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Emerging pollutants defined as compounds that are not
currently covered by existing water-quality regulations all
over the world, have not been studied widely before, and are
thought to be potential threats to environmental ecosystems
and human health. This special issue compiles 5 exciting
papers, which are very meticulously performed researches.

Generally, emerging pollutants encompass a diverse
group of compounds, including pharmaceuticals, drugs of
abuse, personal-care products (PCPs), steroids and hor-
mones, surfactants, perfluorinated compounds (PFCs), flame
retardants, industrial additives and agents, gasoline additives,
new disinfection byproducts (DBPs), nanomaterials, and the
toxic minerals.

The analysis methods, occurrence, and fate of hormonal
and endocrine disruptors compounds (EDCs) were dis-
cussed in two papers of this special issue. R. Guedes-Alonso
et al. determine the hormonal residues in treated water by
ultrahigh performance liquid chromatography-tandem mass
spectrometry (UPLC-MS) and evaluate the efficiency of
the conventional wastewater treatment for the removal of
hormonal compounds. Moreover, Y. Liu et al. study another
kinds of PPCPs, named as phthalate esters that is typical
kind of EDCs. The occurrence in a surface water and the
removal efficiency in a traditional drinking water treatment
palnt are studied. According to results of the two papers,

the occurrence and fate of hormonal and EDCs in water or
wastewater treatment are very clear.

J. Xing et al. report a new wastewater treatment technol-
ogy, bioflocculation, for the removal of sulfamethoxazole that
is a typical pharmaceutical in wastewater. The performance
and the reaction mechanism of the biodegradation of sul-
famethoxazole by the bioflocculation are discussed in depth.
Moreover, the optimum reaction condition is obtained.

The heavy metal and toxic mineral are also important
pollutants in the environment, especially in the mining area.
Two papers of this issue are focused on this. K. Naeemul-
lah et al. report a green preconcentration method for the
determination of cobalt and lead in water. Y. Liu et al. do a
novel research on the electrochemical reaction of pyrite as a
simulation of the natural environmental.

By compiling this special issue, we hope to enrich our
readers and researchers on the analysis and fate of emerging
pollutants during water treatment.

Fei Qi
Guang-Guo Ying

Kaimin Shih
Jolanta Kumirska

Elif Pehlivanoglu-Mantas
Xiaojun Luo
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The presence of phthalate esters (PAEs) in the environment has gained a considerable attention due to their potential impacts
on public health. This study reports the first data on the occurrence of 15 PAEs in the water near the Mopanshan Reservoir—the
new and important water source of Harbin city in Northeast China. As drinking water is a major source for human exposure
to PAEs, the fate of target PAEs in the two waterworks (Mopanshan Waterworks and Seven Waterworks) was also analyzed. The
results demonstrated that the total concentrations of 15 PAEs in the water near the Mopanshan Reservoir were relatively moderate,
ranging from 355.8 to 9226.5 ng/L, with the mean value of 2943.1 ng/L. DBP and DEHP dominated the PAE concentrations, which
ranged from 52.5 to 4498.2 ng/L and 128.9 to 6570.9 ng/L, respectively.The occurrence and concentrations of these compoundswere
heavily spatially dependent. Meanwhile, the results on the waterworks samples suggested no significant differences in PAE levels
with the input of the raw waters. Without effective and stable removal of PAEs after the conventional drinking water treatment in
the waterworks (25.8% to 76.5%), the risks posed by PAEs through drinking water ingestion were still existing, which should be
paid special attention to the source control in theMopanshan Reservoir and some advanced treatment processes for drinking water
supplies.

1. Introduction

Phthalate acid esters, a class of chemical compounds mainly
used as plasticizers for polyvinyl chloride (PVC) or to a
lesser extent other resins in different industrial activities, are
ubiquitous in the environment and have evoked interest in
the past decade due to endocrine disrupting effects and their
potential impacts on public health [1–3].

Worldwide production of PAEs is approximately 6 mil-
lion tons per year [4]. As PAEs are not chemically bound
to the polymeric matrix in soft plastics, they can enter the
environment by losses during manufacturing processes and
by leaching or evaporating from final products [5].Therefore,
the occurrence and fate of specific PAEs in natural water
environments have been observed, and also there are a lot of
considerable controversies with respect to the safety of PAEs
in water [5–10].

Six PAE compounds, including dimethyl (DMP), diethyl
(DEP), dibutyl (DBP), butylbenzyl (BBP), di(2-ethylhexyl)

(DEHP), and di-n-octyl phthalate (DNOP), are classified
as priority pollutants by the U.S. Environmental Protection
Agency (EPA). Though the toxicity of PAEs to humans has
not been well documented, for some years, the Ministry of
Environmental Protection in China has regulated phthalates
as environmental pollutants. In addition, the standard in
China concerning analytical controls on drinkingwaters does
not specifically identify any PAEs as organic pollutant indexes
to be determined by the new drinking water standard in 2007
(Standard for drinking water quality; GB5749-2006), which
was forced to be monitored for the drinking water supplies in
2012. Consequently, official data about the presence of these
pollutants in the aquatic environment of some cities are not
available.

Harbin, the capital of Heilongjiang Province, is a typically
old industrial base and economically developed city with a
population of over 3million inNortheast China. As the newly
enabledwater source forHarbin city,Mopanshanwaterworks
supply the whole city with drinking water through long
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Figure 1: Spatial distribution of the 16 sampling sites near the Mopanshan Reservoir in Northeast China.

distance transfer from the Mopanshan Reservoir. To the
authors’ knowledge, the occurrence and fate of PAEs in the
water near this area and its relative waterworks have not
previously been examined.

The objectives of this study were (i) to determine the
occurrence of PAEs and clarify the fate and distribution of
the pollutants in the water source, (ii) to examine the two
waterworks, where traditional drinking water treatment step
was evaluated on the PAEs removal efficiencies, and (iii) to
evaluate the potential for adverse effects of PAEs on human
health. Therefore, the investigation of PAEs in the water can
provide a valuable record of contamination in Harbin city.

2. Materials and Methods

2.1. Chemical. Fifteen PAEs standard mixture, including
dimethyl phthalate, diethyl phthalate, diisobutyl phthalate,
di-n-butyl phthalate, di(4-methyl-2-pentyl) phthalate, di(2-
ethoxyethyl) phthalate, di-n-amyl phthalate, di-n-hexyl
phthalate, butyl benzyl phthalate, di(hexyl-2-ethylhexyl)
phthalate, di(2-n-butoxyethyl) phthalate, dicyclohexyl phthal-
ate, di(2-ethylhexyl) phthalate, di-n-nonyl phthalate, di-n-octyl
phthalate at 1000 𝜇g/mL each, and surrogate standards,
consisting of diisophenyl phthalate, di-n-phenyl phthal-
ate, and di-n-benzyl phthalate, in a mixture solution of
500𝜇g/mL each, were supplied by AccuStandard Inc. As
the internal standard, benzyl benzoate, was also purchased
from AccuStandard Inc. All solvents (acetone, hexane, and
dichloromethane) used were HPLC-grade and were pur-
chased from J. T. Baker Co. (USA). Anhydrous sodium
sulfate (Tianjin Chengguang Chemical Reagent Co., China)
was cleaned at 600∘C for 6 h and then kept in a desiccator
before use.

2.2. Sample Collection and Preparation. Harbin, the capital
of Heilongjiang province in China, imports nearly all of its
drinking water from two sources: the Mopanshan Reservoir

Raw water Coagulation 
sedimentation Filtration Tank

Sampling site Sampling site

Figure 2: Schematic diagram of the waterworks.

(long-distance transport project) and the Songhua River (old
water source).

Water samples from the Mopanshan Reservoir and
Mopanshan waterwork were collected in 2008. The locations
of the sampling sites near the Mopanshan Reservoir are pre-
sented in Figure 1; as a comparison, sampling from another
Harbin water supply—Seven waterworks with water source
from the SonghuaRiverwas performed in 2011. In eachwater-
works, with considering the hydraulic retention time, three
sets of raw water samples (influent) were taken, and then
the final finished waters (effluent) after the whole treatment
process were carried out for the collections.The flow diagram
of the waterworks is shown in Figure 2.

Samples were collected using 2.0 L glass jars from 0.5m
below the water surface. During the whole sampling process,
the global position system was used to locate the sampling
stations (details in Table 1). All samples were transferred to
the laboratory directly after sampling and stored at 4∘C prior
to extraction within 2 d.

Water samples were filtered under vacuum through glass
fiber filters (0.7 𝜇mpore sizes). Prior to extraction, each sam-
ple was spiked with surrogate standards. The water samples
were extracted based on a classical liquid phase extraction
method (USEPA, method 8061) with slight modifications.
Briefly, 1 L of water samples was placed in a separating funnel
and extracted by means of mechanical shaking with 150mL
dichloromethane, and then, with filtration on sodium sulfate
(about 20 g), the organic extracts were concentrated using
a rotary evaporator. The exchange of solvent was done by
replacing dichloromethane with hexane. Finally, they were
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Table 1: Detailed descriptions of the sampling locations.

Number Sampling site Name Latitude Longitude
1# Lalin, Jinsan Bridge Mangniu River E127∘0253 N45∘545

2# Xingsheng Town, Gaojiatun Lalin River E127∘0611 N44∘5157

3# Dujia Town, Shuguang Lalin River E127∘1044 N44∘4841

4# Shanhe Town, Taipingchuan Lalin River E127∘1836 N44∘4350

5# Xiaoyang Town, Qichuankou Lalin River E127∘2354 N44∘3946

6# Shahezi Town Mopanshan Reservoir E127∘3859 N44∘2417

7# Shahezi Town, Gali Lalin River E127∘3517 N44∘3156

8# Chonghe Town, Changcuizi Mangniu River E127∘4636 N44∘3546

9# Chonghe Town, Xingguo Mangniu River E127∘3517 N44∘3157

10# Longfeng Town Mangniu River E127∘3519 N44∘4348

11# Changpu Town, Zhonghua Mangniu River E127∘1630 N45∘142

12# Erhe Town, Shuanghe Mangniu River E127∘1832 N45∘428

13# Zhiguang Town, Songjiajie Mangniu River E127∘343 N45∘120

14# Zhiguang Town, Wuxing Mangniu River E127∘2920 N45∘043

15# Changpu Town, Xingzhuang Mangniu River E127∘1042 N45∘436

16# Yingchang Town, Xingguang Lalin River E126∘558 N45∘90

reduced to 0.5mL under gentle nitrogen flow. The internal
standard was added to the sample prior to instrumental
analysis.

2.3. Chemical Analysis. The extracted compounds were
determined by gas chromatography coupled to mass spec-
trometer analysis as described in other publications [11,
12]. Briefly, extracted samples were injected into an Agilent
6890 Series GC equipped with a DB-35MS capillary column
(Agilent; 30m × 0.25mm i.d.; 0.25𝜇m film thickness) and
an Agilent 5973 MS detector, operating in the selective ion
monitoring mode. The column temperature was initially set
at 70∘C for 1min, then ramped at 10∘C/min to 300∘C and
held constant for 10min. The transfer line and the ion source
temperature were maintained at 280 and 250∘C, respectively.
Helium was used as the carrier gas at a flow rate of 1mL/min.
The extracts (2.0 𝜇L) were injected in splitless mode with an
inlet temperature of 300∘C.

2.4. Quality Assurance and Quality Control. All glassware
was properly cleaned with acetone and dichloromethane
before use. Laboratory reagent and instrumental blanks were
analyzed with each batch of samples to check for possible
contamination and interferences. Only small levels of PAEs
were found in procedural blanks in some batches, and
the background subtraction was appropriately performed in
the quantification of concentration in the water samples.
Calibration curves were obtained from at least 3 replicate
analyses of each standard solution. The surrogate standards
were added to all the samples to monitor matrix effects.
Recoveries of PAEs ranged from 62 to 112% in the spiked
water and the surrogate recoveries were 75.1 ± 12.7% for
diisophenyl phthalate, 72.3 ± 14.3% for di-n-phenyl phtha-
late, and 102.6 ± 10.4% for di-n-benzyl phthalate in the
water samples. The determination limits ranged from 6 to
30 ng/L. A midpoint calibration check standard was injected

as a check for instrumental drift in sensitivity after every
10 samples, and a pure solvent (methanol) was injected as a
check for carryover of PAEs from sample to sample. All the
concentrations were not corrected for the recoveries of the
surrogate standards.

3. Results and Discussion

3.1. PAEs in Water Source. The PAEs in the waters from
the sampling sites near the Mopanshan Reservoir were
investigated and the results are presented in Table 2. The
∑
15

PAEs concentrations ranged from 355.8 to 9226.5 ng/L,
with the geometric mean value of 2943.1 ng/L. Among the
15 PAEs detected in the waters, DIBP, DBP, and DEHP were
measured in all the samples, with the average concentrations
being 196.6, 801.4, and 1774.1 ng/L, respectively. The three
PAE congeners are important and popular addictives in
many industrial products including flexible PVC materials
and household products, suggesting the main source of PAE
contaminants in the water [13]. The correlations of the con-
centration of DEHP, DBP, and DIBP with the concentrations
of total PAEs in the water samples are shown in Figure 3,
and a relatively significant correlation between ∑

15

PAEs and
DEHP concentration was found, suggesting the important
part played by DEHP in total concentrations of PAEs in
the water bodies near the Mopanshan Reservoir. In other
words, the contribution of DEHP to total PAEs was higher
than that of other PAE congeners in the water samples. In
addition, DMP, DEP and DNOP, with the mean value of
14.0, 28.4, and 54.1 ng/L, respectively, only detected at some
sampling sites, and have also attracted much attention as
the priority pollutants by the China National Environmental
Monitoring Center. On the contrary, the concentrations of
6 PAEs (DMEP, BMPP, BBP, DBEP, DCHP, and DNP) were
below detection limits in all the water samples near the
Mopanshan Reservoir, which is easily explained in terms of
much lower quantities of present use in China.



4 Journal of Analytical Methods in Chemistry

0 2000 4000 6000 8000
0

2000

4000

6000

C
on

ce
nt

ra
tio

ns
 (n

g/
L)

DEHP

𝑟 = 0.885, 𝑃 < 0.01

∑15PAEs (ng/L)

(a)

0 2000 4000 6000 8000
0

2000

4000

C
on

ce
nt

ra
tio

ns
 (n

g/
L)

∑15PAEs (ng/L)

DBP

𝑟 = 0.812, 𝑃 < 0.01

(b)

1000

500

0

0 2000 4000 6000 8000
∑15PAEs (ng/L)

DIBP

C
on

ce
nt

ra
tio

ns
 (n

g/
L)

𝑟 = 0.724, 𝑃 < 0.01

(c)

Figure 3: Correlations of the concentration of the major PAEs (DEHP, DBP, and DIBP) with the concentrations of total PAEs in the water
samples.

Table 2: Concentrations of 15 PAEs in water samples near the Mopanshan Reservoir.

PAEs Abbreviation Water (ng/L)
Range Mean Frequency

Dimethyl phthalate DMP nd–42.4 14.0 8/16
Diethyl phthalate DEP nd–55.0 28.4 15/16
Diisobutyl phthalate DIBP 40.0–658.8 196.6 16/16
Dibutyl phthalate DBP 52.5–4498.2 801.4 16/16
bis(2-methoxyethyl)phthalate DMEP nd nd 0/16
bis(4-methyl-2-pentyl)phthalate BMPP nd nd 0/16
bis(2-ethoxyethyl)phthalate DEEP nd–54.6 12.8 5/16
Dipentyl phthalate DPP nd–92.5 45.5 10/16
Dihexyl phthalate DHXP nd–65.1 16.2 5/16
Benzyl butyl phthalate BBP nd nd 0/16
bis(2-n-butoxyethyl)phthalate DBEP nd nd 0/16
Dicyclohexyl phthalate DCHP nd nd 0/16
bis(2-ethylhexyl)phthalate DEHP 128.9–6570.9 1774.1 16/16
Di-n-octyl phthalate DNOP nd–448.2 54.1 5/16
Dinonyl phthalate DNP nd nd 0/16
∑
15

PAEs 355.8–9226.5 2943.1 —

The distribution of 15 PAEs (∑
15

PAEs) studied and
6 US EPA priority PAEs (∑

6

PAEs; including DMP, DEP,
DIBP, DBP, DEHP, and DNOP) in the waters from different
sampling sites are shown in Figure 4. There was an obvious
variation in the total ∑

15

PAEs concentrations in water sam-
ples near the Mopanshan Reservoir; the concentrations of
∑
6

PAEs from the same sampling sites varied from 269.0 to
9086.0 ng/L, with an average of 2868.6 ng/L, the distribution
spectra of which observed for all the sampling sites were
similar to∑

15

PAEs.The highest levels of PAEs contamination
were seen on the sampling site 3, followed by some relatively
heavily polluted sites (site 16, 13, 9, 10, and 11), indicating that
these sites served as important PAE sources, and the spatial
distribution of PAEs was site specific. The levels in the waters
examined varied over a wide range, especially in theMangniu

River near theMopanshan Reservoir (in some case overmore
than one order of magnitude). In general, it should be noted
that there might be a relation of PAEs levels with the input of
local waste, such as sewage water, food packaging, and scrap
material near the sampling point, which were found during
the sampling period.

3.2. PAE Congener Profiles in the Water. Different PAE pat-
terns may indicate different sources of PAEs. Measurement
of the individual PAE composition is helpful to track the
contaminant source and demonstrate the transport and fate
of these compounds in water [11]. The relative contributions
of the 9 detectable PAE congeners to the∑

15

PAEs concentra-
tions in the water are presented in Figure 5. It is clear that
DEHP was the most abundant in the water samples with
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Figure 4: Spatial distributions of the 16 sampling sites near the
Mopanshan Reservoir.

the exception of site 2, 3 and 11, contributions ranging from
33.1% to 96.3%, followed byDBP, ranging from 2.1% to 36.3%.
The results are consistent with the above data for overall
analysis that DBP and DEHP are the dominant components
of the PAEs distribution pattern in each sampling site, which
reflected the different pattern of plastic contaminant input
during the sampling period. Similarly, DIBP and DBP are
used in epoxy resins or special adhesive formulations, with
the different proportions of these two PAE congeners, which
were also the important indicator of the information polluted
by PAEs for the sampling locations. Although the limited
sample number draws only limited conclusions, there is still
reason to note that a leaching from the plastic materials into
the runoff water is possible, and that water runoff from the
contaminated water is a burden pathway from different
sources of PAEs [14].

3.3. Comparison with Other Water Bodies. Comparison with
the total PAEs concentrations is nevertheless very limited due
to the different analysis compounds. However, the individual
PAE, namely, DBP and DEHP, is by far the most abundant
in other researches, and it is possible to make a camparison
with our findings. In this case, the results of DBP and DEHP
concentrations published in literatures for kinds of water
bodies are presented together in Table 3.

The DEHP and DBP concentrations of the present study
showed, to some extent, lower concentration levels than those
reported in the other water bodies in China. In comparison,
the results were comparable or similar to those from the
examinations described in other foreign countries. For exam-
ple, as shown in Table 3, the DEHP concentrations were sim-
ilar to the surface waters from the Netherlands and Italy
described in the literature. Meanwhile, these concentrations
in this study were quite lower than the Yangtze River and
Second Songhua River in China.
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Figure 5: PAE composition of thewater samples in 16 sampling sites.

In conclusion, as compared to the results of other studies,
the waters near the Mopanshan Reservoir were moderately
polluted by PAEs. Therefore, there is a definite need to set up
a properly planned and systematic approach to water control
near the Mopanshan Reservoir.

3.4. PAE Levels in the Waterworks. The Mopanshan Water-
works (MPSW), equipped essentially with the water source
of the Mopanshan Reservoir, has been investigated in order
to assess the fate of the PAEs during the drinking water
treatment process. For comparison, a sampling campaign for
the determination of PAEs levels in the Seven Waterworks
(SW, waterworks with the old water source of the Songhua
River) was carried out. Both waterworks operate coagulation,
sedimentation and followed by filtration treatment process,
which are typical traditional drinking water treatment.

The measured concentrations in the raw and finished
water of the two investigated waterworks are shown in
Figure 6. Six out of fifteen PAEs were detected in the fin-
ished water from the two waterworks. The detected PAEs
were DMP, DEP, DIBP, DBP, DEHP, and DNOP, and the
other investigated phthalates are of minor importance, with
concentrations all below the limit of detection. As show
in Figure 6, the measured concentrations of the analyzed
PAEs in the finished water of the two waterworks varied
strongly.Themost important compound in the finishedwater
was DEHP, with the mean concentration of 3473.7 and
4059.2 ng/L for the MPSW and SW, respectively, suggesting
the highest relative composition of total PAE concentrations
in the drinking water.

For the raw water from the different water sources, DMP
and DIBP concentrations in the MPSW were much lower
than the ones in the SW, and the concentrations of DEP,
DBP, DEHP, andDEHPwere relatively comparable in the two
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Table 3: Comparison of the concentrations of DEHP and DBP in the water bodies (ng/L).

Location DEHP DBP Reference
Range Median Mean Range Median Mean

Surface water, Germany 330–97800 2270 — 120–8800 500 — [14]
Surface water, the Netherlands nd–5000 320 — 66–3100 250 — [15]
Seine River estuary, France 160–314 — — 67–319 — — [16]
Tama River, Japan 13–3600 — — 8–540 — — [17]
Velino River, Italy nd–6400 — — nd–44300 — — [2]
Surface water, Taiwan nd–18500 — 9300 1000–13500 — 4900 [18]
Surface water, Jiangsu, China 556–15670.7 — — 16–5857.5 — — [19]
Yangtze River, mainstream, China 3900–54730 — — nd–35650 — — [20]
Middle and lower Yellow River, China 347–31800 — — nd–26000 — — [21]
Second Songhua River, China nd–1752650 370020 — nd–5616800 — 717240 [22]
Urban lakes, Guangzhou, China 87–630 170 240 940–3600 1990 2030 [11]
Xiangjiang River, China 620–15230 — — — — — [23]
This study 128.9–6570.9 671.0 1774.1 52.5–4498.2 110.3 801.4
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Figure 6: PAEs detected in the water samples from the MPSW (a) and SW (b).

waterworks. The removal of PAEs by these two waterworks
ranged from 25.8% to 76.5%, which varied significantly with-
out stable removal efficiencies.The lower removal efficiencies
for DMP and DNOP were observed in the SW, with the
removal less than 30%. For both the waterworks, no sound
removal efficiencies were obtained for the PAEs, indicating
that the traditional drinking water treatment cannot show
good performance to eliminate these micro pollutants, which
has nothing to do with the type of the water source.

Traditional drinking water treatment focuses on dealing
with the particles and colloids in terms of physical processes.
Many studies of the environmental fates of PAEs have demon-
strated that oxidation or microbial action is the principal
mechanism for their removal in the aquatic systems [24–26].
Therefore the treatment process should be the combinations
with the key techniques for removing PAEs from the water.
On the other hand, since the removal efficiencies of PAEs by

these advance drinking water treatments in waterworks has
not been systematically studied to date, further research in
this direction would seem to be required.

3.5. Exposure Assessment of PAEs in Water. To evaluate the
potential and adverse effects of PAEs, quality guidelines for
surface water and drinking water standard were used. The
results indicated that the mean concentrations of DBP and
DEHP at levels were well below the reference doses (RfD)
regarded as unsafe by the EPA for the surface water. The
levels were not also above the RfD recommended by China
(Environmental Quality Standard for SurfaceWater of China,
GB3838-2002). On the other hand, the amounts of DEHP
present in public water supplies should be lower than the
drinkingwater standard (0.006mg/L for EPA and 0.008mg/L
for China). According to the results, the concentrations of
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DEHP in drinkingwater samples from theMPSWwere lower
than the limited value.

PAEs are also considered to be endocrine disrupting
chemicals (EDCs), whose effects may not appear until long-
term exposure. According to the results, PAEs were detected
in the drinking water constantly ingested in daily life, indi-
cating that drinking water is an important source of human
exposure to PAEs contaminants. Assuming a daily water
consumption rate of 2 L and an average body weight of 60 kg
for adults, the average daily intake of DEHP, DBP, and DIBP
by way of drinking water from MPSW was calculated to be
115.8, 13.52, and 8.1 ng/kg/d, respectively. In comparison, the
values of SW with the water source of the Songhua River
were relatively higher, with the calculated results of 135.3,
14.0, and 15.5 ng/kg/d for DEHP, DBP, and DIBP, respectively.
In this study, the estimated daily intake levels of DEHP
from the drinking water were quite lower than the RfD
of 20000 ng/kg/d released by the EPA. However, some of
PAEs are partly metabolised in the organism, and future
experiments should be focused on determining the potential
effects of the metabolites [27].

Currently treated water from the Songhua River is for
nonpotable uses, and MPSW is the exclusive waterworks run
for the water supply of Harbin city. However, population
growth and drought cycle are limited by the availability of raw
water from theMopanshan Reservoir. Tomeet the increasing
demand, local and regional water authorities have begun a
campaign of second water supply project from the Songhua
River again, which needs the protection of the Songhua River
and advanced water treatment for the source.

4. Conclusions

This study provided the first detailed data on the contami-
nation status of 15 PAEs in the water near the Mopanshan
Reservoir. The concentration range of 15 PAEs in the samples
was from 355.8 to 9226.5 ng/L, with the mean value of
2943.1 ng/L. DEHP andDBPwere themain pollutants among
15 PAEs, accounting for the main watershed pollution. The
occurrence and distribution of PAEs from different sampling
sites in the water source varied largely, suggesting that the
spatial distribution of PAEs was site specific. In addition,
the monitoring of PAEs in the waterworks also showed that
PAEs can be detected in the drinking water, and certain
toxicological risks to drinking water consumers were found.
These results reported here contribute to an understanding
of how PAE contaminants are distributed in the new water
source and the waterworks in Harbin city as well as forming
a basis for further modeling, risk assessment, and selection of
drinking water treatment technology.

In conclusion, the results implied that no urgent reme-
diation measures were required with respect to PAEs in the
waters. However, the ecological and health effects of these
substances through drinkingwater at the relatively lower con-
centrations still need further notice in light of their possible
biological magnifications. Therefore, the long-term source
control in the water and adding advanced treatment process
for drinking water supplies should be given special attention
in this area.
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In the last years, hormone consumption has increased exponentially. Because of that, hormone compounds are considered emerging
pollutants since several studies have determinted their presence in water influents and effluents of wastewater treatment plants
(WWTPs). In this study, a quantitative method for the simultaneous determination of oestrogens (estrone, 17𝛽-estradiol, estriol,
17𝛼-ethinylestradiol, and diethylstilbestrol), androgens (testosterone), and progestogens (norgestrel andmegestrol acetate) has been
developed to determine these compounds in wastewater samples. Due to the very low concentrations of target compounds in the
environment, a solid phase extraction procedure has been optimized and developed to extract and preconcentrate the analytes.
Determination and quantification were performed by ultrahigh performance liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS). The method developed presents satisfactory limits of detection (between 0.15 and 9.35 ng⋅L−1), good recoveries
(between 73 and 90% for the most of compounds), and low relative standard deviations (under 8.4%). Samples from influents and
effluents of two wastewater treatment plants of Gran Canaria (Spain) were analyzed using the proposed method, finding several
hormones with concentrations ranged from 5 to 300 ng⋅L−1.

1. Introduction

In general, it is supposed that more than 100,000 different
chemical compounds can be introduced in the Environment,
many of them in very small quantity. However, a lot of these
compounds are not included as pollutants in the legislation.
Although these compounds, named emerging pollutants, are
not regulated as pollutants, they probably will be in the future
because of their potential negative effect in the ecosystem. For
20 years, many articles have reported the presence of these
“new compounds” in wastewater [1, 2].

The emerging pollutant origin is mainly anthropogenic,
considering that the majority of these compounds are bio-
logically active substances that are synthesized to use them
in agriculture, industry, and medicine. The main source of
these emerging pollutants is the residual urbanwaters and the
wastewater treatment plants effluents because many of these

WWTPs are not designed or optimized to treat this kind of
compounds [3].

Hormones are one of the most potent endocrine disrupt-
ing compounds as well as are considered also as emerging
pollutants. Hormones can be differentiated in oestrogens,
androgens, and progestogens. Some of them have limits in
their use, but not a specific legislation [4].

The main characteristic of these pollutants is that it is
not necessary to remain in the environment to cause negative
effects, in view of the fact that their constant introduction in
it offsets their removal or degradation [5].

The steroid hormones help controlling the metabolism,
inflammations, immunological functions, water and salt bal-
ance, sexual development, and the capacity of withstanding
illnesses [6]. The term steroid can be used for natural
hormones produced by the body as well as for artificially
produced medicines that increase the natural steroid effect.
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In the last 50 years, the natural and synthetic hormone
worldwide consumption has grown, as much as in human
medicine as in cattle farming, and they become the most
prescribed medicines [7].

A significant quantity of consumed oestrogens leaves the
organism through excretions. For example, 17𝛽-estradiol (E2)
is oxidized rapidly, becoming an estrone (E1) that can turn
into estriol afterwards (E3). Besides, the 17𝛼-ethinyl estradiol
(EE) is excreted as conjugated [8].

With regard to emission sources, in the first place are
the wastewater treatment plants (WWTPs) [9], and secon-
darily, cattle waste such as those leachates from dung and
uncontrolled dumping [10]. Several studies made in the
WWTPs have reported that the treatment plants are capable
of eliminating around 60% of hormones [11–13].

The identification of hormone residues in environment
is of special interest because knowledge of these compounds
is a requirement to take measures in order to regulate and
minimize their environmental impact.

However, measurement of hormone residues is a very
difficult task not only due to the difficulty in measuring
very low concentration, but also due to a very complexity
of the samples. Therefore, use of mass spectrometer (MS)
as detector coupled with chromatography techniques has
become a powerful method for the analysis of these types
of compounds at trace levels [14–17]. Consequently, LC-
MS/MS is the principally chosen technique. One of the main
advantages of LC-MS/MS is its ability to analyze hormones
without derivatization (necessary in GC) or the need of
hydrolyze the conjugated form.

Due to low level concentration of these compounds in
environmental water, it is necessary to apply an extraction
and preconcentration method prior to LC analysis. The most
used technique of extraction and preconcentration method
for liquid samples is the solid phase extraction (SPE) [18–20].

The objective of this study is to develop a rapid and simple
procedure of extraction, preconcentration, and determina-
tion of four steroid oestrogens (estrone (E1), 17𝛽-estradiol
(E2), estriol (E3) and 17𝛼-ethinylestradiol (EE)), one non-
steroidal oestrogen, the diethylstilbestrol (DES), one andro-
gen, the testosterone (TES) and two synthetic progestogens,
norgestrel (NOR) and megestrol acetate (MGA) (Table 1),
based on solid phase extraction and ultrahigh performance
liquid chromatography-tandem mass spectrometry (SPE-
UHPLC-MS/MS). The developed method was applied to
the identification and quantification of these compounds
in wastewater samples obtained from the influents and
effluents of two wastewater treatment plants (WWTPs) of
Gran Canaria (Spain). They presented different methods
of wastewater treatments: WWTP 1 presented a traditional
method based on activated sludge, while WWTP 2 used a
membrane bioreactor technique.

2. Materials and Methods

2.1. Reagents. All of the hormonal compounds usedwere pur-
chased from Sigma-Aldrich (Madrid, Spain). Stock solutions
containing 1000mg⋅L−1 of each analyte were prepared by

dissolving the compound inmethanol, and the solutionswere
stored in glass-stoppered bottles at 4∘C prior to use. Working
aqueous standard solutions were prepared daily. Ultrapure
water was provided by a Milli-Q system (Millipore, Bedford,
MA, USA). HPLC-grade methanol, LC-MS methanol, and
LC-MS water as well as the ammonia and the ammonium
acetate used to adjust the pH of the mobile phases were
obtained from Panreac Quı́mica (Barcelona, Spain).

2.2. Sample Collection. Water samples were collected from
the effluents of twowastewater treatment plants located in the
northern area of Gran Canaria in May and August of 2012.
WWTP 1 used a conventional activated sludge treatment
system, while WWTP 2 employed a membrane bioreactor
treatment system. The samples were collected in 2 L amber
glass bottles that were rinsed beforehand with methanol and
ultrapurewater. Samples were purified through filtrationwith
fibreglass filters and then with 0.65 𝜇m membrane filters
(Millipore, Ireland). The samples were stored in the dark at
4∘C and extracted within 48 hours.

2.3. Instrumentation. For the SPE optimization, the instru-
ment used was an ultrahigh performance liquid chromatog-
raphy with fluorescence detector (UHPLC-FD) system con-
sisting of an ACQUITYQuaternary Solvent Manager (QSM)
used to load samples and wash and recondition the analytical
column, an autosampler, a column manager, and a fluores-
cence detector with excitation and emission wavelengths of
280 and 310 nm, respectively, all fromWaters (Madrid, Spain).

The analysis of wastewater samples was performed in
a UHPLC-MS/MS system from Waters (Madrid, Spain),
similar to the described above, with a 2777 autosampler
equipped with a 25𝜇L syringe and a tray to hold 2mL
vials, and an ACQUITY tandem triple quadrupole (TQD)
mass spectrometer with an electrospray ionization (ESI)
interface. All Waters components (Madrid, Spain) were
controlled using the MassLynx Mass Spectrometry Software.
Electrospray ionisation parameters were fixed as follows:
the capillary voltage was 3 kV in positive mode, and −2 kV
in negative mode, the source temperature was 150∘C, the
desolvation temperature was 500∘C, and the desolvation gas
flow rate was 1000 L/hr. Nitrogen was used as the desolvation
gas, and argon was employed as the collision gas.

The detailed MS/MS detection parameters for each hor-
monal compound are presented in Table 2 and were opti-
mised by the direct injection of a 1mg⋅L−1 standard solution
of each analyte into the detector at a flow rate of 10 𝜇L⋅min−1.

2.4. Chromatographic Conditions. For the SPE optimization,
the analytical column was a 50mm × 2.1mm, ACQUITY
UHPLCBEHWaters C

18
columnwith a particle size of 1.7𝜇m

(Waters Chromatography, Barcelona, Spain) operating at a
temperature of 30∘C. Analytes separation was carried out
employing the following gradient: starting at 55 : 45 (v/v)
water :methanol for 1 minute. During 3 minutes, it changed
to 50 : 50 (v/v) and stayed for 2.5 minutes more. Finally, came
back to initial conditions in 1 minute, and stayed for 1.5
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Table 1: List of hormonal compounds, pKa values, chemical structure, and retention times.

Compound pKa [21] Structure 𝑡
𝑅

(min)

E3 Estriol 10.3

HO

OH

OH

H H

H
0.96

E2 17𝛽-estradiol 10.3

HO

OH

H H

H
2.18

EE 17𝛼-ethinylestradiol 10.3

HO

HO

H H

H
2.23

E1 Estrone 10.3

HO

O

H

H H
2.20

DES Diethylstilbestrol 10.2

HO

OH

2.35

TES Testosterone 15.1

OH

O
H H

H
2.40

MGA Megestrol acetate

O

O

O

O
H

H

H
3.06

NOR Levonorgestrel 13.1

OH

O

H

H

H

H
2.63

minutes. Therefore, the analysis took 9 minutes at a flow of
0.5mL⋅min−1.

For the analysis of real samples, aUHPLC-MS/MS system
was used. The analytical column was the same, and the
mobile phase was water and methanol, adjusted with a buffer
consisting in 0.1% v/v ammonia, and 15mM of ammonium
acetate. The analysis was performed in gradient mode at a
flow rate of 0.3mL⋅min−1.The gradient started at 50 : 50 (v/v)
mixture of water :methanol, which changed to 25 : 75 (v/v) in
3 minutes, and returned to 50 : 50 in 1 minute more. Finally,
the gradient stayed calibrating for another 1.5 minutes more.
The sample volume injected was 5𝜇L.

3. Results and Discussion

3.1. Optimization of Solid-Phase Extraction (SPE). There are
a number of parameters that affect SPE procedure such as

type of sorbent, pH, ionic strength, sample and desorption
volumes, and wash step. To optimize these parameters, it
used Milli-Q water spiked with a solution of fluorescence
oestrogens (estriol, 17𝛽-estradiol, and 17𝛼-ethinylestradiol)
to obtain a final concentration of 250𝜇g⋅L−1.

The first parameter to optimize is the choice of sorbent,
since it controls the selectivity, affinity and capacity over
analytes. In this study, the SPE cartridges used were OASIS
HLB, SepPak C

18
(both from Waters, Madrid, Spain), and

BondElut ENV (fromAgilent, Madrid, Spain). Keeping other
parameters fixed (ionic strength of 0%, sample volume of
100mL), the cartridges were studied at three different pHs
(5, 8, and 11). From the results obtained, it can be observed
that the better signals are found for SepPak C

18
cartridge

(Figure 1).
After choosing the optimum cartridge, we used an initial

experimental design of 23, to study the influence of pH, ionic
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Table 2: Mass spectrometer parameters for the determination of target analytes.

Compound Precursor ion
(m/z)

Capillary voltage
(Ion mode)

Quantification ion,m/z
(collision potential, V)

Quantification ion,m/z
(collision potential, V)

E3 287.2 −65V (ESI −) 171.0 (37) 145.2 (39)
E2 271.2 −65V (ESI −) 145.1 (40) 183.1 (31)
EE 295.2 −60V (ESI −) 145.0 (37) 158.9 (33)
E1 269.2 −65V (ESI −) 145.0 (36) 143.0 (48)
DES 267.1 −50V (ESI −) 237.1 (29) 251.1 (25)
TES 289.2 38V (ESI +) 187.0 (18) 104.0 (21)
MGA 385.5 30V (ESI +) 267.3 (15) 224.2 (30)
NOR 313.2 38V (ESI +) 109.0 (26) 245.1 (18)
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Figure 1: Optimization of SPE cartridges.

strength and sample volume over extraction process. The
experimental design was obtained using Statgraphics Plus
software 5.1 and the statistics study was done with IBM SPSS
Statistics 19. We assessed two levels and three parameters: pH
(3 and 8), ionic strength (0 and 30% of NaCl), and sample
volume (50 and 250mL), to obtain the influence of each
parameter and the variable correlation to each other. In this
study, it is observed that the ionic strength and sample volume
had the major influence on the recoveries of the analytes.
For that, a 32 factorial design to optimize these two variables
at three levels per parameter (0, 15, and 30% of NaCl for
ionic strength and 50, 100 y 250mL for sample volume) was
used. Figure 2 shows the response surface obtained for the
estriol and 17𝛼-ethinylestradiol. The results obtained showed
that an increment of the ionic strength did not produce
an increase in the response area of the compound, and the
optimum volume was 250mL. Because of that, a solution
without salt addition and 250mL of sample volume was
chosen. Finally, the desorption volume (1mLofmethanol and
2mL of methanol in one and two steps) and wash-step (5mL

ofMilli-Q water, and 5mL ofMilli-Q water with 5 and 10% of
methanol v/v) were assayed to complete the optimization of
the SPE process. The optimum values were 2mL of methanol
in one step and 5mL of Milli-Q water without methanol,
respectively.

In accordance with the obtained results, the optimum
conditions for SPE procedure were SepPak C

18
cartridge,

250mL of sample at pH = 8 and 0% of NaCl, desorption
with 2mL of methanol in one step, and wash step with
5mL of Milli-Q water. In these conditions, we achieved a
preconcentration factor of 125. In Figure 3, a chromatogram
with the optimum conditions is shown, where the peaks
of all compounds in their corresponding transitions can be
observed.

3.2. Analytical Parameters. Because of the SPE optimization,
that was done only with fluorescent compounds (estriol, 17𝛽-
estradiol, and 17𝛼-ethinylestradiol), it was necessary to study
the recoveries of all the hormonal compounds, using the
optimized SPE-UHPLC-MS/MSmethod. All the compounds
under study showed good recoveries, over 73%, except the
diethylstilbestrol, with a recovery of 50.7%.

A calibration curve was used for the quantification of
the analytes by diluting the stock solution of each analyte,
into the samples to concentrations ranging between 1 and
100 𝜇g⋅L−1. Analysis was conducted by UHPLC-MS/MS and
linear calibration plots for each analyte (𝑟2 > 0.99) were
obtained based on their chromatographic peak areas.

The limit of detection (LOD) and the limit of quantifi-
cation (LOQ) for each compound were calculated from the
signal-to-noise ratio of each individual peak. The LOD was
defined as the lowest concentration that gave a signal-to-noise
ratio that was greater than 3. The LOQ was defined as the
lowest concentration that gave a signal to noise ratio that was
greater than 10.The LODs ranged from0.15 to 9.35 ng⋅L−1 and
the LOQs ranged from 0.49 to 31.18 ng⋅L−1.

The performance and reliability of the process were
studied by determining the repeatability of the quantification
results for all target analytes under the described conditions,
using six samples (𝑛 = 6). The relative standard deviations
(RSDs) were lower than 8.4% in all cases, indicating a
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Figure 2: Effect of ionic strength and sample volume on the SPE extraction for estriol and 17𝛼-ethinylestradiol.
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Figure 3: MRM chromatograms of a spiked sample (250 𝜇g⋅L−1) with all analytes after SPE process.

good repeatability. Table 3 shows the analytical parameters
obtained for all compounds analysed.

3.3. Matrix Effect. Despite the high sensitivity and low
chemical noise in UHPLC-MS/MS systems, the sample com-
position has a great influence on the analyte signal [22]. To

evaluate the relative signal enhancement or suppression in
the samples, the algorithm by Vieno et al. [23] was used, as
following:

As − (Asp − Ausp)
As

× 100, (1)
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Figure 4: Concentrations of target compounds in sewage samples from both wastewater treatment plants (WWTPs).

Table 3: Analytical parameters for the SPE-UHPLC-MS/MS method.

Compound RSDa (%) 𝑛 = 6 LODb (ng⋅L−1) LOQc (ng⋅L−1) Recovery (%) 𝑛 = 6 Matrix effect (%)
E3 6.53 9.35 31.2 80.5 ± 5.3 2.96
E2 8.37 2.53 8.44 89.7 ± 7.5 1.33
EE 7.25 0.51 1.71 90.6 ± 6.5 −12.6
E1 6.81 2.60 8.66 78.7 ± 5.4 15.4
DES 6.93 0.64 2.14 50.7 ± 3.5 4.48
TES 6.77 1.49 4.95 83.8 ± 5.7 17.1
MGA 7.18 0.15 0.49 73.7 ± 5.3 13.5
NOR 7.38 2.11 7.04 88.9 ± 6.5 17.2
aRelative standard derivation.
bDetection limits, calculated as signal-to-noise ratio of three times.
cQuantification limits, calculated as signal-to-noise ratio of ten times.

where As corresponds to the peak area of the analyte in pure
standard solution, Asp to the peak area in the spiked matrix
extract, and Ausp to the matrix extract. This procedure was
applied to an effluent sample, assuming that all matrices will
behave in the same way.

Suppression effect, between 13 and 17%, was observed for
estrone, testosterone, norgestrel, and megestrol acetate. For
estriol, 17𝛽-estradiol, and diethylstilbestrol, the signal sup-
pressions were very low, under 5%. Only 17𝛼-ethinylestradiol
showed a signal enhancement of 12.6%. The results obtained
are showed in Table 3 and they are in accordance with those
reported in similar studies [19, 24].

3.4. Analysis of Selected Compounds in Wastewater Sam-
ples. To check the efficiency of the developed method, it
was applied to determination of target analytes in different
wastewater samples from two WWTPs of the island of Gran
Canaria (Spain). Figure 4 shows the results obtained. It
can be observed that in the WWTP 1, not all compounds
were detected, only diethylstilbestrol and testosterone, in
concentration that ranging between 35 and 300 ng⋅L−1 and
1.2 and 9.95 ng⋅L−1, respectively, for influent samples. The

concentrations of diethylstilbestrol at the effluent increased
in the first sampling and diminished in the second. The
behaviour of testosterone in the effluent samples was the
opposite.

However, for WWTP 2 a higher number of compounds
were detected. For the influents samples, the highest con-
centrations were between 100 and 140 ng⋅L−1 for estriol and
diethylstilbestrol, while the rest of compounds (testosterone,
estrone and 17𝛽-estradiol) were detected at concentrations
between 20 and 40 ng⋅L−1. The concentrations at the effluent
for diethylstilbestrol diminished up to 110 ng⋅L−1 and 5 ng⋅L−1
for testosterone. The rest of compounds were not detected
at the effluent samples. Only the concentration of norgestrel
(about 6 ng⋅L−1) increased during the wastewater treatment
process.

4. Conclusions

An analytical method for the simultaneous extraction, pre-
concentration, and determination of oestrogens (estrone,
17𝛽-estradiol, estriol, 17𝛼-ethinylestradiol, and diethylstilbe-
strol) androgens (testosterone) and progestogens (norgestrel
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and megestrol acetate) in wastewater matrices has been
optimized and developed. The method used was solid phase
extraction (SPE) for the extraction/preconcentration step and
it was combined with UHPLC-MS/MS. The limits of detec-
tion reachedwere between 0.15 to 9.35 ng⋅L−1. In addition, the
methodpresented high recoveries, up to 90%, for themajority
of compounds and RSD lower than 9%.

The application of the method to samples from two dif-
ferent WWTPs showed that the concentrations of hormones
found, ranged from 5 to 300 ng⋅L−1, and some of them
(diethylstilbestrol and testosterone) were detected in all the
wastewater samples, and other, like estrone or 17𝛽-estradiol,
only in some samples. In view of the obtained results
about influent and effluent samples, it can be determined
that the membrane bioreactor system is quite effective to
degrade these compounds. However, it is difficult to obtain
a conclusion about the activate sludge treatment effectivity
owing to the small quantity of compounds detected.
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Although the treatment technology of sulfamethoxazole has been investigated widely, there are various issues such as the high cost,
inefficiency, and secondary pollution which restricted its application. Bioflocculant, as a novel method, is proposed to improve
the removal efficiency of PPCPs, which has an advantage over other methods. Bioflocculant MFX, composed by high polymer
polysaccharide and protein, is themetabolism product generated and secreted byKlebsiella sp. In this paper,MFX is added to 1mg/L
sulfanilamide aqueous solution substrate, and the removal ratio is evaluated. According to literatures review, forMFX absorption of
sulfanilamide, flocculant dosage, coagulant-aid dosage, pH, reaction time, and temperature are considered as influence parameters.
The result shows that the optimum condition is 5mg/L bioflocculant MFX, 0.5mg/L coagulant aid, initial pH 5, and 1 h reaction
time, and the removal efficiency could reach 67.82%. In this condition, MFX could remove 53.27% sulfamethoxazole in domestic
wastewater, and the process obeys Freundlich equation. R2 value equals 0.9641. It is inferred that hydrophobic partitioning is an
important factor in determining the adsorption capacity of MFX for sulfamethoxazole solutes in water; meanwhile, some chemical
reaction probably occurs.

1. Introduction

In recent decades, the use of pharmaceutical and personal
care products (PPCPs) has increased dramatically [1, 2].
They are members of a group of chemicals newly classi-
fied as organic microcontaminants in water after pesticide
and endocrine disrupting compounds, which stably exist in
nature, have properties of being hard-biodegraded, bioaccu-
mulation, and long-range hazardous, posing far-reaching and
unrecoverable hazard on ecosystem [3–5]. The presence of
PPCPs of emerging concern as increasing evidence suggests
their harmfulness [6]. Antibiotic medicine sulfamethoxazole
features classic PPCPs, with very low removal ratio in water
treatment and high frequency to be detected. In recent
decades, although the consume of sulfamethoxazole has been
reduced, it is the most popular germifuga in animal food
production [7]. It is reported that SMX applied in veterinary
directly discharges into the aquatic environment, which has
high toxicity [8]. Therefore, there have been large amount
of studies on sulfamethoxazole. However, most attention

has been focused on identification, fate, and distribution of
PPCPs in municipal wastewater treatment plants [9, 10]. It is
significant to develop treatmentmethod to remove SMX.The
commonly used treatment methods include advanced oxida-
tion process, adsorption, and membrane technology [11–13].
Bioflocculation absorption method has several advantages
over other methods, such as going green, being environmen-
tally protective, no second pollution, and being biodegrad-
able [14]. What is more, bioflocculation has been proved
to be highly effective and wildly applied, and yet there is
no published research on bioflocculation removal of PPCPs.
Thus, it is meaningful to study the removal of PPCPs by
bioflocculation. Bioflocculant MFX is a metabolized produc-
tion with good flocculant activity, generated and secreted by
Klebsiella sp. into the extracellular environment, composed
of macromolecular polysaccharide and protein. In this study,
based on its physical and chemical property, the effective
ingredient of MFX is extracted by water abstraction and
alcohol precipitation, transformed into dry powder. And then
the removal efficiency andmechanismof sulfamethoxazole in
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aqueous environment are researched.The study aims at devel-
oping an effective treatmentmethod of sulfamethoxazole and
expanding the applied range of bioflocculation.

2. Materials and Methods

2.1. Strains and Media

2.1.1. Bioflocculant-Producing Bacterium, Strain J1: Klebsiella
sp. The strain was screened by our laboratory from activated
sludge in municipal wastewater treatment plants and pre-
served in China General Microbiological Culture Collection
Center (CGMCC number 6243).

2.1.2. Inclined Plane Medium (g/L). Peptone 10, NaCl 5, beef
extract 3, agar 15∼18, water 1000mL, pH 7.0∼7.2; Flocuclant
fermentationmedium (g/L): glucose 10, yeast extract 0.5, urea
0.5, MgSO

4
⋅7H
2
O 0.2, NaCl 0.1, K

2
HPO
4
5, KH

2
PO
4
2, H
2
O

1000mL, pH 7.2∼7.5.

2.2. Methods

2.2.1. Assay Methord. Flocculating rate: 5.0 g chemically pure
kaolin clay, 1000mL tap water, and 1.5mL 10% CaCl

2
liquid

are added into a beaker, pH is adjusted to 7.2 by adding
NaOH, then 10mL flocculant is added, compared with
control without flocculant addition. Flocculator is applied
during the experiment, after 40 s fast mixing, and changed
into slow mixing for 4 minutes, after 20min settling, and
the absorbance of the supernatant is measured under 550 nm
by 721 UV spectrometer [15]. The flocculation efficiency is
calculated as follows:

flocculation efficiency = (𝐴 − 𝐵)
𝐴
× 100%, (1)

where 𝐴 is turbidity of the supernatant in control (light
transmittance); 𝐵 is turbidity of the supernatant in sample.

The removal efficiency of sulfamethoxazole is calculated
by the following equation:

remove efficiency = (𝐶 − 𝐷)
𝐶
× 100%, (2)

where 𝐶 is the concentration in control and 𝐷 is the
sulfamethoxazole concentration after treatment:

Polysaccharide measurement: Phenol-sulphuric acid
method [16].
Protein measurement: Coomassie light blue [16].

2.2.2. Bioflocculant Preparation. Add 2x volume absolute
alcohol (precooled under 4∘C) to fermentation liquid, and
filter and collect the white flocs after mixing. Add 1x volume
absolute alcohol to filtered liquid, and then collect the white
flocs again. Add small amount of DI water to collected
flocs, after uniformly dissolving, freeze the flocculants in the
ultralow temperature freezer for 24 h, and then put them into
freeze drying to change the flocculants into dry powder.

2.2.3. Chromatographic Condition. Chromatographic col-
umn: C18 (250 ∗ 4.6mm, 5 um); mobile phase is formic
acid water: Acetonitrlle (60 : 40V/V); flow rate 1.0mL/min;
sample size 10 𝜇L; column temperature 30∘C; wave length
265 nm [17].

2.2.4. Impact Factor Experiment of Sulfamethoxazole Removal
Efficiency. Add flocculants into 1mg/L sulfamethoxazothe
liquid with dosage 0mL, 1mL, 3mL, 5mL, 7mL, and 9mL;
set the coagulant aids dosage as 0mL, 0.5mL, 1mL, 1.5mL,
and 2mL; adjust pH value to 4, 5, 6, 7, and 8 under 5∘C,
15∘C, 25∘C, 35∘C, 45∘C, and 55∘C; change the reaction time
as 0 h, 0.25 h, 0.5 h, 0.75 h, 1 h, 2 h, 4 h, 6 h, 8 h, 10 h, and 12 h;
calculate the removal rate.

2.2.5. Orthogonal Test of Sulfamethoxazole Removal by Bio-
flocculants. Based on the preliminary obtained optimum
condition, flocculant dosage, coagulant-aid dosage, pH, reac-
tion time, and temperature are considered as influencing
parameters. The design of experiment is shown in Table 1.

2.2.6. Adsorption Isotherm Experiment of Sulfamethoxazole
Removal by Bioflocculants. Mix the flocculant MFX and sul-
famethoxazole with initial concentration as 0.8mg/L, 1mg/L,
1.2mg/L, 1.4mg/L, 1.6mg/L, and 1.8mg/L separately, under
different temperature condition as 15∘C, 35∘C, put on 140 rpm
shaking table with constant temperature, conduct adsorption
isotherm experiment, and adsorption time is 1 h.

3. Results and Discussion

3.1. Analysis of Flocculent Active Ingredients. The strain J1
was short rod-shaped, cream-colored, viscous, smooth, and
Gram-positive. J1 was identified as Klebsiella. sp on the basis
of themorphological characteristics and 16S rDNA sequence.
The J1 showed a high yield of flocculant and good flocculation
activity toward kaolin suspension. The active ingredients
of bioflocculant MFX produced by J1 distributed mainly in
the supernatant after the first centrifugation of fermentation
broth, that is to say, the flocculation active extracellular
secretions remain freely in fermentation broth. (Figure 1).
Flocculation ratio after first centrifugation appeared nega-
tively, which proved that the J1 itself was not responsible
for the flocculation. The addition of cell suspension leads to
the increasing turbidity of raw water. After ultrasonic crush-
ing and centrifugation, bacteria cells were broken and the
intercellular content went into the supernatant; the negativity
of flocculation ratio showed the fact that the intercellular
content may not have flocculation effect. What is more,
fermentation broth without inoculation has relatively high
flocculation ratio, and it may be caused by the flocculation
effect and coagulation aid effect of the phosphate or other
inorganic salts. Thus, we may reach the conclusion that the
flocculant active ingredient is the metabolized production;
in the meantime, the growth medium also contributes to the
flocculation. By the isolation and purification of flocculation
active ingredients, removing disturbance of growth medium,
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Figure 1: Distribution of flocculent active ingredients.

Table 1: Factors and levels of orthogonal test.

Levels 𝐴

pH

𝐵

Flocculant
dosage (mL)

𝐶

Coagulant
aid dosage

(mL)

𝐷

Reaction
time (h)

1 5 2 0 0.5
2 6 5 0.2 1
3 7 8 0.5 1.5

Table 2: Qualitative analysis of flocculent active ingredients.

Reaction type Analytical method Phenomenon

Polysaccharide
Molish reaction +

Anthrone reaction +
Seliwanoff reaction −

Protein
Ninhydrin reaction +
Biuret reaction +

Xanthoprotein reaction +

a further conclusion may be reached; that, is the active ingre-
dient is the secondary metabolites of bacteria fermentation
(extracellular polymeric substances (EPS)).

Table 2 presents MFX that has apparent results in the
saccharides and protein chromogenic reactions. According to
Table 2, we can conclude qualitatively that the major ingredi-
ents of the flocculant produced by J1 are polysaccharides and
protein, the polysaccharides content is 0.0656mg/mL, and
the protein content is 0.1021mg/mL.

After the enzymatic digestion of EPS, polysaccha-
rides were removed, while proteins remained. The pro-
teins accounted for 15.05% (cellulase), 61.9% (𝛼-amylase),
and 11.4% (𝛽-amylase) of the flocculation activity. On the
contrary, proteins were removed, while polysaccharides
remained. EPS has no flocculent activity (Table 3). Obvious
decrease in flocculation activity was observed after the
flocculant MFX was exposed at 70∘C for 20min, indicating
that it was low thermostable. This implies that the active

Table 3: Enzymatic digestion of flocculent active ingredients.

Reaction type Enzym Flocculation rate after
enzymatic digestion Floc

Polysaccharide
Cellulase 15.05% Small
𝛼-amylase 61.90% Big
𝛽-amylase 11.4% Small

Protein

Trifluoroacetic
acid Negative None

Pepsase Negative None
Trypsin Negative None

constituents in MFX were proteins and polysaccharides, and
proteins dominant accounted for the flocculation activity.

3.2. The Impact Factors on Removal Efficiency of Sulfamethox-
azole by MFX. Five parameters: pH value, flocculant dosage,
coagulation aid ratio, flocculation time, and temperature are
measured to see the effects of these factors on sulfamethoxa-
zole removal efficiency. Along with the changes of pH value,
the removal efficiency increases firstly then decrease, and
changes sharply, from where we could know that pH does
affect removal ratio a lot. It is shown in Figure 2(a) that,
between pH 4 and 5, the removal efficiency increases along
with pH increment. When pH is 5, MFX possesses the
strongest flocculation capacity and the highest flocculation
efficiency, which is 67.2%. Between pH 6 and 8, the removal
efficiency falls steeply when pH is 8, and the removal effi-
ciency is only 1.61%.The result demonstrated that the biofloc-
culant has higher removal efficiency on sulfamethoxazole in
the acidic condition, while the alkali condition results in rel-
atively poor removal efficiency. Figure 2(b) shows that along,
with the increase of flocculant dosage, the removal efficiency
increases firstly, then decreases, and changes acutely. When
flocculant dosage varies within the range from 1mL to 5mL,
the removal efficiency improved with the increasing dosage.
When flocculant dosage is 5mL, the optimum removal
efficiency is obtained, which is 57.89%. As seen in Figure 2(c),
the dosage of coagulant aid also has impact on the removal
efficiency. Increasing volume ratio of coagulant aid leads to
increasing removal efficiency. When coagulant aid dosage is
0.1 times of flocculation dosage, which is 0.5mL, more than
50% removal efficiency is reached. Afterwards, the increment
of coagulant aid dosage decreases flocculation capability and
removal efficiency. In the meantime, the removal efficiency
is around 20% without coagulant aid addition, which proves
that bioflocculant could remove sulfamethoxazole without
coagulant aid. Figure 2(d) shows that the removal efficiency
increases firstly, then decreases with the change of tempera-
ture, but within narrow fluctuation range.When temperature
is between 5∘C and 25∘C, the removal efficiency increases
slowly. When temperature is 35∘C, the strongest flocculation
capability is obtained and the highest removal efficiency is
reached, which is 67.20%.The removal efficiency decreases on
the temperature of 45∘C and 55∘C. According to Figure 2(e),
the removal efficiency increases exponentially within the first
30 minutes, after 30 minutes the increment slows down and
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Figure 2:The influence of ecological factor on removal rate. (a) is the influence of pH; (b) is the influence of MFX dosage; (c) is the influence
of CaCl

2

dosage; (d) is the influence of temperature; (e) is the influence of time on removal rate.
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remains the same after 1 hour, reaching equilibrium. This
is because of that a large amount of adsorbate exists in
the liquid in the beginning of the reaction and is adsorbed
quickly by adsorbent. With the occupation of the adsorption
sites, adsorption quantity inclines slowly. After equilibrium is
reached, the adsorption quantity remains constantly.

In conclusion, the optimum flocculation condition is
pH 5, flocculant dosage 5mL, coagulant aid dosage 0.5mL,
flocculant reaction time 1 h, and temperature 35∘C.Under this
condition, the highest removal efficiency is reached, which is
67.82%. It is reported that the removal efficiency using con-
ventional water treatment process including preoxidation,
coagulation, and sand filtration is 36% [18], and the removal
efficiency by microelectrolysis Fentonis is 65.5% [19]. It can
be seen that bioflocculant is obviously more efficient than
normal treatment.

3.3. The Removal Efficiency of Sulfamethoxazole in Domestic
Wastewater by MFX. In order to evaluate the removal effect
of bioflocculantMFXon sulfamethoxazole in actual wastewa-
ter, domestic wastewater is used, with sulfamethoxazole con-
centration as 23.26 ug/L. 9 sets of experiments are conducted
according to the orthogonal design table L9 (34), and results
are shown in Table 4.

As is shown in Table 4, according to average value
analysis, optimum flocculation condition is the combination
of A1B3C2D2, which is pH 5, flocculant dosage 8mL, coag-
ulant aid dosage 0.2mL, and reaction time 1 h. It has been
proved that, under this condition, the removal efficiency of
sulfamethoxazole is 53.27%.

By comparing the extremums, wemay reach a conclusion
that the effect degrees of factors obey the following order:
RA > RB > RC > RD. That is to say, pH value affects
mostly, followed by flocculant dosage, coagulant aid dosage,
and reaction time. This is because that the dissociation
of flocculant occurs within a certain pH range. Proper
pH value could increase the dissociation degree, lead to a
higher charge density of flocculant, benefits the spreading of
the flocculant molecules, and facilitates the bridging action
of the bioflocculant. Thus, pH value plays a critical role
[20]. When the flocculant dosage is relatively low, early
adsorption saturation may be reached, the removal efficiency
of contaminants decreases. When flocculant dosage is high,
extraflocculant weakens the bridging effect due to adsorption
sites overlapping and finally affects the removal efficiency of
specific contaminant.Thus, proper flocculant dosage plays an
important role in affecting removal efficiency. Some studies
show thatmetal ions addition could change the surface charge
of colloids. sulfamethoxazole flocs in the water are negatively
charged, and when approaching positively charged flocculant
hydrolyzates and calcium ions in coagulant aid, charge
neutralization occurs on the surface of sulfamethoxazole
and makes the colloidal particles to sediment, exacerbating
the collision of colloids and collision between colloids and
flocculant, integrating a whole group under Van der Waals’
force, finally precipitating from water by gravity [21].

In the research of removal mechanism of sulfamethox-
azole aqueous solution, the highest removal efficiency is
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Figure 3: Adsorption isotherms of sulfamethoxazole by MFX
adsorbent in 15∘C (a) and 35∘C (b).

more than 60%, but, in the removal of sulfamethoxazole in
wastewater, the highest removal efficiency under optimum
condition is only 53.27%.This may be caused by the relatively
low concentration of sulfamethoxazole in wastewater, which
is 23.26 ug/L. The limitation of measurement methods may
lead to potential systematic errors.On the other hand, domes-
tic wastewater has complex component, and there exists
reversible and irreversible competitions among substrates,
liming the combination of flocculant and sulfamethoxazole.
What is more, some unknown ions and organic compounds
may also decrease the removal efficiency.

3.4. The Mechanism of Sulfamethoxazole in Aqueous Solution
by MFX. The dry power of MFX is white, sparses and
reticulate, while the aqueous solution is milky white, ropy,
and turbid. The material of MFX adsorbent is glycoprotein
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Table 4: Orthogonal test result and visual analysis.

Tests
𝐴

pH 𝐵

Flocculant dosage (mL)
𝐶

Coagulant aid dosage (mL)
𝐷

Reaction time (h) Removal efficiency (%)

1 1 1 1 1 40.64
2 1 2 2 2 48.38
3 1 3 3 3 50.13
4 2 1 2 2 36.91
5 2 2 3 1 30.26
6 2 3 1 3 44.27
7 3 1 3 2 29.86
8 3 2 1 3 35.03
9 3 3 2 1 41.70
Average 1 46.383 35.803 39.980 37.533
Average 2 37.147 37.890 42.330 40.837
Average 3 35.530 45.367 36.750 40.690
Variance 10.853 9.564 5.580 3.304

which has hydrophobicity and displays a wide range of
sorption behavior for hydrophobic organic compounds in
aqueous solutions [22]. The adsorption isotherms of sul-
famethoxazole on MFX adsorbents are presented in Fig-
ure 3 and Table 5. Adsorption data are fitted to Freundlich
isotherm model which is the most widely used models
for describing adsorption phenomena in aqueous solutions.
The Freundlich isotherm model is an empirical equation
accurate for describing adsorption in aqueous solutions at
low solute concentrations. Expressions and interpretations
are as follows. The maximum adsorption capacity of the
adsorbent is represented by 𝐾

𝐹
(mg/g), while 𝑛 is constant

which is indicative of the adsorption energy and intensity:

𝐶
𝑆
= 𝐾
𝐹
⋅ 𝐶
1/𝑛

𝑊

lg𝐶
𝑆
=
1

𝑛
lg𝐶
𝑊
+ lg𝐾

𝐹
,

(3)

where 𝐶
𝑆
is mass concentration in solid phase after adsorp-

tion equilibrium (mg/g); 𝐶
𝑊
is concentration in liquid phase

after adsorption equilibrium (mg/L).
The results show that MFX exhibited high-adsorption

capacities for sulfamethoxazole in water. A maximum
adsorption capacity (𝐾

𝑓
) of 176.6445mg/g was obtained with

MFX in 35∘C. Compared Figure 3(a) with Figure 3(b), it
can be perceived that linear correlation is marked in 35∘C.
According to 𝑛 value, it is known that, under this temperature,
the adsorptive property of MFX to sulfamethoxazole is high.
However, MFX has poorer adsorption efficiency in 15∘C. 𝑅2
value is only 0.882, while n value is lower than the former.

This is due to the effect of temperature on chemical
reaction and molecular movement, which finally promote
or restrain flocculent effect. On the one hand, providing
appropriate temperature, colloidal particle is bombarded
intensively by molecules of flocculation to form a whole. If
temperature is excessively low, molecular movement slows
down, and reaction rate lessens, leading to bad adsorptive

Table 5: Freundlich isotherm parameters at different temperature.

T (∘C) Freundlich equation 𝐾
𝐹

𝑅
2

𝑛

15 𝑦 = 0.483𝑥 + 1.9146 82.1486 0.8820 2.07
35 𝑦 = 0.3748𝑥 + 2.2471 176.6445 0.9641 3.18

property. On the other hand, some active groups between
bioflocculant and sulfamethoxazole start the chemical reac-
tion to separate out of aqueous solution system. What
is more, when hydrophobic chain polymer-bioflocculation
MFX comes into sulfamethoxazole aqueous solution system,
with the help of appropriate pH and Ca2+, sulfamethoxazole
becomes unstable rapidly, passing into flocculation phase.

Driven by such mechanism, the adsorption onMFX does
not rely on a high porosity and a resultant high specific
surface area to reach a high adsorption capacity, as for
most activated carbon and polymeric adsorbents. This result
implies that hydrophobic partitioning is an important factor
in determining the adsorption capacity of MFX for sul-
famethoxazole solutes in water; meanwhile, some chemical
reaction probably occurs.

4. Conclusion

Thiswork demonstrates the efficient removal of sulfamethox-
azole fromwater using bioflocculantMFX as adsorbents.The
findings are summarized as follows.

(1) The active flocculent constituents of MFX are EPS
which is composed by polysaccharides and proteins
fermented by J1. Proteins mainly accounted for the
flocculation activity.

(2) The MFX displays great sorption behavior for sul-
famethoxazole in aqueous solutions. The optimum
condition is 5mg/L bioflocculant, 0.5mg/L coagulant
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aid, initial pH 5, and 1 h reaction time, and the
removal efficiency could reach 67.82%.

(3) Using MFX, the removal rate of sulfamethoxazole
in domestic wastewater can reach 53.27%. The effect
size of ecological factor is as follow: pH > flocculant
dosage > coagulant aid > reaction time.

(4) It is efficient for MFX to remove sulfamethoxazole
in aqueous environment in 35∘C. And the process
obeys Freundlich equation. 𝑅2 value equals 0.9641. It
is inferred that hydrophobic partitioning is an impor-
tant factor in determining the adsorption capacity of
MFX for sulfamethoxazole solutes in water.

The study shows that bioflocculation MFX can be used
as an efficient alternative adsorbent for the removal of
sulfamethoxazole in water, with high-adsorption capacities
observed in actual wastewater. Further studies are underway
to make mathematical models of the relationship between
flocculant and contaminant. When many PPCPs coexist, the
research on removal efficiency with bioflocculant is more
significant.
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The potential of triethylenetetramine (TETA) to inhibit the oxidation of pyrite in H
2

SO
4

solution had been investigated by using
the open-circuit potential (OCP), cyclic voltammetry (CV), potentiodynamic polarization, and electrochemical impedance (EIS),
respectively. Experimental results indicate that TETA is an efficient coating agent in preventing the oxidation of pyrite and that the
inhibition efficiency is more pronounced with the increase of TETA. The data from potentiodynamic polarization show that the
inhibition efficiency (𝜂%) increases from 42.08% to 80.98%with the concentration of TETA increasing from 1% to 5%.These results
are consistent with the measurement of EIS (43.09% to 82.55%).The information obtained from potentiodynamic polarization also
displays that the TETA is a kind of mixed type inhibitor.

1. Introduction

Pyrite, FeS
2
, is one of the most common sulfide minerals. It is

frequently present in tailings, waste rock dumps, many valu-
able mineral raw materials, and coal [1]. It is easy to be oxi-
dized under natural weathering conditions. The oxidation of
pyrite results in sulfuric acid and toxic tracemetals formation
in acid mine drainage (AMD), which is one of the most
serious environmental problems facing the mining industry
[2]. That is why many studies have been carried out on the
mechanism of pyrite’s oxidation during the last six decades
by investigators from different areas, such as metallurgy and
environment science [3–9]. Now researchers have found that
the oxygen and ferric iron play a very important role for
the pyrite’s oxidation [10, 11] and that some acidophilicmicro-
organisms, for example, Acidithiobacillus ferrooxidans [12]
and Leptospirillum ferrooxidans [13], can accelerate the oxida-
tion of pyrite greatly. According to the knowledge of people
for the mechanism of pyrite decomposition, if it is no contact
between pyrite and oxidants (e.g., O

2
and Fe3+), the rate of

pyrite oxidation could be suppressed. For years, several

techniques have been developed to reduce the oxidation of
sulfide minerals, including bactericides [14], neutralization
[15, 16], and cover treatment [17–19]. However, most of these
technologies are costly, short-term solutions, and difficult to
apply.

In parallel, many researchers have used certain chemical
reagents that can create effective oxygen barriers to protect
the surface of iron sulfide from oxidation. For example, both
iron phosphate precipitates and silica precipitates have been
shown to suppress pyrite oxidation efficiently. However, these
treatments require initial surface oxidation with hydrogen
peroxide, which is difficult to handle in a real application [20,
21]. Similarly, although some passivating agents such as acetyl
acetone, humic acids, ammonium lignosulfonates, oxalic
acid, and sodium silicate also have the capability to inhibit
pyrite from oxidation, these treatments also need peroxida-
tion, and the coating with oxalic acid requires a temperature
control at 65∘C [22]. In addition, Elsetinow et al. [23] have
concluded that the formation of a passivating layer on the
pyrite surface after exposure to the lipid could suppress pyrite
oxidation by either interrupting the advection of aqueous
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oxidants or the electron transfer between oxidants and the
pyrite. Using the property of formation of strong insoluble
chelating complex with Fe3+, Lan et al. [24] have investigated
the possibility of using 8-hydroxyquinoline as a passivating
agent, and they demonstrated that the oxidation rates of
pyrite could be reduced remarkably. In recent years, our lab-
oratory has also developed a new passivating agent: triethyl-
enetetramine (TETA) [25]. Compared to the coating agents
mentioned above, TETA is currently used in the floatation
process of sulfide minerals in Inco Limited as depressant;
therefore, it does not represent any extra cost. On the other
hand, TETA is a base which can neutralize protons produced
in the oxidation of the sulphide minerals. TETA has already
been proved that it could retard the oxidation of pyrrhotite
and need not initial oxidation [25, 26]. However, there is not
date on the capability of TETA to passivate pyrite. In addition,
all the studies cited above were carried out by the method of
extraction using hydrogen peroxide or atmospheric oxygen
as oxidant to test the coating effectiveness of different pas-
sivating agents. These processes usually require long times,
and, moreover, the operation is complicated as the quantity
of dissolved metal ions need to be monitored by techniques
such as spectrophotometer [23].

As the simplicity, efficacy, and low cost of these methods,
electrochemical techniques are used extensively to investigate
the corrosion of steel [27–30]. Nowadays, electrochemical
techniques have been becoming essential measurements to
evaluate the effect of inhibitors on the corrosion inhibition of
steel. Although pyrite is not a very good electrical conductor,
its oxidation is usually described in terms of electrochemical
corrosion mechanisms developed for metals [31, 32]. There-
fore, electrochemical methods can be chosen to study the
corrosion inhibition behavior of passivating agents on pyrite.

The main aim of this study is to test the coating effec-
tiveness of triethylenetetramine (TETA) on pyrite using the
open-circuit potential (OCP), cyclic voltammetry (CV),
potentiodynamic polarization, and electrochemical imped-
ance spectroscopy (EIS).

2. Experimental Methods

2.1. Mineral Samples Preparation. Natural pyrite was obtain-
ed from the Dabaoshan sulfur-polymetallic mines in the
north of Guangdong Province, China. Its chemical composi-
tion analysis by X-ray fluorescence (XRF) is listed in Table 1.
The XRD pattern (Figure 1) of the crushed sample is typical
that was expected for pyrite and showed that it was including
trace of quartz.Thematerial was groundwith an agatemortar
and then sieved to isolate particles with a diameter of less than
75 𝜇m and stored in a vacuum desiccator before usage.

The pyrite sample was submitted to passivation by various
concentrations of TETA solution. 1 g of the pyrite powder was
precisely weighed in a 50mL glass beaker, and then 1mL of
coating solutionwas added. Sampleswere rinsedwell with the
coating solution and dried overnight in a vacuum desiccator.
All of these reagents in this experiment were analytical grade.
Milli-Q water was used to prepare all the solutions. After the

Table 1: Chemical composition of the studied pyrite sample.

Compound Mass/%
FeS2 93.33
SiO2 3.38
Al2O3 1.45
MgO 0.28
Cr2O3 0.01
P2O5 0.04
K2O 0.74
TiO2 0.03
MnO 0.03
NiO 0.18
CuO 0.18
ZnO 0.20
WO3 0.07
PbO 0.05
As2O3 0.04

coating step, the particles were used to construct carbon paste
electrodes.

These electrodes were consisted of 1.0 g graphite, 0.4mL
paraffin oil, and 0.5 g pristine or coated pyrite.Themethod of
the construction of C paste electrode was described by Arce
and González [33], A total of 1.0 g of graphite was pulverized
together with 0.5 g of pristine or coated pyrite in an agate
mortar, then 0.4 mL of silicon oil was added in the powder
and mixed to obtain a homogeneous paste. This paste was
placed in a 7 cm long and 0.5 cm diameter glass tube. The
electrode surface was compacted on a plate glass to make it
flat, and its apparent active area was around 0.196 cm−2. From
the other end of the tube, a copper wire with diameter of
1.5mm was immersed in the paste as the conductor.

Prior to the electrochemical study, the surface of these C
paste electrodes was sequentially polished with 300, 600, and
1200 grade silicon carbide paper. And then these electrodes
were rinsed with distilled water and quickly transferred to the
cell.

2.2. Electrochemical Analysis. The electrochemical measure-
ments were performed in a typical electrochemical cell
(200mL) with three electrodes: the working electrode (Car-
bon paste electrode with pristine or coated pyrite), the
counter electrode (a platinum foil electrode with 1 cm2 area),
and the reference electrode (KCl-saturated calomel elec-
trode). The electrolyte was 0.5mol L−1 H

2
SO
4
solution.

The electrochemicalmeasurementswere performedby an
electrochemical workstation (2273, Parstart), and the experi-
mental data was recorded on a personal computer with
suitable software. Cyclic voltammetry (CV) experimentswere
conducted, starting from open-circuit potentials (OCPs), at
a sweep rate of 100mV s−1, and the scan range was from
−0.6V/SCE to +0.8V/SCE. Polarization curves were mea-
sured over the range of OCP ±200mV at a constant rate of
potential change of 1mV s−1. From these polarization curves,
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Figure 1: XRD spectra of the pyrite. P: Pyrite, Q: quartz.

corrosion current densities (𝑗corr) of different pyrite elec-
trodes were obtained.Then, the inhibition efficiency of TETA
on pyrite can be calculated by using the following equation
[27]:

𝜂 (%) =
𝑗corr − 𝑗corr(inh)

𝑗corr
, (1a)

where 𝑗corr and 𝑗corr(inh) were the corrosion current density
of pristine and coated pyrite samples, respectively.

The impedance spectrawere obtained by applying a signal
on theOCPwith a frequency range from 5× 105 to 1× 10−2Hz
with a sinusoidal excitation signal of 10mV. The impedance
data were analyzed using ZSimpWin software.The equivalent
circuit 𝑅

𝑠
(𝑄
1
(𝑅
1
𝑄
2
)), as shown in Figure 2, was used to fit

these impedance data. As Bevilaqua et al. [34] suggested,
this equivalent circuit was simplified from the circuit of
𝑅
𝑠
(𝑅
1
𝑄
2
(𝑅
2
𝑄
2
)), and it described a response of the corrosion

process occurring at the open-circuit potential due to parallel
anodic and cathodic reactions. In the circuit of𝑅

𝑠
(𝑄
1
(𝑅
1
𝑄
2
)),

𝑅
𝑠
represented the solution resistance, 𝑅

1
was the charge

transfer resistance in the initial stage of pyrite oxidation, 𝑄
1

was the constant phase element which was associated with
the capacitor of the double layer of the electrode/electrolyte
interface with passive film, and 𝑄

2
represented the diffusion

impedance component, a reaction limited by the diffusion of
oxygen. According to the values of charge transfer resistance,
the inhibition efficiency (IE) was obtained by using the fol-
lowing equation [27]:

IE =
𝑅
−1

1

− 𝑅
1(inh)
−1

𝑅
−1

1

, (1b)

where𝑅
1
and𝑅

1(inh)were the charge transfer resistance values
of pristine and coated pyrite samples, respectively.

All of the above measurements were carried out in static
conditions. All potentials quoted in this paper are referenced
to the saturated calomel electrode (SCE).

Figure 2: Equivalent electrical circuits proposed for fitting imped-
ance spectra of pyrite oxidation.

3. Results and Discussion

3.1. Open-Circuit PotentialMeasurements. Figure 3 shows the
OCPs of the pyrite electrodes coated by different concentra-
tions of TETA. The OCP of the uncoated sample (denoted
as control) was 362.8mV, and the OCPs of pyrite samples
coated by 1% TETA, 2% TETA, 3% TETA, and 5% TETAwere
304.8mV, 279.2mV, 261.7mV, and 187.0mV, respectively. It is
obvious that the OCPs of coated samples were lower than
that of uncoated pyrite.This phenomenonwas ascribed to the
relatively low redox potential of TETA [26].

3.2. Cyclic Voltammetry Measurements. TheCV curves of the
pristine and coated pyrite electrodes in 0.5mol L−1 H

2
SO
4

solution obtained by sweeping the potential from OCP
towards negative direction are shown in Figure 4. The shape
of the voltammetric curve was not significantly influenced
by the presence of TETA, indicating that the inhibitor does
not change the mechanism of pyrite oxidation. These curves
were similar to the other reported results [35, 36], in which
the reduction peaks between −0.4V and −0.2V can be inter-
preted as two possible reactions: (1) the reduction of S formed
during the handling and preparation of samples and (2) the
reduction of FeS

2
(s) to form FeS(s) and H

2
S. The reversal of

potential scan produces three anodic current peaks: A
1
, A
2
,

and A
3
. A
1
is attributed to the oxidation of the H

2
S formed

electrochemically during the oxidation scan. A
2
results from

the oxidation of pyrite, via two steps [37, 38].
The first step is

FeS
2
→ Fe2+ + 2S0 + 2e− (2)

The second step is:

Fe2+ + 3H
2
O → Fe(OH)

3
+ 3H+ + e− (3)

At high potentials, the oxidation of sulfur to sulfate is expect-
ed to occur [39], contributing to the appearance of the anodic
current peak A

3
.

Figure 5 shows the CV curves of the pristine and coated
pyrite electrode when the potentials were initially swept from
OCP towards the positive direction. In addition to the anodic
and cathodic current peaks mentioned above, another catho-
dic current peak between 0.3 V and 0.4V appeared when the
potential scan was reversed. This peak was attributed to iron
oxide reduction.

The evidence of pyrite passivation by TETA can be made
by measuring its electrochemical activity [40]. Comparing
theCV curves of the pyrite samples coated by various concen-
trations of TETA, all of the anodic and cathodic current peaks



4 Journal of Analytical Methods in Chemistry

0 100 200 300 400

0.18

0.2

0.22

0.24

0.26

0.28

0.3

0.32

0.34

0.36

5% TETA

3% TETA
2% TETA

Po
te

nt
ia

l (
V

)

Times (s)

Control

1% TETA

Figure 3: Open-circuit potentials of the pyrite electrodes coated by
different concentration of TETA.
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Figure 4: Cyclic voltammograms of pyrite electrodes coated by
different concentration of TETA, initiated in the negative direction.

are decreased with an increase in TETA. When 5% of TETA
was adopted in the coating treatment, the anodic and
cathodic current peaks almost could not be detected. This
proves that less-electrochemical activity takes place on the
surface of pyrite after being coated by TETA.The decrease of
electrochemical activity should be attributed to the formation
of a protective layer of TETA on the surface of pyrite samples.
As we know, there are several amine molecules in the struc-
ture of TETA, consequently, TETA can be absorbed on the
pyrite surface through coordination bond formation between
the iron in pyrite and to the electron pair on the nitrogen
atom [41].The inhibition efficiencies therefore depend on the
coverage area of the adsorbed molecule. With an increase
of the concentration of TETA, there is much larger surface
area of pyrite coated by TETA, so the inhibition efficiency
increases.

3.3. Potentiodynamic Polarization Test. The Tafel polariza-
tion curves for the pristine and coated pyrite electrodes in
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Figure 5: Cyclic voltammograms of pyrite electrodes coated by
different concentration of TETA, initiated in the positive direction.
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Figure 6: Polarization curves of the pyrite electrodes coated by
different concentration of TETA.

Table 2: Electrochemical polarization parameters and the corre-
sponding inhibition efficiencies for pyrite coated with different
concentrations of TETA.

Concentration
of TETA (%)

𝐸corr
(mV/SCE)

𝛽
𝑐

(decade
𝑉
−1)

𝛽
𝑎

(decade
𝑉
−1)

𝑗corr
(mA
cm−2)

𝜂

(%)

0% 253 9.59 7.44 0.0426 —
1% 226 8.82 6.73 0.0247 42.08
2% 206 7.91 5.96 0.0183 57.04
3% 187 7.72 5.23 0.0131 69.24
5% 100 7.70 4.53 0.0081 80.98

0.5mol L−1 H
2
SO
4
solution are shown in Figure 6. It was

clear that the addition of TETA caused more negative shift in
corrosion potential (𝐸corr) especially in high concentrations.
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Figure 7: Experimental and simulated Nyquist plots of pyrite samples coated by different concentrations of TETA. (a) Uncoated; (b) coated
by 1% TETA; (c) coated by 2% TETA; (d) coated by 3% TETA; (e) coated by 5% TETA.

It was consistent with the tendency of OPCs shown in
Figure 3. It should be pointed out that the value of the cor-
rosion potential of the same electrode in the same electrolyte
was different from the value of the open-circuit potential.
This phenomenon was due to the concentrations of reductive

products at the interface of the electrode being higher than
in a real solution when the applied potential was swept from
negative to positive potentials, so the corrosion potential
obtained by the polarization curve is lower than the open-
circuit potential [42].
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Table 3: Parameters using the circuit 𝑅
𝑠

(𝑄
1

(𝑅
1

𝑄
2

)) and the corresponding inhibition efficiencies for pyrite coated with different concen-
trations of TETA.

Concentration of TETA (%) 𝑅
𝑠

/Ω cm2 𝑌
0,1

/10−3

S s𝑛 cm−2 n 𝑅
1

/Ω cm2 𝑌
0,2

/10−3

S s𝑛 cm−2 n 𝑥
2/10−4 IE (%)

0 33.63 4.21 0.8 43.77 9.15 0.5 5.36 —
1 31.04 1.24 0.8 76.91 5.70 0.5 2.14 43.09
2 30.01 1.21 0.8 96.21 4.69 0.5 1.65 54.50
3 30.56 1.41 0.8 154.3 3.89 0.6 4.02 71.63
5 32.64 1.34 0.8 250.8 1.97 0.6 2.60 82.55

From the Tafel polarization curves, some electrochemical
corrosion kinetic parameters can be obtained, such as the
corrosion potential (𝐸corr), cathodic and anodic Tafel slopes
(𝛽c,𝛽a), and corrosion current density (𝑗corr), which are listed
in Table 2.

From the values of cathodic and anodic Tafel slopes, both
cathodic and anodic processes were found that are inhibited
by the coating of TETA. The cathodic Tafel slopes were
slightly decreased from 9.59 dec/V to 7.70 dec/V when the
concentration of TETA increasing from 0% to 5%. This
indicated that the cathodic reaction (the reduction of FeS

2
)

is slightly inhibited by TETA. When the pyrite samples were
coated by TETA, the anodic slopes decreased remarkably,
which indicates that the inhibition of pyrite dissolution by
TETA is mainly controlled by the anodic process. Therefore,
TETA can be classified as inhibitors of relatively mixed effect
(anodic/cathodic inhibition) in acid solution.

The inhibition efficiencies (𝜂%) have been calculated by
using (1a), which shows that the inhibition efficiency
increases and the corrosion current density decreases with
the increase of the TETA concentration. An increase from
42.08% to 80.98% was found when the concentration of
TETA increased from 1% to 5%. This could be explained that
there is a larger surface area of pyrite sample coated by TETA
with the increase of TETA concentration.

3.4. Electrochemical Impedance Spectroscopy. Theexperimen-
tal and simulated impedance diagrams for pyrite samples
coated by different concentrations of TETA are presented in
Figure 7. Table 3 shows the quantitative results for impedance
which fitted using the equivalent circuit 𝑅

𝑠
(𝑄
1
(𝑅
1
𝑄
2
)) as

mentioned above. The fact of a low value of 𝑥2, which repre-
sents the sum of quadratic deviations between experimental
and calculated data suggested that the proposed circuit is suit-
able for explaining the EIS spectra. Because all of the exper-
iments were carried out in the same electrolyte, the values
of the solution resistance (𝑅

𝑠
) were almost no change.

The value of charge transfer resistance “𝑅
1
” is inversely

proportional to corrosion rate. The charge transfer resistance
increases with the increase in concentration of TETA. 𝑅

1

increased from the value of 43.7Ω cm2 for the pristine pyrite
to 283.6Ω cm2 for the pyrite coated by highest concentration
of TETA, which indicates that the corrosion of pyrite is
obviously inhibited in the presence of TETA.

According to (1b), the inhibition efficiencies (IE) have
been calculated.The obtained results show that the inhibition

efficiency increases, while the charge transfer resistance
increasedwhen the concentration of the TETA increased.The
results obtained from the EIS method were in good agree-
ment with those obtained from the polarization measure-
ments.

4. Conclusion

The feasibility of using TETA as a protecting agent to reduce
the oxidation of pyrite had been studied using electrochemi-
cal technique.The results show that TETA is an efficient coat-
ing agent in preventing the oxidation of pyrite, and the inhi-
bition efficiency was more pronounced with TETA concen-
tration. The CV measurements reveal that TETA possessed
strong capability to be used as passivation agent for AMD
control. The potentiodynamic polarization curves indicate
that TETA inhibited both anodic pyrite dissolution and also
cathodic hydrogen evolution reactions, and it acted as mixed
type inhibitor in acid solution. The values of inhibition effi-
ciency obtained from the EIS method are in good agreement
with the results of polarization measurement.
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“Study of themain oxidation products of natural pyrite by volta-
mmetric and photoelectrochemical responses,” Hydrometal-
lurgy, vol. 60, no. 1, pp. 41–53, 2001.

[32] D. P. Tao, P. E. Richardson, G. H. Luttrell, and R. H. Yoon, “Elec-
trochemical studies of pyrite oxidation and reduction using
freshly-fractured electrodes and rotating ring-disc electrodes,”
Electrochimica Acta, vol. 48, no. 24, pp. 3615–3623, 2003.
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[40] P. Ačai, E. Sorrenti, T. Gorner, M. Polakovič, M. Kongolo, and
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Cloud point extraction (CPE) has been used for the preconcentration and simultaneous determination of cobalt (Co) and lead
(Pb) in fresh and wastewater samples. The extraction of analytes from aqueous samples was performed in the presence of 8-
hydroxyquinoline (oxine) as a chelating agent and Triton X-114 as a nonionic surfactant. Experiments were conducted to assess
the effect of different chemical variables such as pH, amounts of reagents (oxine and Triton X-114), temperature, incubation time,
and sample volume. After phase separation, based on the cloud point, the surfactant-rich phase was diluted with acidic ethanol
prior to its analysis by the flame atomic absorption spectrometry (FAAS). The enhancement factors 70 and 50 with detection
limits of 0.26 µg L−1 and 0.44 µg L−1 were obtained for Co and Pb, respectively. In order to validate the developed method, a
certified reference material (SRM 1643e) was analyzed and the determined values obtained were in a good agreement with the
certified values. The proposed method was applied successfully to the determination of Co and Pb in a fresh surface and waste
water sample.

1. Introduction

Release of large quantities of metals into the environment
(especially in natural water) is responsible for a number of
environmental problems [1]. Metals are major pollutants in
marine, ground, industrial, and even treated waste waters
[2]. Industrial wastes are the major source of various kinds of
toxic metals which have nonbiodegradability and persistence
properties resulted in a number of public health problems
[3]. Metals of interest, cobalt (Co) and lead (Pb), were chosen
based on their industrial applications and potential pollution
impact on the environment [4].

Pb is a toxic metal and widely distributed in the
environment. It is an accumulative toxic metal, which is
responsible for a number of health problems [5].

Pb reaches humans from natural as well as anthropogenic
sources, for example, drinking water, soils, industrial emis-
sions, car exhaust, and contaminated food and beverages.
Therefore, highly sensitive and selective methods have

needed to be developed to determine the trace level of Pb
in water samples. The maximum contaminant levels of Pb in
drinking water allowed by environmental protection agency
(EPA) is 15.0 µg L−1, while the world health organization
(WHO) for drinking water quality containing the guideline
value of 10 µg L−1 [6, 7].

Co is known to be an essential micronutrient for
metabolic processes in both plants and animals [8]. It is
mainly found in rocks, soil, water, plants, and animals. The
determination of trace level of Co in natural waters is very
important because Co is important for living species and it
is part of vitamin B12 [9]. Exposures to a high level of Co
lead to serious public health problems and are responsible
for several diseases in human such as in lung, heart, and skin
[10].

Flame atomic absorption spectrometry (FAAS) is a
widely used technique for quantification of metal species.
The determination of metals in water samples is usually
associated with a step of preconcentration of the analyte
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before detection [11]. The determination of trace levels of
Pb and Co in water samples is particularly difficult because
of the usually low concentration; on the bases of these facts a
great effort is needed to develop highly sensitive and selective
methods to simultaneously determine trace level of these
metals in water samples [12, 13].

A variety of procedures for preconcentration of metals,
such as solid phase extraction (SPE) [14], liquid-liquid
extraction (LLE) [15], and coprecipitation and cloud point
extraction (CPE) [16] have been developed. Among them,
CPE is one of the most reliable and sophisticated separation
methods for the enrichment of trace metals from different
types of samples. While other methods such as LLE are
usually time consuming and labor intensive and require
relatively large volumes of solvents, which are not only
responsible for public health problems but also a major
cause of environmental pollution [17–22]. It was reported
in literature that Pb and Co had been preconcentrated
by CPE method after the formation of sparingly water-
soluble complexes with different chelating agents such as
ammonium pyrrolidine dithiocarbamate (APDC) [23, 24] 1-
(2-thiazolylazo)-2-naphthol (TAN) [25], 1-(2-pyridylazo)-
2-naphthol (PAN) [26, 27], and diethyldithiocarbamate
(DDTC) [28–30].

In the present work, we introduce a simple, sensitive,
selective, and low-cost procedure for simultaneous precon-
centration of Co and Pb after the formation of complex with
oxine, using Triton X-114 as surfactant and later analysis by
flame atomic absorption spectrometry. Several experimental
variables affecting the sensitivity and stability of separa-
tion/preconcentration method were investigated in detail.
The proposed method was applied for the determination of
trace amount of both metals in fresh surface and waste water
samples.

2. Experimental

2.1. Chemical Reagents and Glassware. Ultrapure water,
obtained from ELGA lab water system (Bucks, UK), was used
throughout the work. The nonionic surfactant Triton X-114
was obtained from Sigma (St. Louis, MO, USA) and was used
without further purification. Stock standard solution of Pb
and Co at a concentration of 1000 µg L−1 was obtained from
the Fluka Kamica (Bush, Switzerland). Working standard
solutions were obtained by appropriate dilution of the stock
standard solutions before analysis. Concentrated nitric acid
and hydrochloric acid were analytical reagent grade from
Merck (Darmstadt, Germany) and were checked for possible
trace Pb and Co contamination by preparing blanks for each
procedure. The 8-hydroxyquinoline (oxine) was obtained
from Merck, prepared by dissolving appropriate amount of
reagent in 10 mL ethanol and diluting to 100 mL with 0.01 M
acetic acid, and were kept in a refrigerator 4◦C for one week.
The 0.1 M acetate and phosphate buffer were used to control
the pH of the solutions. The pH of the samples was adjusted
to the desired pH by the addition of 0.1 mol L−1 HCl/NaOH
solution in the buffers. For the accuracy of methodology, a
certified reference material of water SRM-1643e, National

Institute of Standards and Technology (NIST, Gaithersburg,
MD, USA) was used. The glass and plastic wares were soaked
in 10% nitric acid overnight and rinsed many times with
deionized water prior to use to avoid contamination.

2.2. Instrumentation. A centrifuge of WIROWKA Laborato-
ryjna type WE-1, nr-6933 (speed range 0–6000 rpm, timer 0–
60 min, 220/50 Hz, Mechanika Phecyzyjna, Poland) was used
for centrifugation. The pH was measured by pH meter (720-
pH meter, Metrohm). Global positioning system (iFinder
GPS, Lowrance, Mexico) was used for sampling locations.

A Perkin Elmer Model 700 (Norwalk, CT, USA) atomic
absorption spectrometer, equipped with hollow cathode
lamps and an air-acetylene burner. The instrumental param-
eters were as follows: wavelength 240.7 and 283.3 nm and
slit widths: 0.2 and 0.7 nm for Co and Pb. Deuterium lamp
background correction was also used.

2.3. Sample Collection and Preparation Procedure. The fresh
surface water samples (canals) and waste water were collected
on alternate month in 2011 from twenty (20) different sam-
pling sites of Jamshoro, Sindh (southern part of Pakistan)
with the help of the global positioning system (GPS). The
understudy district positioned between 25◦ 19–26◦ 42 N and
67◦ 12–68◦ 02 E. The sampling network was designed to
cover a wide range of the whole district. The industrial waste
water samples of understudy areas were also collected. All
water samples were filtered through a 0.45 micropore size
membrane filter to remove suspended particulate matter and
were stored at 4◦C.

2.4. General Procedure for CPE. For Co and Pb deter-
mination, aliquot of 25 mL of the standard or sample
solution containing both analytes (20–100 µg/L), oxine 5 ×
10−3 mol L−1 and Triton X-114 0.5% (v/v), were added. To
reach the cloud point temperature, the system was allowed
to stand for about 30 min into an ultrasonic bath at 50◦C
for 10 min. Separation of the two phases was achieved by
centrifuging for 10 min at 3500 rpm. The contents of tubes
were cooled down in an ice bath for 10 min. The supernatant
was then decanted by inverting the tube. The surfactant-
rich phase was treated with 200 µL of 0.1 mol L−1 HNO3

in ethanol (1 : 1, v/v) in order to reduce its viscosity and
facilitate sample handling. The final solution was introduced
into the flame by conventional aspiration. Blank solution was
submitted to the same procedure and measured in parallel to
the standards and real samples.

3. Result and Discussion

3.1. Optimization of CPE. The preconcentration of Pb and
Co was based on the formation of a neutral, hydrophobic
complex with oxine, which is subsequently trapped in the
micellar phase of a nonionic surfactant (Triton X-114).
Utilizing the thermally induced phase extraction separation
process known as CPE, the analyte is highly preconcentrated
and free of interferences in a very small micellar phase. Sev-
eral parameters play a significant role in the performance of
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the surfactant system that is used and its ability to aggregate,
thus entrapping the analyte species. The pH, complexing
reagent and surfactant concentration, temperature, and time
were studied for optimum analytical signals.

3.2. Effect of pH. The effect of pH on the CPE of Co and Pb
was investigated because this parameter plays an important
role in metal-chelate formation. The effect of pH upon the
extraction of Co and Pb ions from the six replicate standard
solutions 20.0 µg L−1 was studied within the pH range of 3–
10, while each operational desired pH value was obtained by
the addition of 0.1 mol L−1 of HNO3/NaOH in the presence
of acetate/borate buffer. The maximum extraction efficiency
of understudy metals was obtained at pH range of 6.5–7.5 as
shown in Figure 1, for subsequent work pH 7.0 was chosen
as the optimum for subsequent work.

3.3. Effect of Triton X-114 Concentration. Separation of metal
ions by a cloud point method involves the prior formation
of a complex with sufficient hydrophobicity to be extracted
in a small volume of surfactant-rich phase. The temper-
ature corresponding to cloud point is correlated with the
hydrophilic property of surfactants. The nonionic surfactant
Triton X-114 was chosen as surfactant due to its low cloud
point temperature and high density of the surfactant-rich
phase, which facilitates phase separation by centrifugation.
The effect of Triton X-114 concentrations on the extraction
efficiencies of Co and Pb were examined at the range of 0.1
to 1.0% (v/v). Figure 2 shows that quantitative extraction
was observed when surfactant concentration was > 0.5%
(v/v). At lower concentrations, the extraction efficiency of
complexes was low probably because of the inadequacy of the
assemblies to entrap the hydrophobic complex quantitatively.
A Triton X-114 concentration of 0.5% (v/v) was selected for
subsequent studies.

3.4. Effect of Oxine Concentration. The oxine is a relatively
very stable and selective hydrophobic complexing reagent
which reacts with both selected cations. Replicate 10 mL
of standard, SRM, and real sample solution in 0.5% (w/v)
Triton X-114 at a buffer of pH 7.0 and complexed with oxine
solutions in the range of 1.0–10.0× 10−3 mol L−1. The results
revealed in Figure 3 that extraction efficiency of both metals
increases up to 5 × 10−3 mol L−1. This value was, therefore,
selected as the optimal chelating agent concentration. The
concentrations above this value have no significant effect on
the efficiency of CPE.

3.5. Effects of Sample Volume on Preconcentration Factor. The
preconcentration factor (PCF) is defined as the concentra-
tion ratio of the analyte in the final diluted surfactant-rich
extract ready for its determination and in the initial solution.
Among the other factors, this depends on the phase rela-
tionship, on the distribution constant of the analyte between
the phases, and on sample volume. The sample volume is
one of the most important parameters in the development
of the preconcentration method, since it determines the
sensitivity and enhancement of the technique. The phase
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Figure 1: Effect of pH on the percentage of recovery: 20 µg L−1

of Pb and Co, 5.0 × 10−3 mol L−1 oxine, 0.5% (v/v) Triton X-114,
temperature 50◦C, and centrifugation time 10 min (3500 rpm).
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Figure 2: Effect of Triton X-114 on the percentage of recovery:
20 µg L−1 of Pb and Co, 5.0 × 10−3 mol L−1 oxine, pH 7.0,
temperature 50◦C, and centrifugation time 10 min (3500 rpm).
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recovery: 20 µg L−1 of Pb and Co, 0.5% (v/v) Triton X-114, pH 7.0,
temperature 50◦C, and centrifugation time 10 min (3500 rpm).
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Table 1: Influences of some foreign ions on the recoveries of cobalt and lead (20 µg L−1) determination by applied CPE method.

Ion Concentration (µg L−1) Pb recovery (%) Co recovery (%)

Na+ 20000 97± 2.14 98± 2.22

K+ 5000 98± 2.21 99± 3.02

Ca2+ 5000 98± 2.12 97± 1.12

Mg2+ 5000 97± 1.04 98± 3.08

Cl− 30000 99± 2.05 98± 3.04

F− 1000 96± 3.01 97± 1.12

NO3− 3000 97± 1.04 98± 3.06

HCO3
− 1000 98± 3.12 97± 2.04

Al3+ 500 97± 2.21 99± 3.05

Fe3+ 50 96± 2.23 97± 3.02

Zn2+ 100 97± 3.05 96± 2.32

Cr3+ 100 96± 2.08 98± 2.25

Cd2+ 100 97± 3.12 98± 3.22

Ni2+ 100 96± 2.23 97± 3.01

Table 2: Analytical characteristics of the proposed method.

Element condition Concentration range (µg L−1) Slope Intercept R2 R.S.D. (n = 5)a LODb (µg L−1)

Co without preconcentration 250–5000 3.97× 10−3 −0.013 0.9871 1.45 (500) 32.0

Co with preconcentration 20.0–100 0.279 +0.008 0.9997 2.22 (20) 0.26

Pb without preconcentration 250–5000 5.03× 10−3 −0.034 0.9972 0.88 (600) 46.0

Pb with preconcentration 20.0–100 0.256 −0.012 0.9989 1.88 (30) 0.44
aValues in parentheses are the Co and Pb concentrations (µg L−1) for which the RSD was obtained.
bLimit of detection, calculated as three times the standard deviation of the blank signal.

Table 3: Determination of cobalt and lead in certified reference material and water samples.

(a)

Certified reference material
Certified values (µg L−1) Measured values (µg L−1) Percentage of recovery (RSD %)

Co Pb Co Pb Co Pb

SRM 1643e 27.06± 0.3 19.63± 0.2 26.8± 0.82 19.24± 0.5 99.0% (3.06%) 98.0% (2.60%)

(b)

Samples
Added (µg L−1) Measured (µg L−1) Recovery (%)

Co Pb Co Pb Co Pb

Canal water

0 0 3.34± 0.962 6.08± 0.781 — —

2 2 5.32± 0.384 8.06± 0.822 99.8 99

5 5 8.33± 0.432 11.0± 0.784 100 98.4

10 10 13.3± 0.642 15.9± 0.828 99.6 98.2

Mean ± SD (n = 3).

Table 4: Determination of lead and cobalt in water samples.

Sample Co (µg L−1) Pb (µg L−1)

Canal water 3.34± 0.962 6.08± 0.781

Waste water 14.6± 1.20 17.3± 1.52

Mean ± SD (n = 3).

ratio is an important factor, which has an effect on the
extraction recovery of cations. A low phases ratio improves
the recovery of analytes, but decreases the preconcentration
factor. However, to determine the optimum amount of the

phase ratio, different volumes of a water sample 10–1000 mL
and a constant volume of surfactant solution 0.5% were
chosen. The obtained results show that with increasing the
sample volume >100 mL, the extracted understudy analytes
were decreased as compared to those obtained with 25–
50 mL. A successful cloud point extraction should maximize
the extraction efficiency by minimizing the phase volume
ratio, thus improving its concentration factor. In the present
work, the initial sample volume was 25 mL and the final
volume of surfactant rich phase after diluted with acidic
ethanol was 0.5 mL, hence the PCF achieved in this work was
50 for both understudy analytes.
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Table 5: Comparative table for determination of cobalt and lead in different types of samples applying CPE before analysis by atomic
spectrometric technique.

Reagent and surfactant Matrix and technique PFa and EFb LODc (µg L−1) Reference

Cobalt

TAN/Triton X-114 Water/(FAAS) —/57b 0.24 [25]

PAN/TX-100 Water samples/(GFAAS) —/100b 0.003 [31]

PAN/TX-114 Urine/(FAAS) —/115b 0.38 [32]

5-Br-PADAP/TX-100-SDS Pharmaceutical samples/(FAAS) —/29b 1.1 [14]

TAN/Triton X-100 Water/(GFAAS) —/100b 0.003 [33]

APDC/Triton X-114 Biological tissues/(TS-FF-FAAS) —/130b 2.1 [34]

APDC/Triton X-114 Water/(FAAS) —/20b 5.0 [23]

1,2-N,N /PONPE 7.5 Water sample/(FAAS) —/27b 1.22 [35]

Me-BTABr/Triton X-114 Water sample/(FAAS) —/28b 0.9 [36]

Oxine/Triton X-114 Water sample/(FAAS) 50/50 0.44 Present work

Lead

DDTP/Triton X-114 Human hair/(FAAS) —/43b 2.86 [28]

PONPE 7.5/— Human saliva/(FAAS) —/10b — [37]

APDC/Triton X-114 Certified biological reference materials/(ETAAS) —/22.5b 0.04c/— [24]

DDTP/Triton X-114 Certified blood reference samples/(ETAAS) —/34b 0.08 [38]

PONPE 7.5/— Tap water certified reference material/(ICP-OES) —/>300b 0.07 [39]

DDTP/Triton X-114 Riverine and sea water enriched water reference materials/(ICP-MS) —/— 40.0 [40]

5-Br-PADAP/Triton X-114 Water/(GFAAS) 50a/— 0.08c/— [41]

PAN/Triton X-114 Water/(FAAS) —/55.6b 1.1 [27]

—/Tween 80 Environmental sample/FAAS 10a/— 7.2 [42]

TAN/Triton X-114 Water sample/(FAAS) 15.1a/— 4.5 [43]

Pyrogallol/Triton X-114 Water sample/(FAAS) 72a/— 0.4 [44]

Oxine/Triton X-114 Water sample/(FAAS) 50/70 0.26 Present work
a
preconcentration factor, benhancement factor, and climit of detection.

3.6. Interferences. The interference is those relating to the
preconcentration step, which may react with oxine and
decrease the extraction. To perform this study, 25 mL
solution containing 20 µg/L−1 of both metals at different
interference to analyte ratio were subjected to the developed
procedure. Table 1 shows the tolerance limits of the interfer-
ing ions error <5%. The tolerance limit of coexisting ions
is defined as the largest amount making variation of less
than 5% in the recovery of analytes. The effects of represen-
tative potential interfering species were tested. Commonly
encountered matrix components such as alkali and alkaline
earth elements generally do not form stable complexes under
the experimental conditions. A high concentration of oxine
reagent was used, for the complete chelation of the selected
ions even in the presence of interferent ions.

3.7. Analytical Figures of Merit. The calibration graph
using the preconcentration step for Co and Pb were
linear with a concentration range of 5.0–20 ug L−1 of
standards and subjecting to CPE methods at optimum
levels of all understudy variables. The extracted analytes
in diluted micellar media were introduced into the flame
by conventional aspiration. Table 2 gives the calibration
parameters for the proposed CPE method including the
linear ranges, relative standard deviation RSD, and limit

of detection LOD. The experimental enhancement factors
calculated as the ratio of the slopes of calibration graphs with
and without preconcentration. The enhancement factors of
Co and Pb subjected to CPE method were found to be 70 and
50, respectively. The limits of detection LOD were calculated
as the ratio between three times the standard deviation
of ten blank readings and the slope of the calibration
curve after preconcentration were calculated as 0.26 and
0.44 µg L−1, respectively, for Co and Pb. The obtained LOD
was sufficiently low for detecting trace levels of Co and Pb in
different types of fresh and waste water samples.

The accuracy of the proposed method was evaluated by
analyzing a standard reference material of water SRM-1643e
with certified values of Co and Pb content. It was found that
there is no significant difference between results obtained
by the proposed method and the certified results of both
metals. Reliability of the proposed method was also checked
by spiking both metals at to three concentration levels (2.0–
10.0 µg L−1) in a real water sample. The results are presented
in Tables 3(a) and 3(b). The perecentage of recoveries (R) of
spike standards were calculated as follows:

R (%) = (Cm − Co)
m

× 100, (1)

where Cm is a value of metal in a spiked sample, Co the value
of metal in a sample, and m is the amount of metal spiked.



6 Journal of Analytical Methods in Chemistry

These results demonstrate the applicability of developed
procedure for Co and Pb determination in different water
samples.

3.8. Application to Real Samples. The CPE procedure was
applied to determine Co and Pb in fresh surface and waste
water samples. The results are shown in Table 4. The Co and
Pb concentrations in fresh surface water were found in the
range of 2.12–5.12 µg L−1 and 1.49–8.56 µg L−1, respectively.
In waste water, the levels of both analyte were high, found in
the range of 13.6–16.8 and 15.1–19.4 µg L−1 for Co and Pb,
respectively.

4. Conclusion

In this study, Triton X-114 was chosen for the formation of
the surfactant-rich phase due to its excellent physicochemical
characteristics, low cloud point temperature, high density of
the surfactant-rich phase, which facilitates phase separation
easily by centrifugation, and commercial availability and
relatively low price and low toxicity. This method is a
promising alternative for the determination of Co and
Pb linked with FAAS. From the results obtained, it can
be considered that oxine is an efficient ligand for cloud
point extraction of Co and Pb. The simple accessibility, the
formation of stable complexes, and consistency with the
cloud point extraction method are the major advantages
of the use of oxine in cloud point extraction of Co and
Pb. CPE has been shown to be a practicable and versatile
method, being adequate for environmental studies. Cloud
point extraction is an easy, safe, rapid, inexpensive, and
environmentally friendly methodology for preconcentration
and separation of trace metals in aqueous solutions. The
surfactant-rich phase can be directly introduced into flame
atomic absorption spectrometer FAAS after dilution with
acidic ethanol. The proposed CPE method incorporating
oxine as chelating agent permits effective separation and
preconcentration of Co and Pb and final determination
by FAAS provides a novel route for trace determination
of these metals in water samples of different ecosystem.
A low-cost surfactant was used, thus toxic organic solvent
extraction generating waste disposal problems was avoided.
The comparison of the results found in the presented study
and some works in the literature was given in [31–44].
The proposed cloud point extraction method is superior
for having lower detection limits when compared to other
methods as shown in Table 5.
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