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Positive synergetic effect of a combined oxidation/adsorption process on the SDZ
treatment was confirmed

Degradation of SDZ by ferrate(VI) fitted in pseudo-order equation and the kinetic
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rate constant was derived

Pathways of sulfadiazine’s degradation by ferrate(VI) and potential oxidation
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product formation were explored

ABSTRACT
Antibiotics have been frequently detected in the environment and watercourses which can
inspire bacterial resistance and create super-bacteria; resulting in potential adverse impacts
on the human health and environment. This work thus investigated the synergistic effect of
a combined process (ferrate(VI) oxidation with montmorillonite adsorption), in
comparison with either the oxidation or adsorption alone, for the removal of one of
1
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antibiotics, sulfadiazine (SDZ). The results manifested that all the three combined
processes can promote the removal of SDZ but the simultaneous oxidation and adsorption
can achieve the outperforming removal of SDZ (76.20%) in comparison with the oxidation
alone (60%) or adsorption alone (10%) for the same given conditions, and the synergistic
effect of combined oxidation/adsorption was confirmed. Additionally, the degradation of
SDZ by ferrate(VI) fitted in the pseudo-second-order reaction characteristics, and the total
reaction rate constant was derived as 2.97*10-4 L2·mg-2·min-1. The study also explored the
possible pathways of the SDZ degradation by ferrate(VI) and potential oxidation product
formation when an incompletemineralization of SDZ was observed. The oxidation product
formed was proposed as a macromolecular-like compound containing R-NO2 groups
which were oxidized from the initial structure of SDZ containing R-NH2 groups.
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Ferrate(VI); Degradation and its pathways; Montmorillonite; Oxidation; Sorption;
Sulfadiazine (SDZ)
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1. Introduction
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The pharmaceutical and personal care products (PPCPs) are emerging pollutants and
have attracted attention world widely [1]. As one type of these emerging contaminants,
antibiotics have received much attention because there are tremendous use of antibiotics in
human and veterinary medicine as well as in agriculture and aquaculture activities [2]. The
ever-increasing use of antibiotics in human medicine and animal husbandry resulted in
their “pseudo-durability” [3-4] and residual antibiotics in the environment have been
constantly detected [5-9]. It is challenging to remove these pollutants from water and
wastewater by the traditional water treatment processes due to their durability and difficult
degradability [10]. The undesirable existence of antibiotics can raise the possible
formation of antibiotic resistant genes and lead to the alteration of microbial community
composition [11]. Consequently, this will pose a great threat to human health and
ecosystem. Many antibiotics have been frequently detected in surface water [12],
groundwater [13], soils [14] and sediments [15]. What is more, the concentration of these
antibiotics in water courses gradually increased from ng L−1 to μg L−1 levels [16].
Sulfadiazine (SDZ) has been used as one of antibiotics and has a broader activity to inhibit
bacterial pathogens (e.g., Gram (_) and Gram (+) bacteria). Because of this, SDZ has been
widely applied in curing diseases causing from bacterial infections [17], and its residuals
in watercourses have been detected world widely; e.g., 71.8 ng L−1 in the Yangtze Estuary
2

[18], 157 ng L−1 in the Beiyun River of Beijing [19], 147 ng L−1 in the Soeste River of
Germany [20] and 94.2 ng L−1 in the Langat River basin in Malaysia [21].
The toxicity of SDZ to various organisms has been identified as well, including
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Caenorhabditis elegans [22]，Sparus aurata [23] and Daphnia magna [24]. One of other
studies reported that SDZ could inhibit the nitrification process in an activated sludge
system [25]. Accordingly, SDZ poses a potential hazard to humans, mainly through the
food chain and drinking water [26]. Due to this, researches [27] have been carried out to
study the effect of SDZ on the environment and public health, as exceedingly detailed.
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In the past few decades, researches using chemical oxidation techniques, such as
ferrate(VI), persulfate, Fenton reagent and ozonation, were carried out to remove the
selected antibiotics’ residuals in aqueous phase [28-31]. Among these technologies,
ferrate(VI) has received extensive attentions due to its superior dual properties of
oxidation and coagulation. Ferrate(VI) is a green and environmentally friendly oxidant,
with a redox potential varying from +2.2 V to +0.7 V in acidic and basic solutions,
respectively [32-33]. Ferrate(VI) can perform oxidation, coagulation, adsorption,
sedimentation, disinfection, decolorization and deodorization, and these functions are
unmatched by other water treatment reagents. And therefore, over the years, there have
been numerous studies on ferrate(VI) in the treatment of a wide range of contaminants due
to its typical characteristics [34-37]. Such as accelerate and promote the removal of
contaminants by Ferrate(VI) by adding single-electron and two-electrons’ transfer
reducing agents [38]; Removal of quinolone antibiotics by ammoxidation of Ferrate(VI)
[39]. And the use of Ferrate(VI)-sulfur(IV) system to enhance the anti-oxidation effect of
antibiotics [40].
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Adsorption has played an important role in the removal of pollutants in water treatment.
The most significant factors on adsorption between adsorbents and adsorbates are
hydrophobic and electrostatic interactions [41]. Many clay minerals such as
montmorillonite have large specific surface area (SSA) and high cation exchange capacity
(CEC) [42]. As a natural silicate mineral, montmorillonite is known as "universal
material" and has strong sorption capacity, especially when it has been modified per given
conditions. Consequently, the sorption researches using modified montmorillonites have
been widely carried out [43].
In terms of specific characterizations of both ferrate(VI) and montmorillonite as detailed
above and due to using ferrate(VI) alone can’t completely oxidize many organic
pollutants, a combination process involving ferrate(VI) oxidation and montmorillonite
adsorption could be tested to compensate the drawbacks of ferrate(VI) process and to
enhance the overall removal efficiency by introducing an additional adsorption process.
3

And then, the aims of this study were to investigate the performance of ferrate(VI)
oxidation and montmorillonite sorption for the removal of sulfadiazine (SDZ). The study
paid attention to the synergetic effect of the combined oxidation/sorption process on the
efficiency of the SDZ treatment. Moreover, the research was aiming at investigating the
possible oxidation product formation, proposing degradation pathways and deriving SDZ’s
degradation kinetic rate constant.
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2. Materials and methods
2.1 Reagents and solutions
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SDZ was purchased from Sigma Aldrich (Shanghai, China). Other chemicals used in the
experiments were of analytical grade and were purchased from Hangzhou Xiaoshan
Chemical Reagent Factory (Hangzhou, China). Ferrate(VI) (K2FeO4) of 98% purity was
purchased from Sigma-Aldrich, and its purity was checked by the titration method using
Fe(NH4)2(SO4)2, which was calibrated by the titration of K2Cr2O7 before the experiment
[32].
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All chemical solutions were prepared with ultrapure water (UPHW1-90 T, Sichuan
Europtronic Ultrapure Technology Co. Ltd., China). The solution of SDZ (0.02 mM) was
prepared for the use of oxidation experiments and montmorillonite adsorption. The
working solution of ferrate(VI) was prepared on site and was prepared before experiments
by adding solid K2FeO4 to pH buffer (5 mM Na2HPO4 and Na2B4O7·9H2O, pH = 9.2) and
used within 10 min. The pH of the ferrate(VI) solutions was ≈ 9.2. Both potassium
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dihydrogen phosphate and methanol are chromatographic grade.
2.2 Experiment method
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2.2.1 Degradation experiments

A

The oxidation of SDZ by ferrate(VI) was performed in a 500 mL flask, which was filled
in 400 mL SDZ solution (0.02 mM), and the flask was placed on a magnetic stirrer (IKA,
Schwarzwald, Germany) with a fixed speed of 600 rpm min-1. Either hydrochloric acid
(0.1 M) or sodium hydroxide (0.1 M) solution was used to adjust the given pH value of
SDZ solution. After the addition of ferrate(VI) ([Fe(VI):[SDZ] = 10:1), 20 mL of
ferrate(VI)/SDZ mixed solution was pipetted out from the reaction system at designed
time intervals up to 60 min. And then, 0.5 mL of sodium thiosulfate (0.1 M) was added
into the mixture to quench the oxidation, and portion of the sample was filtered through a
0.22 μm membrane filter for measuring the remaining SDZ concentrations (by the liquid
chromatography procedures which can be seen in section 2.2.4) and another portion of the
4

sample was filtered through a 0.45 μm membrane filter for measuring the remaining
dissolved organic carbon (DOC).
2.2.2 Adsorption experiments
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50 mL SDZ solution (0.02 mM) was filled in a 100 mL flask. Montmorillonite was
dosed into the flask for a given weight ratio, 20:1 (montmorillonite:SDZ). The sorption pH
was adjusted by either hydrochloric acid (0.1 M) or sodium hydroxide (0.1 M) solution to
that of 4–10. The mixture solution of montmorillonite and SDZ was placed in a
thermostatic oscillator (IKA, Schwarzwald, Germany), and stirred at a speed of 200 rpm
min-1 (25°C). After 24 hours of reaction, the mixture was centrifuged (H-1650, Changsha
Xiangzhi centrifuge instrument Co. Ltd., China) for 10 min (10000 rpm min-1), and the
supernatant was filtered through a 0.22 μm membrane. The residual concentrations of SDZ
were analyzed using the procedures as detailed in 2.2.4.
2.2.3 Combined process of oxidation and adsorption
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The combined oxidation and sorption experiments were divided into three parts to
demonstrate the effect of the order of oxidation and adsorption on the removal of SDZ.
SDZ was oxidized first (by ferrate(VI)) and then adsorbed (by montmorillonite). The
oxidation phase was performed in a 100 mL flask which containing 50 mL SDZ
solution (0.02 mM). After dosing ferrate(VI) at the molar ratio 10:1 (Fe(VI):SDZ), the
flask was placed on a magnetic stirrer (IKA, Schwarzwald, Germany), mixed with a
fixed speed of 200 rpm min-1. After 1 h mixing, 1 mL of solution was pipetted out
from the flask, 30 μL of sodium thiosulfate was added into it as a quencher, and then
it was filtered through a 0.22 μm membrane filter for measuring the residual
concentrations of SDZ after ferrate(VI) oxidation. Following that, 5 mg
montmorillonite was added into the pre-oxidized solution and the mixture was mixed
for 24 h with a shaking speed of 200 rpm (25°C). After that, the mixture was
separated by centrifugation for 10 min (10000 rpm), the resulting supernatant was
then filtered through a 0.22 μm membrane and used to detect the concentrations of
SDZ.
b) Performed the adsorption first (by montmorillonite, 24 h) and then the oxidation (with
ferrate(VI) for 1 h) afterwards. The volume of samples, SDZ concentration, and the
procedures of the adsorption and oxidation were the same as (a).
c) Simultaneous oxidation and adsorption. The 50 mL 0.02 mM SDZ solution (about
0.001 mM) was placed in a 100 mL flask, which was placed on a magnetic stirrer.
Ferrate(VI) with the molar ratio of 10:1 (Fe(VI):SDZ) and 5mg montmorillonite were
added into the flask simultaneously, and the mixture was blended with a fixed speed
of 200 rpm for 1 h and 24 h respectively. The mixture was then centrifuged for 10 min
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5

(10000 rpm), and the supernatant was filtered through a 0.22 μm membrane and was
ready for the measurement of concentrations of SDZ.
2.2.4 Analytical methods
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The concentrations of SDZ were determined by a Shimadzu LC-20A system (Shimadzu,
Japan) equipped with a quaternary pump and an ultraviolet detector (SPD-20A, Shimadzu,
Japan). Chromatographic analysis was carried out at a flow rate of 0.9 mL min -1 on an
Inertsil ODS-3 C18 analytical column (4.6 mm*250 mm, particle size 5 µm) (Shimadzu,
Japan) at 40℃. The mobile phase was 70% potassium dihydrogen phosphate (0.02 M, pH
= 3.5) (A) and 30% methanol (B). The injection volume was 20 μL and the UV detection
wavelength was 265 nm. Elution time was 8 min for all samples.
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For the identification of degradation intermediates, samples were analyzed by GC-MS
(Saturn, USA) equipped with an SE-54 capillary column (Chromse, UK). All samples
were prepared to pH < 1 with 1 mol L-1 HCl, and then extracted with chloroform (10 times
concentrated) with recovery rate of 76%. The GC-MS conditions were given as follows: 1
μL sample was injected without pyrolysis at 280℃ and the column temperature was
programmed from 50℃ (5 min) to 250 ℃ at 10 ℃ min-1 followed by a 5 min hold at
250℃. Helium (> 99.999%) was used as carrier gas and the flow rate was 0.8 mL min-1.
The mass spectrometer operates under the electron ionization mode of 70 eV and the mass
scanning range is 40-500.

CC
E

PT

ED

Dissolved organic carbon (DOC) concertation in the solution before and after treatment
was measured by the established procedures using Shimadzu TOC-L Analyzer (Japan).
Zeta potential was measured following a standard procedure using a nanometer particle
size analyzer（NanoZS90，Malvern，England）, where 4 mL of the mixed solution after
the reaction was placed in a 4 mL centrifuge tube for 5 minutes centrifuged (H-1650,
Changsha Xiangzhi centrifuge instrument Co. Ltd., China), then the supernatant was taken
in a sample spoon for the Zeta potential reading.

3. Results and discussion

A

3.1 Degradation of SDZ
3.1.1 Effect of ferrate(VI) dosage
In this study, relative high concentration of SDZ was used in order to study kinetics and
oxidation pathways and by-products formation. It could be suggested that the ferrate
performance of treating SDZ in real wastewater will be affected by many other factors
especially the presence of many other organic contaminants. And then the performance
6
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might be different from that was observed in this study. The removal efficiency of SDZ by
ferrate(VI) at pH 7.0 and different ferrate(VI) doses (as Fe(VI):SDZ molar ratios from
10:1 to 50:1) was shown in Fig. 1. When the molar ratio was 10:1 (Fe(VI):SDZ) and
reaction time of 15 min, the removal efficiency of SDZ can reach 60.40% (Fig. 1). And
with the increasing in dosage of ferrate(VI), the removal efficiency of SDZ was gradually
increased; e.g., dose of 50:1 (Fe(VI):SDZ, molar ratio) can achieve 99.9% degradation of
SDZ in comparison with that about 74% for the dose of 20:1 and reaction time of 60 min.
(Fig. 1). Fig. 1 also shows that for the ferrate(VI) dose of less than 40:1, increasing
reaction time over 30 min was not beneficial to the high removal efficiency achieved.

U

Fig. 1. Effect of ferrate(VI) dose (as molar ratios of Fe(VI):SDZ) and reaction time on the
removal of SDZ ([SDZ]0 = 0.02 mM; pH = 7.0±0.1; T = 25.0 oC)
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3.1.2 Effect of solution pH
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Fig. 2 shows the variation of SDZ degradation by ferrate(VI) at different pH values and
reaction time. For all pH studied, increasing reaction time promoted to the high removal
efficiency of SDZ by ferrate(VI) and the oxidation reactions reached the equilibrium in
about 15 minutes. The maximum removal percentage of SDZ was achieved at pH7 (60%)
and with the increase of pH greater than 7, the SDZ removal decreased.
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In the process of oxidation, pH was always regarded as one of key factors influencing
the degradation of organic contaminants. According to Rush et al. [44], ferrate(VI) can be
dissociated into various species under different pH conditions and the oxidizing ability and
stability of different ferrate(VI) species are variable. Ferrate(VI) may exist in different
forms, namely H3FeO4+, H2FeO4, HFeO4- and FeO42-, so the pH of the solution system has
an great impact on oxidative property and stability to Ferrate (VI). The major forms of
ferrate(VI) in solution are H3FeO4+ and H2FeO4 when pH of the solution is 3 or less (Eq.

A

1); H2FeO4 and HFeO4- when pH ranges 3.5 to 7.3 (Eq. 2), and they are all present in the
form of FeO42- when pH of the solution is higher than 7.3 (Eq. 3). Studies have
demonstrated that HFeO4- was the most active substance in many reactions [45]. HFeO4has a larger spin density on the oxo-ligands than FeO42- in line with the density functional
theory, which increases the oxidation ability of protonated ferrate(VI) [46]. And this is
consistent with the superior removal (60%) of SDZ observed at pH 7 and decreasing in the
removal efficiency when pH was > 7 (Fig. 2).
7

𝐻3 𝐹𝑒𝑂4 + → 𝐻 + + 𝐻2 𝐹𝑒𝑂4 , 𝑝𝐾𝑎 = 1.6 + 0.2

(1)

𝐻2 𝐹𝑒𝑂4 → 𝐻 + + 𝐻𝐹𝑒𝑂4 − , 𝑝𝐾𝑎 = 3.5

(2)

𝐻𝐹𝑒𝑂4 − → 𝐻 + + 𝐹𝑒𝑂4 2− , 𝑝𝐾𝑎 = 7.3 + 0.1

(3)
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Fig. 2. Effect of different pH values on SDZ degradation ([Fe(VI)]:[SDZ] = 10:1; [SDZ] =
0.02 mM; pH = 5.0-10.0; T = 25.0oC).

3.1.3 Reaction kinetics

𝑑𝑡

= 𝑘 ∙ [𝐹𝑒𝑟𝑟𝑎𝑡𝑒(𝑉𝐼)]𝑎 ∙ [𝑆𝐷𝑍]𝑏

A

d[SDZ]𝑡

(4)
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r=−
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It is acknowledged that the concentration of oxidant can dominant the removal
efficiency of micro-pollutants in the oxidation process. As shown in Fig.1, the removal
rate of SDZ was positively relevant to the dosage of ferrate(VI). The oxidation kinetics of
SDZ by ferrate (VI) was fitted in pseudo-order equation as shown below:

ED

Where r represents the reaction rate of SDZ, k represents the overall rate constant of SDZ
by Ferrate(VI), a and b represent the orders of the reaction, [Ferrate(VI)] and [SDZ]
represent the concentrations of ferrate(VI) and SDZ. Let
𝑘1 = 𝑘 ∙ [𝐹𝑒𝑟𝑟𝑎𝑡𝑒(𝑉𝐼)]𝑎

PT

(5)

Eq. (4) can be rewritten as
r = 𝑘1 ∙ [𝑆𝐷𝑍]𝑏
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(6)

Take the natural logarithm on both sides of Eq. (5) and Eq. (6)
(7)

𝑙𝑛 𝑟 = 𝑙𝑛 𝑘1 + 𝑏 ∗ 𝑙𝑛[𝑆𝐷𝑍]

(8)

A

𝑙𝑛𝑘1 = 𝑙𝑛𝑘 + 𝑎 ∗ 𝑙𝑛[𝐹𝑒𝑟𝑟𝑎𝑡𝑒(𝑉𝐼)]

Table 1 shows the different ferrate(VI) dosages, initial concentrations of SDZ, the fitting
equations, and the initial reaction rate of SDZ. According to the fitting equations, it is
linear with good correlation (R2>0.90) between SDZ concentrations in the reaction process
and the reaction time, indicating that the oxidation of SDZ by ferrate(VI) was a first-order
8

reaction. Fig. 3 shows that the values of a and b are 0.71 and 0.89, respectively. Finally,
the interception value on the vertical axis shows that the value of the reaction rate constant
r was 2.97*10-4 L2·mg-2·min-1. So the rate expression for the reaction of ferrate(VI) with
SDZ can be expressed as
r=-

d[SDZ]t
dt

= 2.97x10-4∙[Ferrate(VI)]0.71 ∙[SDZ]0.89

(9)
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In this study, kinetic experiments were performed at pH7, where ferrate(VI) presented in
the solution would be of majority as FeO42- (Eq. 3); and thus the derived rate constant as
shown above is only a representative for the given ferrate(VI) species in the oxidation of
SDZ. However, for a comprehensive estimation of the rate constant for ferrate(VI) with
SDZ, a wide pH range, say, 5–11, could be considered. Since under such a pH range, all
ferrate(VI) species (Eqs. 1-3) will be included and kinetics of their reaction with selected
micro pollutants will be estimated individually and this could give out an overall second-
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order reaction rate constant. Examples of such efforts can be seen in references [47-48].
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Fig. 3. Kinetics analysis of SDZ degradation by ferrate(VI)

Table 1

CISDZ
(µg L-1)
5000

79.2

5000

R2

1/C=0.0004X+0.1961

Kobs
(min-1)
0.0004

0.9466

RIR
(ug L-1 min-1)
207.9

1/C=0.0067X+0.188

0.0067

0.9275

341.1

Fitting equation
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DFerrate(VI)
(mg L-1)
39.6

ED

Kinetic parameters of SDZ degradation by ferrate(VI)

5000

1/C=0.0083X+0.1839

0.0083

0.9182

522.6

158.4

5000

1/C=0.011X+0.178

0.011

0.9202

639.3

158.4

1000

lnC=-0.0981X+0.384

0.0981

0.9837

638.2

158.4

2000

lnC=-0.0849X+0.349

0.0849

0.9584

397.2

158.4

3000

lnC=-0.08X+0.759

0.08

0.9512

271.2

158.4

4000

lnC=-0.0743X+1.033

0.0743

0.9377

178.4

A

118.8

DFerrate

(VI):

Ferrate(VI) dosage; CISDZ: Initial concentration of SDZ; Kobs: The pseudo
9

reaction rate constant; RIR: Initial reaction rate.
3.2 Adsorption experiment
3.2.1 Adsorption isotherms
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The adsorption isotherm of SDZ onto montmorillonite was determined by plotting the
amount of SDZ adsorbed by montmorillonite (Qe, mg g−1) versus the equilibrium
concentration of SDZ (Ce, mg L−1). The adsorption isotherms of SDZ from aqueous
solution onto KSF at different temperatures with initial pH 7 were shown in Fig. 4. Two
adsorption models (Langmuir and Freundlich) were used to describe the equilibrium
between adsorbed SDZ onto montmorillonite (Qe) and SDZ in solution (Ce) at constant
temperatures.

N

U

Fig. 4. Adsorption isotherms of SDZ on montmorillonite at different temperatures
([montmorillonite] = 1000 mg L-1; pH = 7.0±0.1; sorption time = 24 h)

A

a. Langmuir isotherm

𝐶𝑒
𝑄𝑒

1

= 𝐿𝑄 +
𝑚

𝐶𝑒
𝑄𝑚
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The Langmuir isotherm theory assumes that the adsorbate is monolayer coverage on the
surface of a homogeneous adsorbent [49]. Linear form of Langmuir equation was applied
to obtain sorption capacity of SDZ on montmorillonite:
(9)
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Where Ce represents the equilibrium concentration of SDZ (mg L−1), Qe represents the
amount of SDZ adsorbed by montmorillonite (mg g−1), Qm represents the maximum
adsorption capacity of SDZ onto montmorillonite (mg g−1), L is the Langmuir constant.
The sorption parameters of SDZ adsorption onto montmorillonite corresponding to
Langmuir equation were summarized in Table 2.

Table 2
The sorption parameters of Langmuir equation for SDZ onto montmorillonite at different
temperatures
Temperature(℃)
25

R2
0.9982

Qm (mg g-1)
31.57
10

L (L mg-1)
2.7602

35

0.9995

42.37

4.3312

45

0.9959

23.92

8.8540

Qm: the maximum adsorption capacity of SDZ onto montmorillonite (mgg−1); L: Langmuir
constant.
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b. Freundlich isotherm
Freundlich isotherm assumes that as the adsorbate concentration increases so too does the
concentration of adsorbate on the adsorbent surface. And the Freundlich isotherm equation
was as follows [50]:
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1

𝑄𝑒 = 𝐾 · 𝐶𝑒𝑛

(10)

Where Ce represents the equilibrium concentration of SDZ (mg L−1), Qe represents the
amount of SDZ adsorbed by montmorillonite (mgg−1), K and n are the indicators of

1

𝑙𝑛𝑄𝑒 = 𝑙𝑛𝐾 + 𝑛 ∗ 𝑙𝑛𝐶𝑒

A

(11)
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adsorption capacity and heterogeneity factor, respectively [51]. Take the natural logarithm
on both sides of Eq. (10)

M

The sorption parameters of SDZ adsorption onto montmorillonite corresponding to
Langmuir equation were summarized in Table 3.
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Table 3
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The sorption parameters of Fruendlich equation for SDZ onto montmorillonite at different
temperatures.
R2
0.9217

K
0.396

n
1.083

35

0.9106

0.631

1.247

45

0.9434

0.272

1.349

CC
E

Temperature (℃)
25

A

K: relative adsorption capacity; n:adsorption intensity.
According to the Tables 2 and 3, Langmuir adsorption isotherm gave a better fit than the
Freundlich model.
3.2.2 Adsorption Results
The relationship between dosages of montmorillonite and the percentage removal of
SDZ is shown in Fig. 5a. Increasing in the montmorillonite dose from 100 to 600 mg L-1
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can raise the percentage removal of SDZ from 11.0% to 16.30%. Fig. 5a also shows
negative Zeta potential in the test solution; the higher dose of montmorillonite, the more
negative values of Zeta potentials, suggesting that the surface of montmorillonite is
negatively charged for the study conditions. Consequently, the negatively charged surface
of montmorillonite will affect SDZ adsorption efficiency for various solution pHs and this
will be discussed in later session.
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The experimental results shown in Fig. 5b demonstrated that sorption time is a crucial
factor on the SDZ removal efficiency. The adsorption process of SDZ on montmorillonite
can be divided into three phases; the fast adsorption stage (1-10 min), the desorption
process (10-60 min) and a relative slow sorption phase until reaching to the equilibrium
(up to 4 h). In the fast stage, the dispersion of SDZ in water and then onto the active sites
of montmorillonite was rapidly, which resulted in that SDZ was saturated on the outer
surface of montmorillonite and then causing the desorption in a short period (second
phase). After that stage, SDZ was diffused and attached into internal pores of
montmorillonite, which increasing the mass transfer resistance with time thus reduced
sorption speed and leading to the slow absorption stage. Same phenomenon was observed
by [52].
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Fig. 5c shows the relationship between temperature and initial concentrations of SDZ
with adsorbing capacity on montmorillonite. For 24 h duration of adsorption, the
adsorbing capacity increased with increasing in the initial concentration of SDZ, and the
adsorbing capacity reached equilibrium while the initial concentration of SDZ was 300 mg
L-1. On the other hand, the adsorbing efficient was affected by the reaction temperature;
the sorption efficient order was 35 ℃ > 25 ℃ > 45 ℃, suggesting that relative high
temperature (45 ℃) and low temperature (25 ℃) were not conducive to the adsorption of
SDZ by montmorillonite.
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Variations of SDZ removal efficiency and Zeta potential in respect of pH values were
shown in Fig. 5d. It can be observed that for a given montmorillonite dose (100 mg L-1)
and reaction duration of 24 h, the removal of SDZ increased first and then decreased with
increasing in solution pH, and the favorable sorption for SDZ was at pH 6. This could be
elucidated that for pH < 6 the adsorption of SDZ on montmorillonite surfaces was
dominated by the mechanism of cation exchange [53].
On the other hand, the Zeta potential of montmorillonite-SDZ mixture was negative
(Fig. 5d), suggesting the surface of montmorillonite was negatively charged for the pH
range of the experiments. Thus, the adsorption amount was determined by the ionic forms
of SDZ. When the pH of the mixed solution was higher than 6.5, SDZ was mainly
dominated as the form of anions, which is mutually exclusive with the negative surface
12
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charge of montmorillonite; and thus adsorption amount of SDZ dropped sharply. This also
can be demonstrated in terms of the dissociated SDZ species based on its dissociation
constants, pKa1 of 1.57 and pKa2 of 6.50, respectively. Various dissociated species could
be SDZ+, SDZ0 and SDZ- at different pH conditions [49], when pH was > 6.5, the
dominant species will be anionic based SDZ- and therefore, the sorption of SDZ decreased,
and it dropped down sharply when was pH > 9. It is obvious that the pH can affect the
surface state of adsorbent, interface potential, and solutes’ dissociation status and then the
sorption performance in general [54-55].
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Fig. 5. SDZ adsorption by montmorillonite. a) Effect of montmorillonite dosages on the
SDZ removal and variations of Zeta potential ([SDZ] = 5.0 mg L-1 or 0.02 mM; pH =
7.0±0.1; T = 25.0℃; reaction time = 24 h); b) Effect of adsorption time on the SDZ
removal by montmorillonite ([montmorillonite] = 1000 mg L-1; [SDZ] = 5.0 mg L-1 or 0.02
mM; pH = 7.0±0.1; T = 25.0℃); c) Effect of temperature on SDZ removal by
montmorillonite ([montmorillonite] = 1000 mg L-1; pH = 7.0±0.1; sorption time = 24 h); d)
Effect of pH on SDZ removal and Zeta potential ([montmorillonite] = 100 mg L-1, [SDZ]
= 5.0 mg L-1 or 0.02 mM; T = 25.0℃; reaction time = 24 h)
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3.3. Synergistic effects of combined degradation and adsorption on the removal of SDZ
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Multiple trials were conducted to validate a hypothesis of a positive synergetic effect of
combined degradation and adsorption on the removal of SDZ. The studies were arranged
at three dosing sequences; ferrate(VI) oxidation first (1 h) followed by montmorillonite
adsorption (24 h), the adsorption first (24 h) and the oxidation (1 h) afterwards and a
simultaneous process (25 h) with oxidation and adsorption. The early results showed that
the optimal ferrate(VI) oxidation was achieved at pH 7 which gave greater SDZ removal
and the optimal adsorption was obtained at pH 6, but its performance was slightly better

A

than that achieved at pH 7. Thus, the combined oxidation/adsorption processes were using
pH 7 but not 6. Fig. 6 shows that for the given test conditions, all three combined
processes (Fig. 6, Left), no matter what dosing sequences, can promote the removal of
SDZ; 76.20% by the simultaneous oxidation/adsorption, 73.70% by the oxidation first and
72.10% by the adsorption first. It is obvious that the combined processes were superior to
the process of either the oxidation alone (60%) or adsorption alone (10%) (Fig. 6, Right) to
remove the SDZ, and the synergetic effect of combined oxidation/adsorption was
confirmed. The plausible explanation of this includes two points: on one hand, that
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combined ferrate(VI) oxidation with montmorillonite adsorption had additive effects;
during the oxidation of SDZ, ferrate(VI) was reduced to ferric-oxide like products [56]
which played the role as coagulant/precipitant, and montmorillonite acted as both
adsorbent and coagulant aids to promote the flocculation/sedimentation [57] and sorption
and thus reduced the turbidity of the solution, leading more SDZ could be removed from
the test solution; On the other hand, there was a neutralization between the high positive
charge intermediate formed by the decomposition of Ferrate(VI) and the negatively
charged montmorillonite, reduce the repulsion between particles, and tend to agglomerate
to form larger flocs. The sedimentation performance of the flocs was improved, so that the
SDZ which could not be removed by the oxidation and adsorption was co-precipitated
with the flocs formed and removed.
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Fig. 6. Synergistic effects of combined ferrate(VI) oxidation/montmorillonite adsorption
on the removal of SDZ ([Fe(VI)]:[SDZ] = 10:1, [montmorillonite] = 100 mg L-1, [SDZ] =
5.0 mg L-1 or 0.02 mM; pH = 7.0±0.1; T = 25.0 ℃; reaction time = 25 h).
Left: three combined processes; Right: oxidation alone or adsorption alone process

3.4. SDZ degradation pathways and oxidation products’ formation
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SDZ compound contains a pyrimidine group and a benzene ring. In the oxidation
process SDZ will be degraded to form various oxidation products including some of
completion oxidation products, CO2. The completion oxidation of an organic compound
can be estimated by the measurement of residual total organic carbon (TOC) concentration
of the treated solution, which can also be referred to the mineralization efficiency. Fig. 7
shows the removal of TOC vs that of SDZ. Notably, for 10 min reaction, the removal of
SDZ can reach 60.0%; in contrast, the removal of TOC was 17.0%. With the increase of
reaction time, the removal of SDZ and TOC was not further improved, indicating that the
oxidation of SDZ by ferrate(VI) was not complete, or, the mineralization efficiency of
SDZ by ferrate(VI) oxidation was only 17.0% and this may be owning to the stable
structure of pyrimidine and benzene ring in SDZ.
Relatively low TOC reduction as shown in Fig. 7 suggests that ferrate (VI) did not
completely degrade SDZ but only oxidized SDZ into macromolecular like oxidation byproducts (shown in later sections). This may be lead to the toxicity or, antibiotic activates
remained in the treated solutions. One of previous studies showed that there would be no
toxicity when sulfonamides (including SDZ) were partially oxidized even DOC reduction
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was not completely [58]. Another research found some different results; that the toxicity of
photocatalytic degradation by-products of sulfonamides (including SDZ) was observed but
it was significantly lower than toxicity of the original sulfonamides’ solutions [59].
Apparently, the toxicity or antibiotic activates of SDZ’s oxidation by-products will rely on
the properties of the given SDZ solutions studied, the oxidation process and operating
conditions used to degrade SDZ, and also would be dependent on the type of microorganisms used in performing the toxicity study. And then, the toxicity of oxidation byproducts from reactions between SDZ and ferrate(VI) remains an important subject to be
studied and this is to be one of future work in this research area.

U

Fig. 7. Removal of TOC and SDZ ([Fe(VI)]:[SDZ] = 10:1; [SDZ] = 0.02 mM; pH = 7.0; T
= 25.0 ℃)
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Fig. 8 analyzes oxidation products of SDZ by ferrate(VI), which was mainly a substance
with a m/z ratio of 280.25. It has been acknowledged [36] that when ferrate(VI) oxidizes
organics, ferrate(VI) does not directly form Fe(III) in a one-step reaction, but gradually
forms Fe(V), Fe(IV) and Fe(III) by single electron transfer [60-61] and this is also the case
for the SDZ degradation by ferrate(VI). The charge carried by -NH2 on SDZ was gradually
transferred by Fe(VI) in a single electron to form -NO and Fe(III). The -NO was unstable
and finally oxidized to form -NO2. The reaction process was analogous to the previous
study of aniline by ferrate(VI) [62]. In combination with previous studies [63], for
sulfonamides containing anilino groups, Fe(VI) mainly oxidizes –NH2 (see Fig. 9), and
failed to achieve complete mineralization. Although ferrate (VI) has strong oxidizing
properties and can quickly remove SDZ, this study found that ferrate(VI) cannot open
SDZ’s benzene rings but only oxidized -NH2 on SDZ structure to -NO2 group and
produced the final oxidation product (shown in Fig. 9). This is identical to that in a recent
published work [48].

A

This study comprehensively investigated SDZ removal by either ferrate(VI) degradation
or montmorillonite adsorption and the stated results disclosed that neither of these two
processes could efficiently remove SDZ. An innovative combined ferrate(VI) oxidation
with montmorillonite adsorption indeed has shown benefits to the overall SDZ removal
performance. The technology developed through this study is promising, which can be
applied in the treatment of sulfadiazine in water and waste waters. However, it is
necessarily to bear in mind that limited mineralization of sulfadiazine happened when it
was oxidized by ferrate(VI); the oxidation products containing -NO2 groups might possess
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toxicity [64] and montmorillonite adsorption might not remove these by-products
thoroughly. And then, further investigations should be carried out to assess the toxicity of
the treated effluents and to promote much high efficiency to remove SDZ.
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Fig. 8. GC-MS mass spectrum of SDZ oxidized by ferrate(VI)

Fig. 9. Possible pathway of SDZ degradation by ferrate(VI)
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4. Conclusions
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Results of the treatment of SDZ by ferrate(VI) oxidation and montmorillonite
adsorption in aqueous solution showed that when the molar ratio was 10:1 (Fe(VI):SDZ,
molar ratio) and reaction time of 15 min, the removal efficiency of SDZ by ferrate(VI)
alone can reach 60.40%. And with the increasing in dosage of ferrate(VI) up to 50:1
(Fe(VI):SDZ), the removal efficiency of SDZ reached to 99.9% degradation for 60 min.
Moreover, pH < 7 can effectively improve the degradation rate of SDZ. Additionally, the
degradation of SDZ by ferrate(VI) fitted in pseudo-order equation and the kinetic rate
constant was derived as 2.97*10-4 L2·mg-2·min-1. On the other hand, the adsorption of SDZ
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PT

by montmorillonite alone showed that increasing in the montmorillonite dose from 100 to
600 mg L-1 can raise the percentage removal of SDZ from 11.0% to 16.30%, the sorption
equilibrium was reached at 4 h, and pH 6 and sorption temperature of 35℃ were favorable
to the optimal performance.

A

When combined ferrate(VI) oxidation/montmorillonite adsorption was used to remove
SDZ, all three combined processes can promote the removal of SDZ but the simultaneous
oxidation/adsorption can achieve the outperforming removal of SDZ (76.20%) in
comparison with the oxidation alone (60%) or adsorption alone (10%) for the same given
conditions, and the synergetic effect of combined oxidation/adsorption was demonstrated.
However, due to the stable structure of SDZ, ferrate(VI) incompletely oxidized SDZ and
most oxidation product formed was that aromatic-NO2 containing groups macromolecules
which were oxidized from the initial SDZ containing -NH2 groups.
Acknowledgements
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Fig. 1. Effect of ferrate(VI) dose (as molar ratios of Fe(VI):SDZ) and reaction time on the
removal of SDZ ([SDZ]0 = 0.02 mM; pH = 7.0±0.1; T = 25.0 oC)

A

Fig. 2. Effect of different pH values on SDZ degradation ([Fe(VI)]:[SDZ]=10:1; [SDZ] =
0.02 mM; pH = 5.0-10.0; T = 25.0 oC).
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Fig. 3. Kinetics analysis of SDZ degradation by ferrate(VI)
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Fig. 4. Adsorption isotherms of SDZ on montmorillonite at different temperatures
([montmorillonite] = 1000 mg L-1; pH = 7.0±0.1; sorption time = 24 h)

23

aa

SC
R

IP
T

b
b

d

M

A

N

U

c

A

CC
E

PT

ED

Fig. 5. SDZ adsorption by montmorillonite. a) Effect of montmorillonite dosages on the
SDZ removal and variations of Zeta potential ([SDZ] = 5.0 mg L-1 or 0.02 mM; pH =
7.0±0.1; T = 25.0℃; reaction time = 24 h); b) Effect of adsorption time on the SDZ
removal by montmorillonite ([montmorillonite] = 1000 mg L-1; [SDZ] = 5.0 mg L-1 or 0.02
mM; pH = 7.0±0.1; T = 25.0℃); c) Effect of temperature on SDZ removal by
montmorillonite ([montmorillonite] = 1000 mg L-1; pH = 7.0±0.1; sorption time = 24 h); d)
Effect of pH on SDZ removal and Zeta potential ([montmorillonite] = 100 mg L-1, [SDZ]
= 5.0 mg L-1 or 0.02 mM; T = 25.0℃; reaction time = 24 h)
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Fig. 6. Synergistic effects of combined ferrate(VI) oxidation/montmorillonite adsorption
on the removal of SDZ ([Fe(VI)]:[SDZ]=10:1, [montmorillonite]=100mg L-1, [SDZ] = 5.0
mgL-1 or 0.02 mM; pH = 7.0±0.1; T = 25.0℃; reaction time = 25 h).
Left: three combined processes; Right: oxidation alone or adsorption alone process

Fig. 7. Removal of TOC and SDZ ([Fe(VI)]:[SDZ] = 10:1; [SDZ] = 0.02 mM; pH = 7.0; T
= 25.0℃)
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Fig. 8. GC-MS mass spectrum of SDZ oxidized by ferrate(VI)

Fig. 9. Possible pathway of SDZ degradation by ferrate(VI)
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