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Abstract
Surfaces of synthesis cobalt disulfide has high electron density that could interact with polycyclic
aromatic compounds by π-π stacking. Cobalt disulfide was synthesized with the hydrothermal method
and characterized by field emission scanning electron microscopy, X-ray diffraction and energydispersive X-ray. Using tetracycline as a model analyte, the batch adsorption experiments were carried
out in order to investigate the adsorption capacity of the adsorbent. It was revealed that pseudo-secondorder kinetic model can better describe the adsorption kinetic. Furthermore, the equilibrium adsorption
data were congruous with the model Langmuir with maximum adsorption capacity of 163.93 mg g -1.
Keywords: TC determination, Agricultural water, Spectrophotometry.

1. INRODUCTION
Pharmaceutical products have become
the center of much current environmental
researches. Groundwater pollution by
pharmaceutical ingredients is an environmental problem of widespread concern.
Pharmaceutical ingredients are actually
found as residues in water and have
recognized as a part of the hazardous
chemical substances able to alter the
natural equilibrium system of the surrounding environment [1, 2]. Antibiotics are
widely used as infectious disease medicines, which have become a serious
problems as they have variety of potential
adverse effects, including impact on
photosynthetic organisms, acute toxicity,
disruption of natural microbial populations
and disse-mination into antibiotic resistant
genes among microorganisms [3]. Among
various antibiotics, tetracycline (TC) has
been used in human and veterinary
medicine and gradually become the second
most widely used antibiotic around the
world [4]. TC has a high aqueous solubility
with a long environmental half-life [5] and

shown to disrupt microbial soil respiration
[6], Fe(III) reduction [7] and nitriﬁcation
[8]. This antibiotic is difficult to be
metabolized and absorbed by the treated
humans and animals; consequently, large
fractions are excreted through urine and
feces as an unmodiﬁed parent compound
[9]. TC has determined in a number of
samples, such as milk [10], plasma [11],
pharmaceutical products [12] and water
[13]. So far, various adsorbents including
palygorskite [14], multi-walled carbon
nanotubes (MWCNT) [15], aluminum and
iron hydrous oxides [16], graphene oxide
(GO) [17], silica [18], smectite clay [19],
montmorillonite [20], chitosan particles
[21], aluminum oxide [22], activated
carbon (AC) [23], diatomite [24],
polystyrene resins [25], boron nitride [26],
metal ions impregnated polystyrene resins
[27], Cu-13X [28] and molecularly
imprinted polymer (MIP) [29] have studied
for adsorption of pharmaceutical antibiotics in food and water samples.
Recently, the layered transition metal
dichalcogenides (TMD) with the generic
219

formula MX2 have attracted much interest.
In addition, the structure and general
properties of pyrite-phase TMD (FeS2,
NiS2 and CoS2) have been investigated
[30–32]. Pyrite-phase TMD usually adopt
the cubic pyrite structure and show
interesting electronic, magnetic, and photovoltaic properties. One important kind of
TMD is cobalt sulﬁdes including CoS2,
Co3S4, CoS and Co9S8, potentially
applying in super capacitors, lithium-ion
batteries, alkaline rechargeable batteries,
magnetic materials and catalysts due to
their excellent
physical,
chemical,
electronic and optical properties [33–36].
In particular, cobalt disulfide (CoS2) has
received considerable attention due to its
metallic behavior [37].
Recently, there have been many studies
on the CoS2, due to the suitable properties
for diversity of applications, such as dyesensitized solar cells [38], lithium ion
batteries [39] and super capacitors [40].
Nonetheless, the CoS2 has not employed as
adsorbent till now. Appropriate adsorption
features of synthesized the CoS2 is related
to the surfaces of electrons rich which
made it's as an appropriate candidate for
the adsorption of polycyclic aromatic
compounds like TC.
In this research, the CoS2 was structurally synthesized and morphologically
characterized and used for the adsorption
of tetracycline as a model analyte. The
adsorbent has several attractive features
compared to previous adsorbents including
novelty, needless to pretreatment steps
(such
as
modification
and
functionalization), numerous adsorp-tion
sites in surfaces, low cost synthesis,
reusability and high recovery, which made
it as an appropriate candidate for the
adsorption
of
polycyclic
aromatic
compounds via π–π interaction. The effect
of various experimental parameters on the
adsorption of antibiotic was investigated in
batch adsorption experiments and the
method was successfully employed for the
adsorption of TC in agricultural water.

2. EXPERIMENTAL
2.1. Materials and Solutions
Tetracycline
(≥95%
purity),
Co
Cl2·6H2O, thiuorea and sodium chloride
were obtained from Sigma Aldrich
(chemical Co. Milwaukee, WI, USA). TC
stock solution and other solutions were
prepared in deionized water. The pH of
solutions was adjusted by NaOH (0.1 mol
L−1) and HCl (0.1 mol L−1). HNO3, HCl
and NaOH (Merck, Darmstadt, Germany)
were tested as eluent. The glassware were
kept in acetone overnight and subsequently
washed several times with deionized water
before using.
2.2. Apparatus
A Perkin Elmer (Lambda 25, Perkin
Elmer) spectrophotometer was used for
UV-Vis spectra acquisition. The pH-meter
model 692 from metrohm (Herisau,
Switzerland) with combined glass electrode and a pH-indicator strips pH 0 - 14
Universal indicator from Merck were used
for the pH measurements. A universal 320
R refrigerated centrifuge equipped with an
angle rotor (6-place, 9000 rpm, Cat. No.
1620 A) was from Hettich (Kirchlengern,
Germany). Surface morphology analysis of
the adsorbent was carried out using a field
emission scanning electron microscope,
model S-4160 (procurement, Japan). For
X-ray
diffraction
measurement,
a
Shimadzu 7000 S X-ray diffract meter with
Cu Kα radiation (λ=1.54 Å) was used.
Energy dispersive X-ray (EDX) was
performed by Oxford ED-2000 (England).
2.3. Hydrothermal Synthesis of the CoS2
2 mmol CoCl2·6H2O and 2 mmol
thiuorea and 60 mL of deionized water
were mixture and put in 100 mL Teﬂoncoated autoclave at 180 °C for 20 h. Then,
the autoclave was cooled naturally to room
temperature. The ultimate precipitates
were centrifuged, washed with deionized
water and absolute ethanol several times
before dried in vacuum over 6 h at 80 °C.
2.4. Sample collection and preparation
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The water sample was analyzed
immediately after preparation. Agricultural
water was obtained from farmlands (kahak
city, Iran). The collected water sample was
filtered with filter paper, pH adjusted to 4
and the general procedure was carried out
on. The TC concentration in the real
sample was determined by UV-Vis
spectrophotometry.
2.5. General Procedure
The batch experiments were carried out
in 25 mL graduate falcon tubes containing
the mixture of 20 mg adsorbent, 20% (w/v)
NaCl and 20 mL TC aqueous solution (1
mgL-1) with pH of 4. Conical bottom tubes
were wrapped in aluminum foil to avoid
possible photo degradation of tetracycline
and was stirred for 20 min at ambient
temperature in order to adsorption. After
centrifuging of suspensions at 6000 rpm
for 10 min and supernatant was decanted, 2
mL of 0.2 mol L-1 HNO3 was used for
desorption the TC which had remained on
the CoS2 (shaking time: 5 min;
centrifuging: 5 min). The amount of
tetracycline in eluted solution was
measured by UV-Vis spectrophotometer
absorbance at 357.2 nm, using a calibration
curve built with the antibiotics solution of
different concentrations.
3. RESULT AND DISCUSSION
3.1. Characterization of CoS2
Nanostructures
Figures 1A and B show the FESEM
images of the CoS2 nanostructures. It was
observed that the CoS2 particles have
starfish-like architectures (Figure. 1A).
The high magniﬁcation FESEM image
(Figure. 1B) of the CoS2 shows the
starfish-like architectures were composed
by nanosheets. The XRD pattern of the
products was shown in Figure. 1C. The
peaks at 2θ = 28.04°, 32.42°, 35.76°,
46,83° and 55.34° were correlated to the
(111), (200), (220), (211) and (311) plane
of CoS2, respectively, and all the
diffraction peaks can be indexed to cubic
CoS2 (JCPDS Card No. 41-1471). No other

cobalt sulfide impurities phases such as
Co3S4, Co9S8, and CoS were observed,
indicating the prepared CoS2 has good
crystallinity. The EDX of CoS2 (Figure.
1D) has analyzed, where the Co and S was
the main element in this material.

Figure 1. (A) FE-SEM image of the CoS2,
(B) the structure of sheets parallel of the
CoS2, (C) XRD pattern of CoS2 and (D)
EDX image of the CoS2.
3.2. Effect of pH
The inﬂuence of solution pH on
adsorption of TC onto the CoS2 was
studied in the pH range of 2–8. The results
were shown in Figure. 2A. The removal of
TC increased when the pH increased from
2 to around 4 to 5, and then decreased with
further increasing pH from 6 to 8. This
trend suggested that the adsorption of TC
onto the adsorbent was strongly dependent
on pH values and TC could be adsorbed
with high percentage in range of pH 4-5.
Therefore, pH of 4 was chosen as
optimized pH.
The variation in pH can lead to a change
in chemical speciation for ionizable
organic compounds [41]. Tetracycline has
several polar/ionizable groups, including
amino, carboxyl, phenol, alcohol and
ketone. It has three acid dissociation
constants (pKa= 3.3, 7.7 and 9.7) and exists
as a cationic, zwitterionic and anionic
species under acidic, moderately acidic to
neutral and alkaline conditions [42].
Specially, the amino group on the ring C4
has pKa of 9.7 and is easily protonated
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under favorable conditions. A π-π
interaction as dominant driving force has
always used to explain the mechanism of
aromatic adsorbate to the CoS2 surfaces.
The CoS2 as a layered nanomaterial
displays a maximum adsorption at 357.2
nm due to its π-π transition. Moreover, as
shown in Figure. 2A, the obviously decline
of the recovery as pH < 4 or pH > 6
indicated that electrostatic interactions
between TC and the CoS2 might also take
place and affect the adsorption to a certain
extent.
3.3. Effect of the adsorbent dose
The adsorbent dose is an important
parameter since it determines the uptake
capacity of a sorbent for a given analyte
concentration
under
the
operating
conditions. The effect of adsorbent dose on
the adsorption of TC was studied by
varying the amount of the adsorbent within
the range of 10-30 mg. The results are
given in Figure. 2B. As expected,
increasing the amount of adsorbent led to
an increase in the percentage of the analyte
adsorbed. The CoS2 has very high
adsorption capacity; for a given concentration of analyte, an appropriate amount of
adsorbent is enough and using more is not
necessary. This may be due to the
increased availability of surface active
sites resulting from the increased dose and
conglomeration of the adsorbent. The
removal values for TC were found
quantitative for an adsorbent amount of 20
mg. In all further studies, 20 mg CoS2 was
used.
3.4. Effect of the Contact Time
The effect of shaking time was
monitored by using the selected shaking
time intervals 5-30 min and the antibiotic
adsorption values were determined under
the condition of pH 4. As the contact time
increased, the adsorption gradually
increased and then remained nearly
constant after 20 min. The results (Figure.
2C) showed that the adsorption process
should equilibrate for a sufﬁcient time to
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achieve the high adsorption percentage. In
the present study 20 min was selected as
the optimal adsorption time.
3.5. Desorption and Reusability
To ensure the complete elution of the
target analyte from the adsorbent,
desorption conditions should be studied.
According to results for effect of pH, the
adsorption of TC was not efﬁcient in the
strongly acidic aqueous media. Therefore,
elution with acidic solution may be more
favorable. As a result, different
concentrations (1-3 mol L−1) of various
acids and base (HNO3, HCl and NaOH)
were employed to reuse the adsorbent.
From the data given in Table 1, it is
obvious that 2 mL of 0.2 mol L−1 HNO3
could accomplish the quantitative elution
of TC from the CoS2.
The effect of desorption time of the
analyte from the adsorbent after elution
was also studied. It was found that 5 min
was adequate for the complete recovery of
the analyte. The relatively long desorption
time may be attributed to the functional
groups sensitive to pH in the antibiotic.
Stability and reusability of the CoS2 was
assessed through the performance of 5
cycles of adsorption and desorption under
the optimized conditions. The results of
Fig. 3 showed that the CoS2 was stable and
reusable in the operation process (90-95%)
without any signiﬁcant loss of capacity and
decrease in the recovery of the studied
target analyte.
3.6. Effect of Salinity
Addition of inorganic salt may cause a
modiﬁcation of interaction between
tetracycline and adsorbent. The ionic
strength was adjusted by using NaCl.
Different amounts of NaCl (0-30.0 % w/v)
were added to the solution containing TC
to investigate the effect of ion strength on
the adsorption behavior. The results was
shown in Fig. 2D. Taken as a whole, the
general trend was evident and represented
promotion effect. The percentage of
removal increased to the addition of NaCl
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and after 20 % (w/v) NaCl reached an
almost constant value.
The change of removal percentage with
the addition of salt might result from the
different
contribution
electrostatic
interaction and of hydrophobic effect. The
general improvement effect with addition
of NaCl might mainly owing to the wellknown salting out effect [43]. With
addition of NaCl, the solubility of TC in
water decreased and the decrease in
solubility facilitated the diffusion of more
TC to the surfaces of the adsorbent and
increases adsorption capabilities. So the
hydrophobic effect might be predominant
in the adsorption. In pH 4, the adsorption
increased monotonically with increasing
Na+, which was probably due to the fact
that TC mainly existed as zwitterions at pH
4 and this zwitterions form made it hardly
have electrostatic interactions with the
CoS2. It was thus deduced that besides
hydrophobic effect, the electrostatic
interactions between the analyte and the
CoS2 also played an important role in the
adsorption process.
3.7. Adsorption Kinetics
The experimental kinetic data of TC
adsorption were correlated by pseudo ﬁrst,
second-order, intraparticle diffusion and
Elovich models to study the rate and
mechanism
of
adsorption.
The
experimental adsorption data at initial TC
concentration of 5 mg L-1, 20 % (w/v)
NaCl and 20 mg of the CoS2 were
examined and experimental data are
presented in Table 2. These models can be
represented with the following linear
forms:
log (qe –qt) = log qe – k1 t/2.303
(1)
t /qt = 1/k2 qe2 +t/qe
(2)
qt = ki t 1/2 + C
(3)
qt = 1/ β ln (α β) + 1/ β ln t
(4)
In the pseudo-ﬁrst-order model plotting
the values of log (qe - qt) versus t may give
a linear relationship [44]. Values of k1 and

qe were determined from the slope and
intercept, respectively (Figure. 4A).
Distance of intercept from experimental qe
value, indicates that this model was not
suitable for ﬁtting the experimental data. In
pseudo second-order kinetic model [45],
the plot of t/qt versus t gives a straight line
with high correlation coefﬁcient. Constant
k2 and equilibrium adsorption capacity (qe)
were calculated from the intercept and
slope of this line, respectively (Figure.
4B). The high values of r2 (0.99) strongly
conﬁrms the applicability of this model for
explanation of adsorption kinetic data.
The intraparticle diffusion model relates
between adsorption rate and square root of
time (t) [46]. The values of ki and C were
calculated from the slope and intercept of
the plot of qt versus t1/2. C value is related
to the thickness of the boundary layer and
ki is the intraparticle diffusion rate constant
(mg g -1 min-1/2) were obtained from the
ﬁnal linear portion of above mention plot
and presented in Table 2. Since, the
intraparticle curve did not pass through the
origin (Figure. 4C); one can notice that in
addition to the intraparticle diffusion
model another stage such as second order
kinetic model control the adsorption
process. The Elovich equation as another
rate equation based on the adsorption
capacity in linear form was applied for the
adsorption of the antibiotic from an
aqueous media [47]. The plot of qt versus
ln t should yield a linear relationship with a
slope and intercept of (1/β) and (1/β) ln (α
β), respectively. The Elovich constants
obtained from the slope and the intercept
of the straight line (Figure. 4D) are
reported in Table 2. It is observed that the
adsorption of TC followed more closely to
pseudo second-order kinetics with
regression coefﬁcients > 0.99 which ﬁts
the experimental data better than the other
kinetic models for the entire adsorption
process.

Table 2. Adsorption kinetics constants of TC on cobalt disulfide. Conditions: concentration; 5
mg L−1, volume; 20 mL, ionic strength: 20 % w/v, dose of adsorbent; 20 mg.
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Pseudo first order
qecal

k1

r2

2.22

0.04

0.94

Pseudo second
order
qecal k2
r2
5.22

0.07

0.99

Intraparticle

Elovich

ki

C

r2

A

β

r2

qmax

0.640

1.68

0.99

11.95

1.27

0.93

13.25

Figure 2. Effects of (A) pH (B) adsorbent dose (C) contact time and (D) ionic strength (NaCl)
for TC adsorption onto the CoS2.

Figure 3. Reusability cycle of TC adsorption using the CoS2.
Table 3. Adsorption isotherms parameters of Langmuir and Freundlich models for the
adsorption of the TC on cobalt disulfide. Conditions: volume; 20 mL, pH; 4, contact time; 20
min, adsorbent; 20 mg; concentration: 5-100 mg L−1.
Langmuir
Freundlich
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KL(L mg- qmax (mg g-1)
1
)

r2

KF

1/n

r2

0.0313

0.991

1.450

1.136

0.981

163.934
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Table 4. Thermodynamic parameters for TC adsorption on cobalt disulfide. Conditions:
volume; 20 mL, ionic strength: 20% w/v; contact time; 20 min, adsorbent; 20 mg,
concentration;5 mg L−1.
Thermodynamic
283 K
293 K
303 K
313 K
parameters
∆G° (kJ/mol)

-5.275

∆H° (kJ/mol)

24.584

∆S°(J/mol K)

0.106

-6.702

-7.417

-8.555

Figure 4. Kinetic plots for adsorption of TC on the CoS2. (A) Pseudo ﬁrst order plot, (B)
pseudo second order plot, (C) intraparticle plot and (D) Elovich plot.
3.8. Adsorption Isotherms
In order to gain a better understanding of
adsorption mechanisms and evaluate the
adsorption performance, the experimental
data for TC adsorption onto the CoS2 is
analyzed using the Langmuir and
Freundlich adsorption isotherm models.
The pH of model solutions of 20 mL
containing 5-100 mg L−1 of TC was
adjusted to 4 and was added to 20 mg
adsorbent and 20 % (w/v) NaCl. The
mixture was centrifuged, after shaking for
20 min. 2 mL of HNO3 (0.2 mol L-1) of
solution with eluent was analyzed by UVVis.

The adsorption data were ﬁtted according
to the linear form of the Langmuir
isotherm model based on the following
equation [48]:
Ce/qe = (1/KL qm) + (Ce/qm)

(5)

where qe (mg g-1) is the equilibrium
adsorption capacity, qm (mg g-1) is the
maximum amount of adsorbed analytes per
unit weight of adsorbent to form complete
monolayer coverage on the surface, Ce
(mg.L-1) is the equilibrium concentration
of analyte in aqueous solution and KL
(L.mg-1) represents enthalpy of sorption.
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The Freundlich isotherm model represents
properly the sorption process at low or
intermediate concentration of analytes on a
heterogeneous surfaces. It has the
following equation ]84[ :
log qe = log KF + 1/n log Ce
(6)
1-n
n -1
Where KF (mg L g ) and n are the
Freundlich constant related to the
adsorption capacity and adsorption
intensity, respectively. The adsorption data
were ﬁtted according to the linear form of
the Freundlich model.
Adsorption isotherms parameters of
Langmuir and Freundlich models for the
adsorption of the TC on the CoS2 at 30 ◦C
listed in Table 3. The adsorption isotherm
ﬁtted Langmuir model better than
Freundlich model due to the larger
correlation coefﬁcient (r2), suggesting that
TC adsorption on the CoS2 is monolayer
chemical adsorption process [48].
Langmuir isotherm was used to
determine the qe and KL values from the
linear coefﬁcients obtained by plotting
Ce/qe as a function of Ce. The adsorption
capacity was found to be 163.93 mg g−1.
The Langmuir constant was 0.031 L mg−1.
3.9. Adsorption Thermodynamic
The inﬂuence of temperature on TC
adsorption was also conducted under
different temperature from 10 to 40 ◦C.
According to the results, the temperature
varying had little impact on the adsorption
of TC.
The thermodynamic parameters were
evaluated to conﬁrm the nature of the
adsorption and the inherent energetic
changes involved during TC adsorption.
Standard enthalpy (∆H◦), free energy (∆G◦)
and entropy change (∆S◦) were calculated
to determine the thermodynamic feasibility
and the spontaneous nature of the process.
Therefore, the values of ∆H◦ and ∆S◦ were
obtained from the slope and intercept of
the ln Kd versus 1/T curve according to Eq.
(7):
ln Kd=
(7)
◦
while the ∆G value of can be determined
from :
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∆G◦ = ∆H◦ -T∆S◦
(8)
where Kd (L g-1) is the distribution
coefﬁcient (Kd = qe /Ce), T (K) is the
adsorption temperature and R (8.314 J mol1 -1
K ) is the universal gas constant.
As shown in Table 4, the value of ∆G◦ for
TC adsorption was negative at all
temperatures, indicating that the adsorption
of TC onto the CoS2 was spontaneous and
thermodynamically feasible. The observed
positive ∆H◦ and ∆S◦ values for TC
adsorption suggested an endothermic
process and increasing the temperature
promoted the interaction between TC
molecules and CoS2.
3.10. Analysis of Environmental Water
Sample
To investigate the environmental
applicability of this method and its
efﬁciency for TC uptake in various
matrixes, an agricultural water with initial
TC concentration of 11.8 mg L−1
(determined by HPLC) was analyzed
according to the adsorption experiment. It
was observed that about 88.3% of the
antibiotic has removed from the sample
which conﬁrmed that the efﬁciency of the
method is in good level for treatment of
analyte in the real samples.
4. CONCLUSION
In this study, for the first time cobalt
disulfide, was applied for adsorption of
tetracycline antibiotic as a model analyte
from polycyclic aromatic compounds. This
adsorbent adsorbs polycyclic aromatic
compounds by π–π stacking. The main
advantage of the CoS2 was its needless
character
to
modification
or
functionalization,
simple
synthesis,
reusability, environmentally friendly and
numerous sulfur groups in surfaces in
order to improve adsorption capacity. The
Langmuir equation ﬁtted the adsorption
isotherm well. In conclusion, the proposed
method reveals the great potential of the
CoS2 as an advantageous adsorbent
material. Although the obtained results of
this research were related to the TC
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adsorption, the system could be a
considerable potential guide for the
removal of other polycyclic aromatic
compounds which are environmental
pollutants.
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