibiotic in medicine and veterinary system around the world, 
is a major pollutant. Advanced oxidation processes based on radical sulfate and hydroxyl are 
widely applied due to the high oxidation potential for the degradation of recalcitrant organic 
pollutants in aqueous media. Herein, a strategy based on the green-synthesized biogenic nanosil-
ver is described in conjunction with the deployment of peroxymonosulfate (PMS) and hydrogen 
peroxide which were activated by silver for the remediation of tetracycline in water. The effects 
of various parameters such as biogenic nanosilver dosage, the varying concentration of PMS and 
hydrogen peroxide, pH, and initial concentration of antibiotic in TC degradation were investi-
gated; TC removal efficiency was over 85% within 90 min under optimal conditions: 15 mg/L TC, 
50 mM PMS, 4 mM Ag nanoparticle, pH = 4, and 80 mM H2O2. The degradation of tetracycline in the 
PMS/H2O2/Ag NPs process followed the pseudo-first-kinetics.
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1. Introduction

One of the major problems in today’s healthcare 
system is the widespread administration or consumption 
of drugs, especially antibiotics which are of particular sig-
nificance because of microbial resistance [1–4]. They are 
widely used in medicine and veterinary system to prevent 
and treat illnesses [5–8]. Antibiotics are introduced into the 
aquatic environment from various pathways such as agri-
cultural runoff, direct discharge from urban wastewater, etc. 
[9,10] and thus have enduring effects on the environment 
[11]; ~30%–90% of antibiotics are not metabolized in the 
human and animal body and are excreted in the urine and 
feces as active compounds [12,13].

Tetracyclines (TC) are widely used among antibiotics and 
comprise oxytetracycline (OTC) tetracycline (TC), cholest-
racycline (CTC) among a large group of antibiotics used 
in animal husbandry [14].

The antibiotics and their metabolites have been detected 
in surface water, groundwater, wastewater, and drinking 
water at levels ranged from ng/L to µg/L [15]. The average 
concentration of TC, OTC, and CTC reported in United 
States surface water were 0.11, 1.34, and 0.15 µg/L, respec-
tively [16,17].

Yazdanbakhsh et al. [4] illustrated that antibiotics 
were almost intact, and various antibiotics were found in 
groundwater, surface water, drinking water, and even soil. 



M. Malakootian et al. / Desalination and Water Treatment 208 (2020) 345–354346

A study by Chen et al. [14] showed that the concentration 
of tetracycline in surface and underground waters, soil, 
liquid fertilizers, and wetlands were 0.15, 86–97, 4, and 
3 µg/L, respectively [14]. The main processes of removing 
the antibiotics from water and wastewater include advanced 
oxidation processes (AOPs), biological purification of active 
sludge, membrane processes of microfiltration and ultra-
filtration [18], and high-pressure separation technologies 
such as nanofiltration and reverse osmosis [19]. The use of 
ion exchange and membrane processes often involves the 
restoration, replacement, and treatment of produced saline 
waste [20]. In addition, microbial processes are generally 
slow and in some cases, in comparison with chemical degra-
dation, are incomplete [21].

AOPs have been developed to degrade hazardous, per-
sistent, and non-degradable organic pollutants in drinking 
water and industrial effluents [22,23], and most of the AOPs 
are based on the generation of hydroxyl radicals (•OH) 
[24,25], often via activation of H2O2 by a catalyst such as 
silver nanoparticles to yield the radical •OH [26,27]. Sulfate 
radical (SO4

•−) – based AOPs, in which peroxymonosulfate 
(PMS) is used as an oxidant, has been a recent entry for the 
degradation of non-biodegradable contaminants [28,29]. 
PMS can be activated to generate SO4

•− which iso a powerful 
oxidant that can oxidize most organics in wastewater [30,31].

The two peroxides mentioned above (derived from 
PMS and H2O2) are similar in structure and they all have an 
O–O bond [32,33]. One hydrogen atom in H2O2 is replaced 
by SO3 to generate HSO5

− and two hydrogen atoms in H2O2 
are replaced by SO3 to form S2O8

2− [32]. Due to the influence 
of SO3, the O–O bond is lengthened and the bond energy 
decreases. These peroxides are strong oxidizers, with stan-
dard oxidation–reduction potential (E0) 1.82 V (PMS) and 
1.776 V (H2O2), respectively [34]. They all possess limited 
ability to oxidize organics independently [33] but under 
metal (Ag+, Fe2+, Cu+, etc.) activation conditions, these 
peroxides can generate free radicals SO4

•− and •OH [35–37].
Sulfate radicals are usually produced by the activation 

of oxidants such as PMS (HSO5
–) or oxone (oxone, HSO5

–) 
and a proxy dicarboxylic acid (PDS, S2O8

2–) or persulfate 
[PS (S2O8

2–)] with heat, ultraviolet radiation, ultrasonic 
waves, or deployment of catalysts (intermediate metal 
ions such as Fe2+, Ag+, etc.) at elevated pH [30,38–41].

Oxone or PMS is an asymmetric oxidant and, as a 
result, activates into radical hydroxyl and sulfate (Eqs. (1) 
and (2)) [41].

HSO SO OH5 4
− •− •→ +  (1)

SO H O SO OH H4 2 4
2− −+ → + +  (2)

Silver nanoparticles are one of the intermediates, 
which, as a catalyst, transfer electrons through the process 
of decomposing oxone and hydrogen peroxide and pro-
ducing sulfate and hydroxyl radicals [42,43]. They are 
uniquely suitable in view of size, optical structure, 
catalytic features, and electron-bearing properties [44].

The present study was undertaken for use of oxone 
as a source of sulfate radical and hydrogen peroxide as a 
source of hydroxyl radical and metal cations (silver) as an 

activator in the decomposition and removal of tetracycline 
antibiotics from aqueous environments.

Both these peroxides have a limited ability to oxidize 
organic compounds by themselves, but in presence of an 
activator, they can produce radicals that have the poten-
tial for oxidation and reduction; most of the organic pol-
lutants could be oxidized and hence useful in water and 
wastewater treatment.

Hence, the main goal of this study was the assessment 
of tetracycline (TC) antibiotic removal from aqueous solu-
tion by Ag NPs/H2O2/PMS process. At first, nanoparticles 
were simply synthesized and their properties were deter-
mined. Influential factors, including pH, catalyst dosage, 
PMS concentration, and H2O2 concentration on antibiotic 
removal, were investigated next. The ideal goal of each 
chemical process for the elimination of organic compounds 
is the oxidation of parent molecule to its mineral com-
pounds. Hence, chemical oxygen demand (COD) has been 
often determined for this purpose. In this way, COD removal 
was investigated to study the degree of mineralization.

2. Materials and methods

This experimental study was conducted at room 
temperature (23°C–26°C). All experiments were performed 
in a 500 mL reactor on 300 mL of synthetic wastewater con-
taining various concentrations of tetracycline antibiotic 
with a purity of more than 95% using sulfate and hydroxyl 
radicals generated by the PMS/H2O2/Ag NPs process.

2.1. Materials

All chemicals in this study were of analytical grade 
and used without any further purification. All solutions 
were prepared with deionized water. Sodium hydroxide 
(NaOH), hydrogen peroxide (H2O2, 30%), and sulfuric acid 
(H2SO4, 98%) were obtained from Merck and Co. Oxone 
(2 KHSO5·KHSO4·K2SO4) was purchased from Sigma Inc., 
as the source of PMS. TC hydrochloride [C22H25N2O8Cl] 
(AR, 99%), was secured from Sigma–Aldrich. Chemical 
properties of TC hydrochloride are shown in Table 1 [14].

2.2. Greener synthesis and characterization of Ag nanoparticles

First, 10 g of rose petals were weighed using a sensi-
tive scale (Keran and Gumby, D-72336) and washed twice 
with sterile deionized water to remove dust from the 
petals surface. Then they were added to the Erlenmeyer 

Table 1
Chemical properties of TC hydrochloride

Molecule TC

Molecular weight (g/mol) C22H24O8N2 HCl
Formula 480.9
Solubility (mol/L) 0.041
pKa1 3.2 ± 0.3
pKa2 7.78 ± 0.05
pKa3 9.6 ± 0.3
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dishes containing 100 cc of boiling deionized water. 
The samples were boiled for 10 min and then cooled 
slowly to room temperature. Finally, the sample was 
filtered and petals were discarded and the supernatant 
was filtered using Whatman paper No. 40 to separate 
any insoluble particles. The filtered rose petal extract was 
used to synthesize silver nanoparticles.

2.3. Biosynthesis of silver nanoparticles

First, 50 mL of stock solution 0.1 mol of silver nitrate 
was prepared. One milliliter of silver nitrate was added 
to 25 mL of extracts. The reaction mixture (plant extract + 
silver nitrate) was stored in the dark and kept at 30°C.

2.4. Review of physical and chemical properties of nanoparticles

The absorbance of the sample was investigated using 
UV-visible spectrophotometry (Analytic Gena, Germany) 
at a wavelength between 200 and 700 nm. To determine 
the shape, distribution, and size of nanoparticles obtained 
from rose petals extract, a spectroscopic analysis was per-
formed. To this end, a small drop of nanosilver suspension 
was added on a thin sheet of copper and dried at room tem-
perature with no heat. The sample was then studied using 
an electron microscope (LEO912-AB LEO). To investigate 
the crystalline structure of the particles, 100 mL of silver 
nanoparticles suspension was centrifuged with a circle 
of 18,000 for 20 min (LADNET, America). Then the upper 
phase was removed and the deionized water was added 
to the depositional nanoparticles up to the previous vol-
ume (100 mL), which was repeated two times. Finally, the 
remaining sediments were analyzed after drying by X-ray 
diffraction (PAN analytical, XPERTPRO, and Holland).

2.5. Experiments procedure

In experimental studies, different doses of silver nano-
particles were added to the reactor, then varying amounts 
of the oxone and hydrogen peroxide were added to the 
system and the pH of the solution was adjusted by sulfu-
ric acid. The reactor was then sampled and analyzed on 
a shaker at a speed of 200 rpm with specified intervals. 
A spectrophotometer with a wavelength of 261 nm was 
used to measure tetracycline and it was analyzed as soon as 
it was sampled. The experiments were repeated two times.

At first, the antibiotic tetracycline solution (500 mg/L) 
was prepared weekly and stored at 4°C.

Then, solutions of the desired concentration were made 
from an existing stock solution. Based on studies, the effects 
of silver nanoparticles (1, 2, 4, and 6 mM) and then PMS 
(2, 10, 20, 50, and 80 mM), H2O2 concentration (10, 30, 50, 
and 80 mM), TC concentration (15, 30, 45, and 60 mg/L), 
pH (4, 7, and 10), and finally mineralization at 90 min of 
contact were analyzed.

To determine the effect of hydroxyl and sulfate radicals, 
tert-butyl alcohol and methanol were used at a concentra-
tion of 1 g/L. Data was collected from different stages of 
the experiment and the results were analyzed using Excel 
software. For the TC removal efficiency, the following 
formula was used (Eq. (3)) [25].

C
C
C

Re
0

0

100− × =








  (3)

where C0 and Ce are the initial and final concentrations of 
tetracycline in mg/L, respectively. In order to evaluate the 
kinetic model, tetracycline was analyzed under optimum 
conditions (0–90 min).

2.6. Analytical methods

The pH of the solution was determined by a pH meter 
(Hanna Instruments, Japan). A UV spectrophotometer 
(Shimadzu, Japan) was used to measure the TC concentration 
in solution at λmax = 261 nm.

3. Results and discussion

3.1. Characterization of Ag NPs

Most of the chemical and physical processes that are 
normally used to synthesize nanoparticles require the use 
of harmful chemical compounds for the environment and 
humans and require the use of expensive equipment with 
possible high energy consumption. These methods can have 
irreparable risks to human health and the environment. 
The synthesis methods presented in this study, using rose 
petals (biological resources) in the production of stable 
nanoparticles, thus avoiding harmful methods. Developing 
this approach is a step towards greener chemistry and 
decreasing the use of harmful compounds and energy 
consumption in the process of producing nanoparticles.

Observing the color change of the reaction mixture of 
rose petals extract from a light cream to a reddish-brown 
is the first indication of the presence of silver nanoparticles 
in the sample (Fig. 1); visible sign with the naked eye can 
follow the synthesis of nanoparticles. The absorption peak 
in the sample blends at a range of 4,450 nm represents the 
synthesis of silver nanoparticles; observed absorption peak 
corresponds to the surface plasmon vibration (SPR) of the 
silver nanoparticles.

Transmission electron microscopy (TEM) images indicate 
that the synthesized silver nanoparticles using rose petals 
were less than 50 nm in size. The synthesis of silver nanopar-
ticles is associated with a four-absorption peak at angels 
of 38, 44, 64, and 77 and crystalline plates of 111, 200, 220, 
and 311, respectively. These spectra confirm the existence of 
crystal silver in the reaction mixture. Observed crystalline 
plates indicate the presence of silver nanocrystals, which 
are crystallized in the structure of FCC (cubic crystalline 
cell centers) (Fig. 2).

3.2. Effects of important parameters on degradation of 
TC in Ag NPs/H2O2/PMS system

3.2.1. Effect of Ag NPs dosage

The effect of different concentrations of silver nano-
particles on tetracycline degradation was investigated 
and the results are shown in Fig. 3a. Increasing the con-
centration of silver nanoparticles has a positive effect 
on the efficiency of the removal due to the production of 
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Fig. 1. Color change of the extract after the formation of Ag NPs.

(a)

(b)

(c)

Fig. 2. Characterizations of the Ag nanoparticles (a) UV-vis absorption spectrum, (b) X-ray diffraction pattern, and 
(c) TEM images of the greener synthesized Ag NPs.
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more radical sulfate and hydroxyl as a result of the acti-
vation by silver nanoparticles; increased concentration 
of silver nanoparticles up to 4 mM causes a significant 
increase in the removal efficiency of tetracycline. At con-
centrations higher than 4 mM, the removal efficiency of 
tetracycline increases with a very small slope [45].

In a study by Eslami et al. [46] on the removal of 
tetracycline using the PS/US/Ag NPs process at various con-
centrations of silver sulfate from 0 to 6.5 mM, an optimal 
concentration of 3.5 mM was obtained. The addition of sil-
ver up to certain limits increases the activation of persulfates 
and the production of sulfate radicals and further eliminate 
tetracycline antibiotics.

3.2.2. Effect of PMS dosage

The effects of different concentrations of oxone from 
2 to 80 mM on tetracycline degradation were investigated 
and the results are depicted in Fig. 3b. The increase of the 
concentration of oxone to 50 mM, the removal efficiency 
of tetracycline increases, but with the further increase in 
its concentration, the removal efficiency of tetracycline 
decreases. In fact, by increasing the concentration of the 
oxone, more sulfate radicals are produced, which enhances 
the efficiency of the tetracycline removal, but an increase 
in the concentration of the oxone has a negative effect on 
the efficiency of the removal process, which is due to two 
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Fig. 3. Tetracycline degradation performance of the PMS/H2O2/Ag NPs system: (a) effect of Ag NPs dosage, (b) effect of PMS dos-
age, (c) effect of the H2O2 dosage, (d) effect of initial TC concentration, and (e) effect of pH solution conditions: Ag NPs = 0.15 mM, 
H2O2 = 80 mM, PMS = 20 mM, 15 mg/L TC; ambient temperature if not labeled).
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reasons: (1) higher concentrations of oxone causes the reac-
tion sulfate radicals with each other according to Eq. (4) [47].

SO SO S O SO4 4 2 8 4
2•− •− −+ → +  (4)

(2) controlling sulfate radicals by HSO5
– and the formation 

of less active radicals of SO5
– according to Eq. (5) [47].

HSO SO SO SO H5 4 5 4
2− •− − − ++ → + +  (5)

In the related study for tetracycline remediation by 
Eslami et al. [46] was conducted via an enhanced sonochem-
ical process with radical sulfate, TC degradation rates 
increased with the increase of the concentration of PS, 
varying from 71% to 83% for PS concentration of 2 and 
70 mM, respectively [46].

Also, previous studies have shown that persulfate has a 
more optimal effect on the removal efficiency of pollutants, 
which may be due to the production of sulfate anions instead 
of radical sulfate and the reaction of radicals with each 
other radicals before their reaction with organics [48].

3.2.3. Effect of H2O2 dosage

In AOPs based on the presence of catalysts, the addi-
tion of hydrogen peroxide as a producer of free hydroxyl 
radicals in the suspension often results in an increase in 
catalytic proportions. In order to maintain the perfor-
mance of added H2O2, it is appropriate to choose the H2O2 
concentration according to the type and concentration of 
contaminants. Fig. 3c shows the efficiency of the removal 
of tetracycline against the concentration of hydrogen per-
oxide; the removal efficiency at all initial concentrations 
of tetracycline increases with increasing hydrogen per-
oxide concentration up to 80 mM, and then decreases. 
In other words, the higher amount of hydrogen peroxide 
has a deterrent effect on the production of hydroxyl radicals 
which reduces the efficiency of removal.

This can be attributed to the excessive reaction of H2O2 
with OH• according to the following reactions (Eqs. (6) 
and (7)) and the formation of HO2, which, compared to the 
free radical of hydroxyl, has little or no radical scavenging 
oxidizing power [49–52].

H O H H HO2 2 2+ → ++ + •  (6)

• •+ → +OH H O HO  H O2 2 22  (7)

In AOPs, the oxidation concentration is a major con-
tributor to the degradation of organic matter. In Kakavandi 
et al. [53] study on the removal of tetracycline, an increase 
in H2O2 concentration from 1 to 5 mM led to an increased 
removal efficiency. The most degradation was obtained 
at a concentration of 5 mM H2O2.

3.2.4. Effect of initial TC concentration

The effect of the initial concentration of tetracycline on 
the process efficiency was also studied. The concentration 

of tetracycline was different at four concentrations of 15, 
30, 45, and 60 mg/L in the solution. As shown in Fig. 3d, the 
process efficiency decreased at a higher concentration of 
the pollutant.

Since hydroxyl and sulfate radicals production remains 
constant in steady-state, it will be consumed by the 
increased amount of pollutants in the existing radical envi-
ronment, and at higher concentrations of pollutants [54].

At higher concentrations of tetracycline, the probability 
of collision between the molecules of tetracycline and rad-
icals is decreased. In addition, the intermediate products 
comprising tetracycline mineralization compete with the 
main pollutants in reaction with radical sulfate. Therefore, 
the process efficiency is decreased by the higher initial 
concentration of tetracycline [55].

At high concentrations, with the increase in antibiot-
ics, there is the possibility of intermediate-competition 
with primary molecules, and this interference increases 
because of large amounts of intermediates (at high initial 
concentrations).

3.2.5. Effect of initial pH

To evaluate the effect of solution pH on the degrada-
tion of tetracycline antibiotic, pH values of 4, 7, and 10 
were adjusted with hydrochloric acid and sodium hydrox-
ide; pH level affects the production of hydroxyl and sulfate 
radicals and hence the oxidation efficiency. As shown in 
Fig. 3e, the degradation rate of tetracycline is increased at 
lower pH. The low removal efficiency at high pH can be 
due to different reasons, including (1) decreasing the radi-
cals of sulfate by radical hydroxyl at higher pHs according to  
Eq. (8) [56].

SO OH HSO O4 4 20 5•− • −+ → + .  (8)

(2) the conversion of radical sulfate to radical hydroxyl 
with a lower oxidation potential in alkaline conditions 
according to Eq. (9) [57].

SO  H O SO OH H24 4
2•− − • ++ → + +  (9)

(3) the oxidizing properties of hydrogen peroxide are 
strongly decreased in alkaline pH range and converted to 
water [58]; AOPs in acidic environments will perform bet-
ter than alkaline environments [59,60]. Also, an increase 
in the removal rate of tetracycline in acidic conditions can 
be attributed to the fact that tetracycline molecules have a 
positive charge under acidic conditions in a negative-charge 
bubble fluid interfacial; the concentration of active radicals 
and temperature is higher, and therefore, a higher removal 
rate occurs [61,62].

3.3. Mineralization of TC

The COD removal rate was evaluated under optimal 
conditions at 90 min after completion of the reaction (Fig. 4). 
The results of COD analysis showed that in the remedia-
tion of tetracycline antibiotic using the PMS/H2O2/Ag NPs 
process, the mineralization rate was about 50.2% after the 
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end of the reaction. The results of COD removal under 
optimal conditions showed that the removal rate of COD 
was lower than the removal efficiency of tetracycline anti-
biotics. In fact, during the oxidation process, parts of the 
tetracycline antibiotic have not been fully decomposed, 
and as organic products have reduced the COD removal 
efficiency in comparison with the antibiotic removal effi-
ciency. In other words, some antibiotics do not completely 
mineralize into the expected inorganic compounds of H2O 
and CO2, but to organic sub-products [63,64].

The higher the amount of contaminated mineraliza-
tion, the lower the environmental hazard of wastewater 
drainage.

3.4. Degradation mechanism

The kinetic models including zero, first degree, and 
second-order-kinetics were investigated, and the results 
are presented in Fig. 5. The kinetics of tetracycline degra-
dation is followed by a pseudo-first-kinetic, and the con-
stant of the reaction speed is under optimal conditions 
(Eq. (10)). The criterion for choosing the most suitable and 
consistent model is the linear regression coefficient [65].

Ln 
C
C

kt
t

0









 = −  (10)

In this equation, Ct and C0 are the concentration of 
tetracycline antibiotic at time t and time zero, and k is 
the reaction speed constant (1/min). Other studies that 
investigated the removal of tetracycline by using the AOP 
process behaved similarly. In a study, Oturan et al. [66] 
found to eliminate tetracycline using the electr ochemical 
process and the destruction of TC follow pseudo -first-
kinetics. In another study by Kakavandi et al. [53], the 
destruction of tetracycline by the UV-Fenton process 
followed the first-order-kinetics as well.

3.5. Comparison of various processes

The results of the comparative efficiency of tetracycline 
removal by Ag alone, PMS alone, H2O2 alone, and PMS/H2O2/
Ag NPs processes under optimal conditions are secured 
(15 mg/L TC, 50 mM PMS, 4 mM Ag nanoparticle, pH = 4, 
and 80 mM H2O2) and depicted in Fig. 6. As the results indi-
cate, the efficiency of removing tetracycline by the PMS/

H2O2/Ag NPs hybrid process is higher than the Ag, PMS, 
and H2O2 processes alone. The removal efficiency for PMS 
from the H2O2 process is more than the silver nanoparticle 
process alone (Fig. 6) and are in the order

PMS / H O / Ag NPs PMS H O Ag NPs2 2 22 > > >  (11)
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Fig. 4. COD removals from TC degradation (15 mg/L TC, 20 mM PMS, 0.15 Ag and pH = 4, and 80 mM H2O2)
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3.6. Effect of radical scavenger on the average removal efficiency

To detect hydroxyl and sulfate radical production 
in the PMS/H2O2/Ag NPs process, tert-butanol alcohol 
(TBA) and methanol radicals scavenger were deployed. 
Methanol can scavenge both •OH and SO4

•– owing to both 
high reactivity toward two radicals resulting from the α-H 
in the alcohol molecular, whereas TBA is a quenching agent 
mainly effective for •OH (3.8–7.6 × 108/M/s) rather than 
SO4

•– (4.0–9.1 × 105/M/s).
It was noted that the reduction in the efficiency of tet-

racycline removal by tert-butanol, and methanol after 
the end of the reaction was 73.18% and 60.28% (Fig. 7). 
This compound is widely used in AOPs as a radical scav-
enger to determine the role of radical hydroxyl; tertiary- 
butanol has a high solubility in water and low absorption 
rates on catalysts and it reacts rapidly with free radicals 
of hydroxyl. Decreasing the efficiency of the removal of 
tetracycline in the PMS/H2O2/Ag NPs process by tert- 
butanol, suggests that hydroxyl and sulfate radicals play 
a major role in eliminating the tetracycline [43].

4. Conclusions

The results from this study revealed that the advanced 
technology based on oxidation by radical sulfate and 
hydroxyl to remove contaminants in aquatic environments 
is affected by several factors such as catalyst concentration 
(4 mM), oxidizing concentrations (oxone 50 mM and hydro-
gen peroxide 80 mM) and pH: 4, 15 mg/L initial concen-
tration of contaminant and 90 min contact time. The study 
showed that the process is capable of decomposing and 
degrading recalcitrant organic pollutants such as tetracycline 
antibiotics from aqueous environments. In addition, this 
process can be deployed to remove antibiotics of the sim-
ilar structure or enhance their biodegradability.
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