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A B S T R A C T   

Pyrite mine waste was used as a non-toxic and natural catalyst for the activation of peroxydisulfate (PDS) and 
peroxymonosulfate (PMS) to oxidize tetracycline (TTC), one of the most extensively used antibiotics worldwide, 
in contaminated water. The results demonstrated that PMS was activated more effectively than PDS by using 
pyrite. Scavenging experiments indicated that both OH• and SO4

• − were the main oxidative species in the pyrite/ 
PMS process, while SO4

• − was more dominant. A high degradation of 98.3 % and significant mineralization (up to 
46 %) of TTC (50 mg/L) were achieved using pyrite activated PMS at a reaction time of 30 and 60 min, 
respectively. In-vivo toxicity of raw and pyrite/PMS treated TTC solutions was evaluated using biochemical and 
histopathological assays. The results revealed that the pyrite/PMS process significantly decreased the nephro-
toxicity (90 %) and hepatotoxicity (85 %) effect of TTC. Catalyst reusability was evaluated under cycling con-
ditions. No significant decrease in process efficiency was measured between the first and fourth cycle (<3% 
decrease in TTC removal). In conclusion, mine waste pyrite nanoparticles can be considered as a non-toxic and 
clean catalyst to activate PMS for an effective detoxification, degradation, and intermediate mineralization of 
TTC, as a refractory water pollutant.   

1. Introduction 

In recent decades, the presence of organic recalcitrant matter such as 
pharmaceutical compounds (PCs) as emerging contaminants in water 
has attracted increasing attention [1–4]. The prevalence of these re-
fractory contaminants has unexpected and sublethal chronic effects on 
human beings and ecosystems [5–7]. In recent years, advanced oxida-
tion processes (AOPs) based on sulfate radicals (SO•−

4 ) have gained 
attention for the degradation of recalcitrant pollutants [8–10]. Several 
advantages have been reported for these technologies including long 
lifetime, high oxidation potential (E0 = 2.5–3.1 V) and relative stability 
of SO•−

4 [11,12]. SO•−
4 is produced mostly through the activation of 

persulfates (PS) (peroxydisulfate (PDS) and/or peroxymonosulfate 
(PMS)), via UV radiation [13], heat [14], carbon catalyst, ultrasound, 
electrochemistry, and transition metals (such as Fe2+, Co2+, Ag+, and 
Cu2+) [15–18]. Recent studies have proven that PS activation by 

transition metals could generate both SO•−
4 and OH• simultaneously [12, 

19]. This process leads to high efficiency in the decomposition of various 
water pollutants. Among various transition metals used for activating PS 
for the production of OH• and SO•−

4 , Fe-containing compounds such as 
Fe2O3-Cu2O [15], MnFe2O4 [20], CoFe2O4 [21,22], and FeS2 [23,24] 
have attracted attention. These compounds have special properties 
including high efficiency, natural abundance and nontoxicity. 

PS-based AOPs with ionic Fe as a catalyst are classified into ho-
mogenous and heterogeneous systems. Some recurrent limitations exist 
for homogeneous systems including difficult recovery of Fe ions, 
important effect of pH on the performance, slow recovery of Fe(II)/Fe 
(III) and rapid scavenging of SO•−

4 by Fe2+ excess [25,26]. Thus, 
recently, heterogeneous PS-based AOPs with Fe have been considered in 
the treatment of water refractory contaminants [27–29]. In this regard, 
most of the previous studies have employed synthetic iron composites. 
Although some of these synthesized catalysts have demonstrated 
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considerable potential for PS activation, their production may be 
problematic from an environmental point of view leading to a limited 
application in full-scale systems [30]. To overcome these limitations, the 
use of natural Fe-containing minerals could be considered as a feasible 
option. 

Among different Fe natural minerals, pyrite (FeS2) is considered as 
one of the most abundant natural iron-sulfur minerals available from 
natural ore as a mine waste [22,31,32]. Therefore, due to the low-cost 
and environmental friendly characteristics, waste-derived pyrite can 
be considered as a catalyst for water and wastewater treatment. Many 
researchers have confirmed the cost-effectiveness of pyrite as a catalyst 
for the removal of water pollutants [33,34]. Moreover, pyrite is stable 
and has a low solubility in water. The stability and reusability of pyrite 
have been proven in the heterogeneous Fenton-like pyrite/H2O2 process 
[22]. Because of unique features of pyrite, it may be an attractive Fe 
containing natural material for the activation of PDS and PMS and, thus, 
for the production of an enhanced amount of OH• and SO•−

4 . Although 
numerous studies have demonstrated that pyrite could be effectively 
used as a heterogeneous catalyst for the efficient removal of organic 
compounds from water [22,24,35–38], to the extent of our knowledge 
no information is available on the use of pyrite mine waste as catalyst for 
the removal of pharmaceutical compounds as water emerging contam-
inants. Moreover, no study has compared the pyrite/PDS and pyr-
ite/PMS systems for tetracycline (TTC) degradation. 

TTC (C22H24N2O8) is one of the most extensively used antibiotics 
[39,40]. This antibiotic is frequently detected in surface water resources 
which receive run-off from wastewater treatment plants and agricultural 
lands [41–44]. TTC can inhibit bacterial protein synthesis and contrib-
utes to the spread of resistant genes and bacteria [45,46]. Moreover, TTC 
has toxic effects on kidney and liver cells [47]. Thus, the presence of TTC 
in the environment has adverse effects on microbial community and 
human health [49]. Although several studies have reported recently the 
successful removal of TTC [50–52], clearly further research is needed in 
this area. Several studies have investigated persulfate activation by 
pyrite for degradation of organic pollutants. However, no study has been 
conducted on TTC degradation by pyrite/persulfate so far. In addition, 
in-vivo toxicity has never been considered for degraded pollutants via 
sulfate-radicals based processes. This study is the first attempt for 
demonstrating the performance of PS/pyrite in TTC degradation in 
terms of the efficiency, kinetics and toxicity evaluation. 

Accordingly, the hypothesis of the present study is that pyrite 
derived from mine waste is an effective and clean, non-toxic catalyst to 
activate PS for the degradation of TTC as a model of recalcitrant water 
contaminants. The main goals of this study were: (1) determining the 
catalytic potential of waste pyrite in activating PDS and PMS for the 
generation of reactive species; (2) evaluating various operational con-
ditions (pH, pyrite dosage, persulfate dosage, initial TTC concentration, 
temperature and presence of solubilized ionic species); (3) assessing the 
contribution of free radicals in degradation reactions; (4) determining 
the degradation and mineralization kinetics of TTC in the pyrite/PMS 
process; (5) examining the nephrotoxicity and hepatotoxicity effects of 
raw and pyrite/PMS -treated TTC solutions in-vivo under optimum 
operational parameters. 

2. Materials and methods 

2.1. Materials 

Pure tetracycling (TTC) powder was purchased from a local phar-
maceutical company (Daro Pakhsh, Iran). To prepare a stock TTC so-
lution, 1 g of pure TTC powder was dissolved in 1 L of deionized water 
(0.1 %) and stored for future applications at 4℃. The working solutions 
were prepared by diluting the aliquots of the TTC stock solution using 
deionized water to obtain the desired concentration. All the chemicals in 
this study were of analytical grade. PDS (Na2S2O8) and PMS 
(2KHSO5.KHSO4.K2SO4) were obtained from Merck and Sigma-Aldrich, 

respectively, and were used according to the instructions. The PDS and 
PMS concentrations used in the experiments were calculated based on 
S2O2−

8 and (H3O18S4)
5− concentrations, respectively. 

2.2. Catalyst preparation and characterization 

The natural pyrite nanoparticles were prepared from local mine 
waste. The pyrite was grounded using an agate mortar instrument and 
afterward sieved to gain microparticles smaller than 50 μm. Ultra- 
sonication (20 kHz) was used to remove impurities and then the mate-
rial was washed with 0.5 M nitric acid to eliminate oxidized surface. To 
prepare nano size pyrite particles, the microparticles were additionally 
grounded by a ceramic mortar at a rotation speed of 300 rpm for 1 h. 
Then it was milled with the Planetary Ball Mill (PBM-230 Nanosatco 
model). The nano size particles were rinsed with ethanol and deionized 
water (50/50) for 3 times to remove any remaining impurities and then 
dried in a furnace at 105 ◦C for 3 h. 

The prepared nanoparticles were characterized for surface 
morphology, chemical composition, crystalline shape, surface func-
tional groups, structural composition and distribution of nanoparticles. 
Details of experimental techniques utilized for characterization of the 
nanopyrite catalyst are presented in SI (Supplemental Information). 

2.3. Experimental procedures 

The TTC removal experiments were conducted using bench-scale 
reactors, 100 mL Pyrex Erlenmeyer flasks, schematically shown in 
Fig. 1 at an ambient temperature (25 ± 2 ℃). To investigate the cata-
lytic activity of pyrite nanoparticles, the TTC removal was measured for 
adsorption onto pyrite, for sole PDS, sole PMS, pyrite/PDS, and pyrite/ 
PMS, separately, and calculated according to Eq. (1):  

pyrite activity (%) = TTC degradation in pyrite/PS - (TTC degradation by sole 
PDS/PMS + TTC adsorption onto pyrite)                                            (1) 

For all tests, a 50 mL volume of working solution with desired initial 
TTC concentration and solution pH was introduced to the reactor and, 
then, each agent with desired dosage (pyrite, PDS, PMS) was added. 
Afterwards, the reactor content was stirred magnetically at 100 rpm to 
prepare appropriate-mixed suspension for a specific time period. The 
solution pH was adjusted by using Normal HCl and NaOH buffers. At end 
of each reaction, the oxidation reaction was quenched by adding 1 mL of 
sodium thiosulfate (1 M) to the sample [1,53]. Since phosphate and 
carbonate species could quench the reactive radicals, no buffer species 
were added to the reaction solution (except for inorganic ions 

Fig. 1. The schematic of experimental setup.  
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experiments). Finally, the quenched mixture was filtered through a 0.22 
μm MCE membrane (Jet Biofil), and then used for the analysis of the 
target parameters. Effect of several experimental conditions on TTC 
degradation were investigated, including the type of PS (PSD and PMS), 
solution pH (3− 10), pyrite and PMS dosage (0.2− 2 g/L), TTC initial 
concentration (25− 500 mg/L), solution temperature (15, 25, 40 ℃), 
and ions in the water phase. In addition, the degradation and mineral-
ization rates of TTC by pyrite/PMS process as well as associated reaction 
kinetics were compared with those in the sole PMS process. Moreover, 
the reusability potential of the catalyst in the pyrite/PMS process was 
examined. 

All experiments were carried out in duplicate and the results are 
presented as the mean ± standard deviation of two independent 
experiments. 

2.4. Analysis of target compounds 

The TTC concentrations, before and after the reaction, were 
measured using a high-performance liquid chromatography device 
(HPLC, Agilent Co.) equipped with a UV detector. The wavelength for 
TTC detection was 385 nm. The separation was performed using a C18 
column (Eclipse plus C18 column; 3.5 μm, 4.6 × 100). A combination of 
40 % acetonitrile and 60 % phosphate buffer (v/v), at pH 4.8, was used 
as mobile phase. The flow rate of mobile phase injection was adjusted to 
0.5 mL/min. 

The TTC degradation percentage was evaluated using Eq. (2): 

TTC degradation (%) =
(TTC0 − TTCt)

TTC0
× 100 (2)  

Where TTC0 and TTCt show the TTC concentration at time 0 (initial) and 
at reaction time t (final), respectively. The initial total organic carbon 
(TOC0) concentration and the final total organic carbon (TOCt) con-
centration in the samples treated by sole PMS and pyrite/PMS processes 
under optimum operational conditions, was determined with the use of 
a TOC analyzer (Shimadzu Co, VCSH Model). A 25 mL sample was taken 
for each TOC analysis. The measurements were done in duplicate for 
each sample and average values were reported. The TTC mineralization 
percentage was determined by the TOC reduction, calculated using Eq. 
(3): 

TTC mineralization (%) =
(TOC0 − TOCt)

TOC0
× 100 (3) 

The concentrations of Fe2+ and total iron (Fe2+ and Fe3+) leached 
from the pyrite into the reaction solution were respectively measured 
using the 1,10-phenanthroline method and atomic absorption spec-
troscopy (AAS) based on the Standard Methods [54]. 

2.5. In-vivo toxicity 

Toxicity is generally classified into chronic toxicity and acute 
toxicity. Present study was focused on the acute type. For this, the in- 
vivo toxicity (hepatotoxicity and nephrotoxicity) assessments of raw 
and pyrite/PMS treated (under optimum condition) TTC solutions were 
carried out in terms of biochemical and histopathological assays. For 
this, 20 male wistar rats, which were 6 weeks old, were selected from 
Shahroud University of Medical Sciences (SHMU) animal house. The rats 
were kept according to standard conditions described by SHMU. More-
over, the in-vivo experiments were approved ethically based on SHMU 
procedures (IR.SHMU.REC.1397.047 as ethics code). Rats were cate-
gorized randomly in four groups (five rats in each group) and each group 
was administered based on solution contents as follows: (1) sole solution 
water (control group), (2) solution water containing pyrite nano-
particles (3) raw TTC solution (50 mg/L and/or 1400 mg/kg of rat body 
weight) and (4) pyrite/PMS treated TTC solution. All rats were admin-
istered via the gavage method by the four determined solutions for seven 

consecutive days (every once in a day). At the end of day 7, all animals 
were anesthetized and then heart blood was collected for further 
biochemical experiments. The hepatotoxicity was evaluated by 
measuring the plasma levels of liver enzymes including ALT (alanine 
amino transferase), AST (aspartate amino transferase) and ALP (alkaline 
phosphatase) using a kit provided by Pars Azmoon (Pars Azmoon Co., 
IRAN). Nephrotoxicity evaluation was performed by examining the 
concentration of urea (Ur) and creatinine (Crea) using another analysis 
kit purchased from Pars Azmoon (Pars Azmoon Co., IRAN). Further-
more, the kidneys and livers were harvested for histopathological ex-
amination. The harvested livers and kidneys were incubated in 10 % 
formalin. After fixation, tissue processing was performed and all pro-
duced section stained using haematoxylin and eosin (H&E). Microscopic 
images were captured using Nikon camera (Nikon D7000 digital SLR 
camera 3D model). 

All the in-vivo assays were performed in triplicate and the results are 
presented as the average value ± standard deviation of three indepen-
dent experiments. ANOVA test was used for group comparison and p <
0.05 was considered as the statistical significance level. 

3. Results and discussion 

3.1. Catalyst characterization 

The XRD patterns of the fresh pyrite powder and pyrite powder after 
four successive catalytic reaction cycles are shown in Fig. 2. Identified 
reflections were in good agreement with the reflections of the pyrite 
FeS2 structure, according to the data files of the Joint Committee on 
Powder Diffraction Standards (JCPDS) database [55,56]: narrow peaks 
at 2θ of 38.73◦ and 41.63◦ are associated to the (2 1 0) and (2 1 1) planes 
[23,57]; additional peaks positioned at 2θ of 28.15◦, 47.8◦, 58.1◦ and 
63.7◦ are ascribed to the (1 1 1), (2 2 0), (2 2 2) and (2 3 0) planes, 
respectively. XRD results confirmed the high purity of the pyrite sample 
used in this study, similar to sample derived from the natural material 
[58,59]. Comparison of the two patterns (before and after reaction) 
confirmed the absence of structural modification during reaction. 

The FTIR spectra of raw pyrite and pyrite after four catalytic reaction 
cycles are presented in Fig. 3 (wavenumber range from 400 to 4000 
cm− 1). A moderate broad absorbance band at 3432 cm− 1 is related to the 
stretching of hydroxyl vibration groups [60]. Presence of a narrow band 
at 1640 cm− 1 is attributed to CC–– stretching vibration. The presence of 
peaks at 601 and 555 cm− 1 were ascribed to the stretching vibration of 
the Fe-S bond and asymmetric stretching vibration of Fe–O− OH species 
[61]. Although a band at 407 cm− 1 was evidenced for pyrite samples 
[62], in this study, the band moved to a higher wavenumber, of 478 
cm− 1, which could be explained by the presence of minor impurities 
including Cu, Al, and Si elements. 

As pyrite has a natural origin, it is necessary to measure the primary 
elements present in its structure. The elemental analysis of the pyrite 
particles, measured with the EDAX analyzer, is shown in Fig. 4. Fig. 4 
shows that S and Fe were the primary elements found in the pyrite 
particles with weight percentages of 52.59 % and 44.37 %, respectively. 
Therefore, S and Fe are the operative elements that are contributing to 
the oxidation reactions. Moreover, the chemical composition of pyrite 
was analyzed by XRF, and results are presented in Table 1. SO3 (66.93 wt 
%) and Fe2O3 (28.57 wt%) were the main compounds present in the 
pyrite, confirming the EDXS results in Fig. 4. 

The surface morphology of pyrite was visualized by SEM (Fig. 5a). 
The SEM image indicates that pyrite particles are angular and irregular 
in shape and size. Dense aggregates indicate the absence of porosity in 
the material. BET surface area of the material is low, 11.6 m2/g, con-
firming that the natural pyrite is a low porous material. The pore volume 
(at P/P0 = 0.98) was calculated to be 0.063 cm3/g, with calculated 
average pore size of 1.6 nm. 

Fig. 5b shows a typical TEM image of pyrite particles. The dark and 
bright areas of pyrite nanoparticles in Fig. 5b can be attributed to the 
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pyrite particles with high and very thin density, respectively. The size 
distribution of pyrite nanoparticles induced from the TEM image is 
shown in Fig. 6: most of the pyrite nanoparticles (nearly 80 %) fall in the 
range of 30− 70 nm. The average particle size of pyrite was about 52.3 
nm with a standard deviation (SD) of 12.2 nm. The pyrite sample 

prepared from mine waste can be considered as a material formed from 
nanoparticles aggregated together in micro-sized dense objects, dis-
playing a low porosity. 

3.2. Catalytic potential of pyrite in activating PMS and PDS 

Fig. 7 shows the removal of TTC under various treatment conditions. 
The TTC removal percentages by pyrite nanoparticles, PDS, and PMS 
were 3.5 %, 7.5 %, and 16.6 %, respectively. However, by adding PDS 
and PMS to the pyrite-containing solution, the removal efficiency of TTC 
increased to 32.5 % and 98.7 %, respectively. These result indicate that 
both oxidizing agents of PDS and PMS were activated by pyrite nano-
particles and activation efficiency was far more for PMS than for PDS. 

The higher removal efficiency of TTC in the pyrite/PMS process than 
in the pyrite/PDS process can be attributed to the faster and greater 
oxidation of PMS than PDS by pyrite because of the asymmetric mo-
lecular structure of PMS [63]. Similar studies of advanced oxidation, 
using persulfate radical-based AOPs showed that PMS was an asym-
metric compound [1,64]. Also it was found that when PDS was contact 
with transition metals, it could result in the production of sulfate radi-
cals (SO•−

4 ) [24,25]. Meanwhile, the nonpolar bond of PMS (peroxide 
bond) was broken by catalytic reactions leading to the generation of 
both sulfate radicals (SO•−

4 ) and hydroxyl radicals (OH•) [64]. The 
simultaneous presence of these oxidative agents leads to the high 

Fig. 2. XRD patterns of fresh pyrite nanoparticles and of used pyrite after four successive catalytic reaction cycles.  

Fig. 3. FTIR spectra of fresh pyrite nanoparticles and of used pyrite after four successive catalytic reaction cycles.  

Fig. 4. EDXS analysis of pyrite particles. W% and A% are relative concentra-
tions of detected elements in weight and atomic percentages, respectively. 
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removal of TTC in the pyrite/PMS solution. Several homogeneous and 
heterogeneous reactions may occur in catalyzing PDS and PMS by pyrite 
according to following equations [1,22,25]: 

S2O2−
8 + ≡ Fe(II)→ SO•−

4 + Fe(III) + SO2−
4 (4)  

HSO−
5 + ≡ Fe(II)→ SO•−

4 + OH− + Fe(III) (5)  

2S2O2−
8 + FeS2→ 2SO•−

4 + Fe2+ + 2SO2−
4 + 2S (6)  

2HSO−
5 + FeS2→ 2SO•−

4 + 2OH− + Fe2+ + 2S (7)  

2FeS2 + 7O2 + 2H2O →2Fe2+ + 4SO2−
4 + 4H+ (8)  

S2O2−
8 + Fe2+→ SO•−

4 + Fe3+ + SO2−
4 (9)  

HSO−
5 + Fe2+→ SO•−

4 + OH− + Fe3+ (10) 

However, hydroxyl radicals can be also formed in the solution 
through the reaction of sulfate radicals with water molecules and hy-
droxide ions based on following reactions. 

SO− •
4 + H2O →SO2−

4 + OH• + H+ (11)  

SO− •
4 + OH− →SO2−

4 + OH• (12) 

Finally, the produced radicals (SO•−
4 and OH•) react with TTC mol-

ecules to produce the degradation products, as could be summarized by 
Eq (13): 

SO•−
4 + OH• + TTC →products (13) 

In order to confirm the assumptions for the simultaneous formation 
and active role of each radical SO•−

4 and OH• and to demonstrate the 
relative contribution in the pyrite/PS process, the TTC removal in this 
process was examined with and without ethanol (as SO•−

4 and OH•

scavenger) and tert-butanol (as OH• scavenger) [9]. Results of this 
experiment are shown in Fig. 8. The TTC removal efficiency of 98.3 % 
for the pyrite/PMS process was obtained in the absence of radical 
scavengers at 30 min reaction time. By adding tert-butanol to the 

Table 1 
Chemical composition of pyrite powders.  

Composition SO3 Fe2O3 SiO2 Al2O3 Na2O3 CuO K2O CaO P2O5 MgO LOIa 

Composition quantity (wt%) 66.93 28.57 2.91 0.795 0.3 0.14 0.11 0.08 0.02 0.02 17.5  

a LOI: Lost of ignition. 

Fig. 5. Representative SEM micrograph (a) and TEM image (b) of pyrite sample.  

Fig. 6. Particles size distribution histogram of pyrite nanoparticle.  

Fig. 7. TTC removal under various conditions (initial TTC concentration: 50 
mg/L, catalyst dosage: 1 g/L, PDS/PMS dosage: 1 g/L, solution pH: 4.1, reaction 
time: 30 min and temperature: 25 ◦C). 
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reaction solution, TTC removal decreased to 56 %. However, TTC 
removal considerably decreased to 20.8 % by the addition of ethanol to 
the reaction solution. The reaction rates for tert-butanol with OH• and 
SO•−

4 are (3.8 − 7.6) × 108 M− 1 s− 1 and (4 − 9.4) × 105 M− 1 s− 1, 
respectively, the reaction rates for ethanol with OH• and SO•−

4 were 
(1.2 − 2.8) × 109 M− 1 s− 1 and (1.6 − 7.7) × 107 M− 1 s− 1, respectively 
[1,6,7,65]. According to the reaction rate constants, it can be concluded 
that the selectivity of OH• for tert-butanol is about 1000 times higher 
than that of SO•−

4 , while this ratio was significantly lower (by about 100 
times) for ethanol. Therefore, a much greater decrease in TTC removal in 
ethanol compared to tert-butanol indicated that both types of OH• and 
SO•−

4 radicals were produced in the pyrite/PMS catalytic process, but 
SO•−

4 played a dominant role in TTC degradation in this process. 
Another important point in Fig. 8 is that TTC removal in the pyrite/ 

PDS process in the presence of tert-butanol as radical scavengers did not 
significantly vary compared to the absence of radical scavengers. 
However, the TTC removal in the presence of ethanol, as specific scav-
enger of sulfate and hydroxyl radicals [1,7] was significantly reduced by 
11.4 %. This result confirms that in the pyrite/PDS process, only SO•−

4 is 
present as active agent in TTC degradation. 

3.3. Solution pH and reaction mechanism 

The effect of solution pH (3− 10) on the removal of TTC, with a 
constant initial concentration of 50 mg/L, for the adsorption onto pyrite, 
and the pyrite/PDS and pyrite/PMS processes was investigated. As 
shown in Fig. 9, the capability of absorbing TTC onto pyrite was very 
low in the whole pH range and a maximum adsorption of 3.6 % was 
obtained at pH 4. However, in the pH range tested the TTC removal, 
different efficiencies for both pyrite/PDS and pyrite/PMS processes 
were obtained. The maximum TTC removal was attained at acidic pH 
(<5). As the pH increased above 5, TTC removal significantly reduced. 
At pH 10, the TTC removal for pyrite/PDS and pyrite/PMS processes 
were 11.9 % and 55.3 %, respectively. For comparison at pH 4 and 5, the 
average of TTC removal was 31.5 % and 98 % for pyrite/PDS and pyrite/ 
PMS, respectively. A similar trend was observed by other researchers for 
the pyrite/PS process [28,66]. The higher removal percentage of TTC at 
acidic pH compared to the alkaline condition is dependent on several 
variables, including the concentration of H+ and OH− ions, final solution 
pH, concentration and type of Fe released into the solution, and type of 
Fe(III) hydroxide complexes formed during the process [67]. High 
removal at acidic pH in the pyrite/PS processes is often associated to the 
continuous release of Fe2+ from the pyrite surface to the solution, which 
can react with persulfates, and leads to the production of OH• and SO•−

4 

radicals [25,36,66]. It should be noted that PMS/pyrite exhibited a 
reduction in the performance in pH = 2 (high acidic condition). This 
phenomenoun can be due to high concentration of hydrogen ions in 
which they are able to scavenge hydroxyl radicals and sulfate rdicals 
according to following equations. 

SO•−
4 + H+ + e− → HSO•−

4 (14)  

HO• + H+ + e− → H2O (15) 

An increase in pH value up to alkaline conditions causes the pre-
cipitation of hydroxide complexes of Fe(ІІ) and Fe(ІІІ) such as Fe(OH)2, 
Fe(OH)3, and to the formation of Fe2(OH)

4+
2 in the reaction solution 

[67]. These species reduce the activation of persulfates since they 
display lower catalytic activity than Fe2+ [25]. Moreover, these hy-
droxide complexes can also deposit on the catalyst surface, preventing 
the release of Fe2+ from the catalyst surface to the reaction solution, and 
decrease the activation of persulfates by Fe(ІІ) [25,66]. In case of PMS 
based process, it has been reported that PMS is decomposed into sulfate 
and water molecules at high alkaline conditions. Moreover, pKa of PMS 
is 9.4 in which SO5

2− is dominated at pH > 9.4 that its activation is 
difficult due to lack of O–H bond. Hence, alkaline conditions decrease 
the generation of free radicals through reduction of persulfate species. 

Fig. 8. The influence of radical scavengers on TTC removal in the pyrite/PMS and pyrite/PDS processes (tert-butanol concentration: 0.5 mmol/L, ethanol con-
centration: 0.5 mmol/L, 50 mg/L initial TTC concentration, 1 g/L catalyst dosage, 1 g/L PMS/PDS, solution pH of 4.1, 30 min reaction time and temperature: 25 ◦C). 

Fig. 9. Effect of solution pH on TTC degradation in the Pyrite/PMS and Pyrite/ 
PDS process, and on TTC adsorption onto Pyrite (Initial TTC concentration: 50 
mg/L, Catalyst dosage: 1 g/L, PMS/PDS dosage: 1 g/L, reaction time: 30 min 
and temperature: 25 ◦C). 
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HSO−
5 + OH− →SO2−

4 +
1
2

O2 + H2O (16) 

Another factor to explain the increased TTC removal at acidic pH 
could be the higher generation of SO•−

4 as the dominant agent, rather 
than OH•. In contrast, in alkaline conditions OH• was produced at a 
higher rate than SO•−

4 and can reacted with SO•−
4 to produce HSO−

4 as 
inert anion (Eq. 17) [25,67]. Therefore, the concentration of SO•−

4 in the 
solution, which we previously identified as the dominant radical for the 
TTC degradation, was reduced, leading to the decreased catalytic 
activity. 

SO•−
4 + OH•→HSO−

4 +
1
2
O2 (17) 

Fig. 9 also shows a considerable TTC removal by the pyrite/PMS 
process even at higher pH values. As mentioned previously, an impor-
tant mechanism involved in TTC removal in the pyrite/PS process is the 
interaction between Fe2+ and PS at acidic pH. However, as demon-
strated in Fig. 9, the TTC removal at alkaline pH of 10 still remained 55.3 
%. This high removal could be due to the generation of OH• by reaction 
of OH− with SO•−

4 (Eq. (12)) [25,66]. 
In order to confirm the assumptions made about the reaction 

mechanism of the production of reactive radical species in the TTC 
degradation process, the concentration of Fe2+ and total dissolved Fe of 
the solution in the pyrite/PMS process and the final pH of the reaction 
solution were monitored (Fig. 10). To obtain more accurate information 
about the final destination of Fe released into the solution and the final 
pH of the solution, the reaction time was increased to 60 min. As shown 
in Fig. 10, with increasing pH from 3 to 10, the concentrations of Fe2+

and total dissolved iron was reduced by 0.033 mg/L (from 0.042 to 
0.009 mg/L) and by 0.52 mg/L (from 0.65 to 0.13 mg/L), respectively. 
This phenomenon shows that the largest and continuous release of Fe 
from the pyrite surface to the solution occurs typically under acidic 
conditions (compared to alkaline) leading to high degree of PMS acti-
vation and generation of more active radical species. However, at 
alkaline pH, the release of Fe from the pyrite surface to the bulk solution 
reduced and subsequent catalytic reactions were decreased due to rea-
sons that were mentioned previously, such as deposition of ferrous hy-
droxides on the pyrite surface [36,67]. 

Fig. 10 also shows that the final pH of the reaction solution reduced 
to 2.9, 3.6, 4.1, and 5.3 for initial solution pH of 3, 5, 7, and 9, 
respectively, during the 60 min reaction time. At an initial pH of 10, the 
decrease to a pH of 8.1 was relatively less pronounced as compared with 
an initial pH of 7 and 9. The considerable reduction of the final pH of the 
reaction solution during the 60 min reaction time explains the as-
sumptions made about the reaction mechanism and production of active 
radical species with the release of Fe from the pyrite surface to the so-
lution and the reaction with PMS. In this regard, the considerable 

decrease in the final pH of the reaction solution could be due to the 
oxidation of pyrite in the reaction solution by H2O molecules, the release 
of Fe2+ and Fe3+ from the pyrite surface and the production of H+ in 
solution (Eq. (18)) [12,24]. Also, the reaction between SO•−

4 and the 
alkaline agent OH− and H2O can lead to the consumption of OH- and 
production of H+ (Eqs. (11) and (12)). These phenomena lead to the 
spontaneous reduction of the solution pH, to optimal acidic conditions, 
after adding reaction agents (pyrite and PMS) and resulted in relatively 
high TTC removal even at initial basic pH. 

FeS2 + 14Fe3+ + 8H2O →15Fe2+ + 2SO2−
4 + 16H+ (18) 

Since the pyrite/PMS process showed considerable higher TTC 
removal than the pyrite/PDS process in the whole pH range from 3 to 10, 
the catalytic activity of pyrite and the effect of operational parameters 
were studied in the pyrite/PMS process. Moreover, as the maximum TTC 
removal was obtained at initial pH levels 4–5, the natural TTC pH so-
lution of 4.1 was selected for further experimental runs. 

3.4. Kinetics of catalytic activity of pyrite nanoparticles in the pyrite/PMS 
process 

The catalytic activity of pyrite nanoparticles was examined on the 
degradation and mineralization of 50 mg/L TTC. Fig.11a shows the TTC 
degradation in the sole PMS and pyrite/PMS processes, as well as the 
catalytic performance of the pyrite nanoparticles at different reaction 
times under similar conditions. 

As noted earlier, the TTC adsorption by pyrite was low (maximum 
adsorption of 3.6 % during 30 min reaction time, Fig. 7). Accordingly, 
sole PMS and pyrite/PMS processes were selected for kinetic studies. As 
shown in Fig. 11a, by increasing the reaction time from 1 to 45 min, the 
TTC degradation by sole PMS process increased from 2.6%–26.3%, 
respectively. In the pyrite/PMS process, TTC degradation was much 

Fig. 10. Changes in Fe2+, total Fe ions concentration and final pH solution in 
the pyrite/PMS process according to the initial solution pH. 

Fig. 11. Catalytic activity of pyrite nanoparticles for the degradation (a) and 
mineralization (b) of TTC as a function of reaction time in the sole PMS and 
Pyrite/PMS process (Initial TTC concentration: 50 mg/L, Catalyst dosage: 1 g/L, 
PMS concentration: 1 g/L, Solution pH: 4.1 and temperature: 25 ◦C). 
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higher and reached 24.2 % already after a reaction time of 1 min. 
Furthermore, by increasing the reaction time to 30 min, the TTC 
degradation increased considerably and reached 98.3 %. Complete TTC 
degradation was obtained in 45 min. The catalytic activity of the process 
was also elevated with increased reaction time, reaching about 21.6 % 
after 1 min and a maximum of 81.2 % at 30 min reaction time. Fig. 11b 
illustrates the TTC mineralization by the pyrite/PMS process at different 
reaction times, based on TOC reduction. Accordingly, the treatment with 
the individual PMS process led to 1.6 % TOC reduction at 1 min reaction 
time, which increased to 12.9 % by increasing the reaction time to 60 
min. However, by increasing the reaction time from 1 to 60 min, the TOC 
reduction increased from 3.6%–46% in the pyrite/PMS process. The 
maximum catalytic activity of the pyrite/PMS process in TTC mineral-
ization was 33 % at 60 min reaction time. These results indicate that 
although the pyrite/PMS process had a high capability to completely 
degrade TTC from aqueous solutions, it was not capable to completely 
mineralize TTC even at higher reaction times. However, the results show 
a significantly higher TTC degradation and mineralization capability 
compared to the sole PMS process. Since the maximum catalytic activity 
of the pyrite/PMS process for TTC degradation was obtained at 30 min 
reaction time, the examination of other process variables was set at this 
reaction time. 

To better understand the catalytic activity of pyrite nanoparticles in 
PMS activation for TTC degradation, kinetic studies on TTC degradation 
and mineralization in sole PMS and pyrite/PMS processes were per-
formed and results were modeled using the pseudo-first-order (PFO) 
reaction model, which is calculated by the following equations: 

r1 = −
dC
dt

= kobsC (19)  

ln
(

Ct

C0

)

= − kobst (20)  

where, C0 and Ct refers to the concentrations of TTC and TOC at the time 
0 (initial) and time t (final), respectively, and the kobs refers to the PFO 
reaction rate constant. According to the findings, the PFO model was 
well fitted (R2 > 0.95) to the results of the degradation and minerali-
zation experiments presented in Fig. 11. Data on the kinetics of TTC 
degradation and mineralization are summarized in Table 2. Based on the 
results, TTC degradation rate in the pyrite/PMS process (rpyrite/PMS 
=4.331 mg TTC /L. min) was approximately 12 times higher than in the 
sole PMS process (rsole PMS =0.365 mg TTC /L. min). In this regard, TTC 
mineralization rates in the sole PMS and pyrite/PMS process were 0.225, 
and 1.37 mg TOC /L. min, respectively. These data show that the 
addition of pyrite to the PMS process significantly increased the process 
performance from both TTC degradation and TTC mineralization 
aspects. 

3.5. Effect of pyrite dosage and PMS concentration in the pyrite/PMS 
process 

Since determining the optimum concentration of reactive agents in 
catalytic processes is important from an economic point of view, TTC 
removal was investigated at various concentrations of pyrite and PMS in 
the pyrite/PMS process. Fig. 12 shows the effect of pyrite dosage ranging 
from 0.02 to 2 g/L on TTC removal in the pyrite/PMS process. By 

increasing the pyrite dosage from 0.02 to 2 g/L, TTC adsorption on 
pyrite increased smoothly from 2.1%–14.7%. The slow increase in TTC 
adsorption might be due to the low specific surface area of pyrite used in 
this study (11.6 m2/g). Therefore, the adsorption mechanism cannot be 
considered as an effective process for the TTC removal by pyrite. 
Increased pyrite dosage in the pyrite/PMS process showed another trend 
and higher removal was attained by increasing the pyrite dosage. TTC 
removal >98 % in the pyrite/PMS process was obtained since a pyrite 
dosage of 1 g/L. The considerable increase in TTC 

removal by increasing the pyrite dosage in the pyrite/PMS process 
might be a result of a higher Fe2+ release from the surface of the catalyst 
to the reaction solution, further activating PMS, and finally resulting in a 
higher production of OH• and SO•−

4 radicals [36,64]. The optimal cat-
alytic activity for the pyrite/PMS process was obtained at 1 g/L pyrite 
dosage, which was considered in the next pyrite/PMS experiments. 
Moreover, the results showed that excess pyrite (more than 1 g/L) did 
not demonstrate inhibition effect on the efficiency of TTC removal 
which can be an advantage for catalytic processes. 

The effect of various concentrations of PMS (0.2–2 g/L) on the TTC 
removal was investigated in sole PMS and pyrite/PMS processes. As 
shown in Fig. 13, with increasing PMS concentrations from 0.2 to 2 g/L, 
the TTC degradation increased gradually and continuously from 8.5%– 
36.4% in the sole PMS process. Therefore, the sole PMS process was not 
capable for effective TTC degradation. TTC degradation in the sole PMS 
process could be due to the direct attack of HSO−

5 , as the main species 
from PMS, in acidic solution (Eq. 6). By adding 1 g/L pyrite to the re-
action solution containing 0.2 g/L PMS, the TTC degradation consider-
ably increased to 60.8 %. This indicated that pyrite is an effective 

Table 2 
Kinetics of TTC degradation and mineralization for sole PMS and Pyrite/PMS 
processes.  

Process Sole PMS Pyrite/PMS 
rPyrite/PMS

r Sole PMS   
R2 Kobs rSole PMS R2 Kobs rPyrite/PMS 

Degradation 0.9601 0.0073 0.365 0.9937 0.0860 4.331 11.78 
Mineralization 0.9706 0.0045 0.225 0.9706 0.0274 1.37 6.08  

Fig. 12. Effect of initial pyrite dosage on TTC removal using adsorption onto 
pyrite and pyrite/PMS processes (reaction conditions: pH: 4.1, TTC concen-
tration: 50 mg/L, 30 min reaction time, temperature: 25 ◦C and PMS concen-
tration: 1 g/L). 

Fig. 13. Effect of initial PMS concentration on TTC removal using sole PMS and 
pyrite/PMS processes (reaction conditions: TTC concentration: 50 mg/L, pH: 
4.1, reaction time: 30 min, temperature: 25 ◦C and pyrite dosage: 1 g/L). 
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activator to release Fe2+ for production of SO•−
4 [64]. TTC degradation 

> 98 % was obtained at a concentration of 1 g/L PMS. As the maximum 
catalytic activity of the pyrite/PMS process (78 % TTC degradation) was 
obtained at 1 g/L PMS, this concentration was considered as the optimal 
concentration of PMS for further experiments in the study. Liang et al. 
[24] conducted a research into the removal of MTBE in aqueous solu-
tions using the pyrite/PDS process and found that complete MTBE 
degradation was obtained at a pyrite dosage of 3 g/L, an Na2S2O8 con-
centration of 5 g/L, and a reaction time of 4 h. The key role of pyrite in 
the activation of PMS to produce oxidative radicals was also confirmed 
in this study. 

3.6. The effect of solution temperature and initial TTC concentration on 
process performance 

Solution temperature and initial TTC concentration are factors which 
can influence the catalytic performance of the process. Therefore, the 
pyrite/PMS process was investigated at various initial TTC concentra-
tions, from 25 to 500 mg/L, with 1 g/L of pyrite and PMS concentration 
of 1 g/L, at three specific temperatures (15-25− 40 ◦C). Fig. 14 shows the 
TTC removal at varying initial TTC concentrations at various tempera-
tures. Both the temperature and initial concentration affected TTC 
removal in the pyrite/PMS process. By increasing the initial TTC con-
centration, the TTC removal decreased for the three temperatures 
studied. According to the constant quantity of generated oxidizing 
agents in the pyrite/PMS process at determined conditions, the ratio of 
oxidizing agents to the TTC molecules decreased by enhancing the TTC 
concentration, mechanically resulting in the reduction of removal per-
centage. In addition, an increase in TTC molecule quantity in a deter-
mined volume of the reaction solution, makes PMS directly to react with 
the TTC molecules, instead of reacting with pyrite molecules. Therefore, 
this parallel reaction prevents the production of active OH• and SO•−

4 
radicals [10,68] and can result in a depressed process efficiency. 

Fig. 14 also shows that the TTC removal increased with increasing 
temperature whatever the TTC concentration. Increased TTC removal 
with increasing temperature at a certain concentration could be due to 
the increase in radical concentration in solution. According to the 
Arrhenius law [16], as the temperature increases, the production of 
active radicals such as OH• and SO•−

4 increases in catalytic processes. It 
has also been shown that an increase of solution temperature could in-
crease the mass transfer and enhance the diffusion coefficients [6]. 
Therefore, when the temperature was enhanced, the TTC molecules 
diffusion rates and mass transfer along with the effective collision be-
tween the TTC molecules in the bulk solution and oxidative agents could 
be increased. So, TTC removal will be improved. In addition, O–O bond 
of PMS is homolytically cleaved at higher temperature to generate free 

radicals. Whole these phenomenon are in favor of the TTC degradation 
rate when the reaction temperature increases. 

3.7. Comparison with pyrite from other origin as catalyst in the activation 
of persulfates (PDS/PMS) 

The performance of other pyrite samples, non-waste mineral and 
synthetic ones, as catalyst for the activation of PS and for removal of 
organic pollutants in aqueous solution, was compared with the present 
study and the results are presented in Table 3. The comparison of 
degradation efficiency and reaction time (columns 4 and 5, Tabels 2) 
revealed that the used pyrite from mine waste has similar and/or better 
performance characteristics compared to non-waste mineral pyrite and 
synthetic pyrite, indicating that the waste mine pyrite is a promising 
effective catalyst in the activation of PS. 

3.8. Effect of inorganic ions on TTC removal in the pyrite/PMS process 

Generally, inorganic ions are major components in natural water 
resources, and they can affect the oxidation rate of organic compounds 
[25]. Studies have then shown that the presence of some coexisting ions 
had adverse effect on the degradation rates of water organic pollutants 
in AOPs [75,76]. Therefore, the removal efficiency of TTC by the pyr-
ite/PMS process was investigated in the presence of some common ions 
including CO2−

3 , HCO−
3 , Cl− , NO−

3 and SO2−
4 . As illustrated in Fig. 15, 

TTC degradation was not considerably influenced in the presence of 
Cl− and NO−

3 . Whereas, SO2−
4 , HCO−

3 and CO2−
3 had a much more sig-

nificant influence following the order: CO2−
3 > HCO−

3 > SO2−
4 . The 

adverse effect of inorganic ions could be explained as follows: The 
presence of SO2−

4 may decrease PMS decomposition due to higher ionic 
strength of SO2−

4 than SO•−
4 [25]. Moreover, the reaction reduction po-

tential of SO•−
4 will be reduced in the presence of SO2−

4 

(
E0

(SO•−
4 /SO2−

4 )

)
. 

Based on Nernst equation (Eq. (21)) [77], it can be concluded that the 
oxidation/reduction potential of SO•−

4 /SO2−
4 could be affected by the 

concentration of SO2−
4 [78]. According to generation processes of SO•−

4 
radicals and hypothesizing that the TTC degradation resulted in deple-
tion of SO•−

4 radicals (Eq. 22), presence of SO2−
4 ions in the suspension 

decreased the potential of E0
(SO•−

4 /SO2−
4 ) which straightly reduced the TTC 

degradation. 

E0
(SO•−

4 ) = E0
(SO•−

4 /SO2−
4 )

+
RT
zF

ln
SO•−

4

SO2−
4

(21)  

SO•−
4 + e− →SO2−

4 (22) 

A considerable inhibition effect on TTC degradation was measured 
for HCO−

3 and CO2−
3 ions. This could be explained by the scavenger ef-

fect of HCO−
3 and CO2−

3 on OH• and SO•−
4 radicals, as written in (Eqs. (23) 

and (24)) [25]. Moreover, the presence of HCO−
3 and CO2−

3 ions results 
in initial solution pH increase via hydrolysis, and thus the production of 
OH• and SO•−

4 decreased, leading to a reduction of TTC degradation 
(Fig. 9) [77]. Although other less active radicals including CO•−

3 could be 
produced from the reactions of HCO−

3 and CO2−
3 with SO•−

4 and OH•, it 
has a low oxidation potential (E◦ =1.7 V) and lower degradation ca-
pacity of TTC, resulting in a decrease in TTC removal [79]. According to 
reported studies, the reaction rate constants of TTC with OH• and SO•−

4 

were found to be 6.0 × 109 M− 1 s− 1 [11,80] and 1.4 × 1010 M− 1 s-1 [81], 
respectively, while the reaction rate constants of TTC with CO•−

3 were 
reported 2.9 × 108 M− 1 s-1 [82]. 

HCO−
3 + SO•−

4 →CO•−
3 + SO2−

4 + H+ (23)  

CO2−
3 + OH•→OH− + CO•−

3 (24) 

In addition, PMS can directly react with bicarbonate ions and, 

Fig. 14. The influence of solution temperature on TTC removal at various TTC 
concentrations in the pyrite/PMS process (reaction conditions: 50 mg/L initial 
TTC concentration, pH 4.1, 1 g/L PMS, 1 g/L pyrite dosage, 60 min reac-
tion time). 
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Table 3 
Comparison of removal efficiency of water organic pollutants using pyrite for the activation of persulfates (PMS/PDS).  

Process Shape and purification method of 
pyrite 

Pollutant(s) Experimental 
conditions 

Maximum 
degradation 
efficiency at 
optimum 
condition 

Kobs 

(min− 1) 
Fitted 
model 

Correlation 
coefficient 
(R2) 

Ref. 

Pyrite/ 
PS 

The nano size particles were 
rinsed with ethanol and deionized 
water (50/50) for 3 times 

TTC  • pH: 3− 10  
• Reaction time: 0− 45 

min  
• Initial contaminant 

concentration: 
25− 500 mg/L  

• Pyrite loading: 
0.2− 2 g/L  

• PMS/PDS: 0.2− 2 g/ 
L  

• Temperature: 
15− 40 ◦C  

• 98 % @ 45 
min 

0.086 PFO 99.37 Present 
study 

Pyrite/ 
PDS 

Microparticles supplied from 
sulfure-polymetallic, cleaned 
with 0.1 M HNO3 

Rhodamine B  • pH: 2− 11  
• Reaction time: 

0− 120 min  
• Initial contaminant 

concentration: 19.6 
mg/L  

• Pyrite loading: 1 g/L  
• PMS loading: 2− 10 

mM  
• Temperature: 25 ±

1 ◦C  

• 98 % @ 120 
min 

0.0304 PFO 0.987 [58] 

Pyrite/ 
PDS 

Microparticles supplied from 
sulfure-polymetallic, cleaned 
with 0.1 M HNO3 

2,4-diclorophenol  • pH: 4− 10  
• Reaction time: 

0− 120 min  
• Initial contaminant 

concentration: 10 
mg/L  

• PMS concentration: 
0.5− 2 mM  

• pyrite dosage: 
0.25− 1.5 g/L  

• Temperature: room  

• 71.3 % @ 120 
min 

Not 
reported 

Not 
reported 

Not reported [69] 

Pyrite/ 
PDS 

FeS2 was synthesized using a one- 
step hydrothermal method 

Atrazine  • pH: 7  
• Reaction time: 0− 90 

min  
• Initial contaminant 

concentration: 20 
mg/L  

• Pyrite loading: 4.2 
mM  

• Sodium persulfate: 3 
mM  

• Temperature: 25 ◦C  

• 100 % @ 45 
min 

Not 
reported 

Not 
reported 

Not reported [70] 

Pyrite/ 
PDS 

Pyrite ground was milled by a 
hammermill, and sieved to obtain 
fine particles with a diameter of <
150 μm 

Ethylthionocarbamate  • pH: 3− 11  
• Reaction time: 

0− 180 min  
• Initial contaminant 

concentration: 0.1 
mM  

• Pyrite loading: 
0.1− 1 g/L  

• Sodium persulfate: 
0.012− 0.12 g/L  

• Temperature: 
10− 50 ◦C  

• 96.64 % @ 
180 min 

Not 
reported 

Not 
reported 

Not reported [23] 

Pyrite/ 
PDS 

Microparticles supplied from 
Dabaoshan sulfur-polymetallic 
mines and grinded to 20− 200 
mesh 

p-chloroaniline  • pH: 3− 11  
• Reaction time: 

0− 250 min  
• Initial contaminant 

concentration: 0.1 
mM  

• Pyrite loading: 
0.1− 1 g/L  

• Sodium thiosulfate 
pentahydrate 
loading: 0.5 mM  

• Temperature: 
10− 50 ◦C  

• 100 % @ 60 
min 

Not 
reported 

Not 
reported 

Not reported [36] 

(continued on next page) 

F. Rahimi et al.                                                                                                                                                                                                                                  



Journal of Water Process Engineering 40 (2021) 101808

11

peroxymonocarbonate may be formed (Eq. (25)), therefore, the gener-
ation of free radicals from PMS is significantly reduced. 

HSO−
5 + HCO−

3 → HCO−
4 + HSO−

4 (25) 

Results of the inorganic ions experiments in this research are some-
how in agreement with those of other sulfate radical-based AOPs 
studies. It should be noted that a significant attention should be 
considered for scale up of pyrite/PMS process when a real water or 
wastewater is treated. 

3.9. Catalyst reusability 

The reusability of the nano-pyrite particles was evaluated during 

fourth cycles under identical experimental conditions as follows: 1 g/L 
PMS, pH 4.1, 1 g/L pyrite dosage, 50 mg/L initial TTC concentration, 
temperature: 25 ◦C and 30 min reaction time. For this purpose, the used 
pyrite nanoparticles were filtered from the suspension solution at the 
end of each cycle, washed, and dried at 60℃ in a sealed quartz tube to 
prevent further oxidation in air and, then, were used in the next cycle. 
TTC removal for these fourth successive cycles is presented in Fig. 16. It 
was found that high TTC removal is retained in all reaction cycles. The 
TTC removal for fresh pyrite nanoparticles was about 98.3 %. After 
fourth consecutive cycles of reusing pyrite, the percentage of TTC 
removal was almost not affected and remained above 90 %. The pro-
gressive slight decrease observed between each cycle could partly 
originate from the pyrite weight fluctuation in each cycle (due to the 

Table 3 (continued ) 

Process Shape and purification method of 
pyrite 

Pollutant(s) Experimental 
conditions 

Maximum 
degradation 
efficiency at 
optimum 
condition 

Kobs 

(min− 1) 
Fitted 
model 

Correlation 
coefficient 
(R2) 

Ref. 

Pyrite/ 
PDS 

Grounded pyrite passed through 
200 mesh sieve. It was washed 
with a 1 M HCl acid solution to 
remove impurities and then 
rinsed with RO water until the pH 
of the supernatant was stable at 
~6.5. 

methyl tertbutyl ether 
(MTBE)  

• Initial pH: 5.5− 5.8  
• Reaction time: 4− 12 

h  
• Initial contaminant 

concentration: 60 
mg/L  

• Pyrite loading: 1− 5 
g/L Na2S2O8 

loading: 1− 5 g/L  
• Temperature: 20 ◦C  

• 100 % @ 4 h 0.61− 1.97 PFO 0.99 [24] 

Pyrite/ 
PDS 

Pyrite chips were were pulverized 
and sieved to obtain fine particles 
with diameters smaller than 149 
μm (− 100 mesh). 

2,4-dinitrotoluene  • Initial pH: 5.6− 6.6  
• Reaction time: 

0− 180 min  
• Initial contaminant 

concentration: 50 
mg/L  

• Pyrite loading: 
0.2− 1 g/L  

• Na2S2O8 

concentration: 250 
mg/L  

• 100 % @ 10 
min 

6.9 × 10− 2 PFO 0.961 [71] 

Pyrite/ 
PDS 

Nanoparticles, washed with 
ultrapure water 

Acetaminophen  • pH: 4− 10  
• Reaction time: 

0− 360 min  
• Initial contaminant 

concentration: 50 
mg/L  

• pyrite dosage: 2 g/L  
• Peroxydisulfate: 5 

mM  

• 96.6 % @ 180 
min 

Not 
reported 

Not 
reported 

Not reported [72] 

Pyrite/ 
PDS 

Microparticles, rinsed with 
distilled water, 50 % HCl and 
ethanol 

Tris(2-chloroethyl) 
phosphate (TCEP)  

• pH: 3− 11  
• Reaction time: 

0− 120 min  
• Initial contaminant 

concentration: 2 
mg/L  

• Persulfate 
concentration: 
0.5− 5 mM  

• pyrite dosage: 
0.03− 0.5 g/L  

• Temperature: 
ambient  

• 100 % @ 120 
min 

-(3.23 ±
0.33)×
10− 2 

PFO 0.9401 [73] 

Pyrite/ 
PDS 

Pyrite powder washed with 95 % 
ethanol, 1 M HNO3 and deionized 
water, successively 

Orange G  • pH: 3− 9  
• Reaction time: 0− 60 

min  
• Initial contaminant 

concentration: 100 
μM  

• PDS concentration: 
5 mM  

• pyrite dosage: 
0.25− 2 g/L  

• Temperature: 30 ±
0.5 ◦C  

• 100 % @ 60 
min 

Not 
reported 

Not 
reported 

Not reported [74]  
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recovery / separation steps). Analyses of catalyst after reaction (by XRD 
and FTIR), and comparison with fresh pyrite sample evidence the 
absence of consequent pyrite structural change (Figs. 3 and 4). 

3.10. Effect of treatment in the pyrite/PMS on in-vivo toxicity of TTC 

The in-vivo toxicity of raw and pyrite/PMS TTC treated solutions, 
under optimum conditions, was examined using hepatotoxicity and 
nephrotoxicity assays. Moreover, the effect of raw water solution and 
pyrite nanoparticles on in-vivo toxicity were considered, separately. The 
hepatotoxicity and nephrotoxicity results obtained from the biochemical 
assays demonstrated that the liver and kidney function was significantly 
(p < 0.03) disturbed by the raw TTC solution. As shown in Fig. 17, all 
liver function tests including ALT, AST and ALP display a significant 
increase with raw TTC solution compared to the other three groups 
(water, water + pyrite, pyrite/PMS treated). The concentrations of ALT, 
AST and ALP for the rats that were exposed to pure water solution were 
53, 131.8 and 273 international unit (IU), respectively; in contrast they 
were about 77, 183 and 585 IU for those induced with raw TTC solution. 
The concentration of ALT and AST were not increased in the presence of 
pyrite nanoparticles in the water solution and in the pyrite/PMS TTC 
treated solution, indicating pyrite nanoparticles as a natural material, 
had no hepatotoxic effect. Although the concentration of ALP increased 
from 273 IU to 345 and 315 IU for the water solution containing pyrite 

nanoparticles and pyrite/PMS TTC treated solution, respectively, these 
increases were not considered as significant (p > 0.05). Moreover, the 
concentration of urea and creatinine, as kidney function tests, also 
increased for those induced with raw TTC solution (Fig. 17), but the 
increases were not significant (p > 0.05). 

The histopathological assays show that raw TTC solution had acute 
toxicity on liver and kidney tissues. As observed in Fig. 18 (red arrows), 
inflammation was observed for liver tissue. In addition, small size 
glomeruli, with loss of brush border in proximal convoluted tubules 
were observed in kidney tissue (Fig. 19, red arrows). Furthermore, in 
both proximal and distal convoluted tubules, vacuoles and desqua-
mating cells were detected. However, no liver and kidney abnormality 
was detected for the other three groups. 

In conclusion, the biochemical and histopathological assays clearly 
demonstrated that raw TTC solution had a toxic effect on liver and 
kidney function. Treating the TTC solution with the pyrite/PMS process 
clearly decreased the toxicity effect. Hence, the pyrite/PMS process 
could be considered as a potentially helpful technique for detoxification 
of polluted water. 

4. Conclusions 

In this study, the catalytic performance of mine waste pyrite nano-
particles in activating peroxydisulfate (PDS) and peroxymonosulfate 
(PMS) compounds was evaluated for the removal of tetracycline (TTC), 
as an emerging water contaminant. The maximum pyrite activity of TTC 
degradation and mineralization was 81.2 % and 33.1 %, respectively, in 
the pyrite/PMS process at pH = 4.1, 1 g/L pyrite, 1 g/L PMS dosage, 50 
mg/L initial TTC concentration, 30 min reaction time, and temperature 
of 25 ◦C. It was revealed that SO•−

4 had a dominant role in the TTC 
removal reaction in the pyrite/PMS process. Presence of SO2−

4 , HCO−
3 

and CO2−
3 ions in water had a considerable inhibiting effect on TTC 

degradation (62%–74.5% when compared to the ion-free reaction). 
Presence of pyrite in the water solution was also verified to have not 
significant toxic effect. In conclusion, mine waste pyrite mineral can be 
considered as a non-toxic catalyst to activate PMS in the pyrite/PMS 
process, resulting in an effective degradation, intermediate mineraliza-
tion and detoxification of polluted water. 

Ethical approval 

The Ethics Committee of Shahroud University of Medical Sciences 
has approved the project in accordance with the tenets of the Helsinki 
Declaration and the national ethical guideline for medical research. 

Fig. 15. Influence of various ions on TTC degradation efficiency in the Pyrite/PMS process (reaction conditions: 50 mg/L TTC, pH 4.1, 1 g/L PMS, 1 g/L pyrite 
dosage, temperature: 25 ◦C and 30 min reaction time). 

Fig. 16. The reusability of pyrite for TTC degradation in the pyrite/PMS (re-
action conditions: 50 mg/L TTC, pH 4.1, 1 g/L PMS, 1 g/L pyrite dosage, 
temperature: 25 ◦C and 30 min reaction time). 
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Fig. 17. Effect of TTC solution treatment on liver enzyme (ALT, AST and ALP) and kidney function tests (urea and creatinine).  
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Fig. 18. Effect of TTC solution treatment on liver tissue (HE staining X400). A: raw TTC solution, B: pyrite/PMS TTC treated solution, C: water solution containing 
pyrite and D: pure water solution. 

Fig. 19. Effect of TTC solution treatment on kidney tissue (HE staining X400). A: raw TTC solution B: pyrite/PMS TTC treated solution, C: water solution containing 
pyrite and D: pure water solution. 
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