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ABSTRACT

Efficiency in chemical degradation of isopropyl ethylthionocarbamate (also referred as Z-200) using Fenton
reagents was studied in this paper. A Box—Behnken design method with response surface methodology (RSM)
was used to investigate the influence of individual and interaction of operating variables on removal efficiency
with the aim of recognizing the optimum operating conditions. The mechanism of oxidation degradation was
further examined by Fourier transform-infrared spectroscopy, and gas chromatography coupled with mass
spectrometry. The optimum conditions for chemical degradation efficiency of Z-200 were obtained as Fe**
146 mg/L, H,0, 98 mg/L, and initial pH 6.7, achieving a removal efficiency of 92.76% in a 2.5 h reaction time.
Finally, a simple kinetic analysis was carried out based on the degradation of Z-200 at different concentrations.
Results showed that the kinetics of the Z-200 degradation rate followed pseudo-first-order equation in Fenton
process. This study effectively demonstrated the usage and advantages of RSM for the modeling and prediction
of process response. It also can be revealed that the advanced oxidation process of Fenton is an effective and
efficient technology for the degradation of Z-200 in aqueous solution.

Keywords: Fenton oxidation; Isopropyl ethylthionocarbamate; Degradation; Response surface methodology
(RSM); Kinetic analysis

1. Introduction

O-Isopropyl-N-ethylthionocarbamate (trade-marked Z-200)
has been widely used as a collector in ore dressing plant
for decades, which is especially recommended for the flo-
tation of copper minerals because of its excellent selectivity
against pyrite in alkaline media [1,2]. More importantly,
new ester collectors that have comparable properties as
Z-200 have been increasingly produced to apply in con-
centrators. However, even a small concentration of these
reagents in water streams is toxic to water life and have

* Corresponding author.

high chemical organic demand in the discharge of waste-
water [3-5]. Additionally, Z-200 has been investigated that
it could break down and produce by-products of COS and
CS, during degradation when irradiated by ultraviolet light
[6]. According to the literature, Z-200 is hardly biodegradable
and it also cannot be degraded by conventional chelating or
coagulation settlement. Removal of Z-200 through anaerobic
digested sludge has once been studied by Chen [7]. The high
degradation rate needs longer processing period and moder-
ate medium must be added to obtain excellent development
of bacteria. So far, there are few reports on the removal of
Z-200. Hence, removal of Z-200 with high efficiency and no
secondary products, which requires more studies, is signifi-
cant from an environmental viewpoint.
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In present decades, advanced oxidation processes
(AOPs) have usually been utilized to treat various refractory
organic compounds as eco-friend technologies especially
when traditional methods are not effective [8]. Hydroxyl rad-
ical (*OH) plays the key role in AOPs and it is the strongest
(E°= 2.80 V) oxidant of reactive oxygen species, which
can attack various pollutants unselectively and efficiently
[9-12]. The simplest and most effective way of generating
hydroxyl radicals is by Fenton reaction and it has attracted
broad attention among the AOPs due to its strongly oxida-
tive ability for the degradation of organic pollutants [13].
The generally accepted chain reactions are shown as follows
[10,14,15]:

Fe* +H,0, —» Fe’* + "OH+OH" (1)

Fe* +H,0, - Fe* + HO; + H' 2)

Hydroxyl radical is generated via the decomposition of
H,O, catalyzed by Fe(Il). Due to the efficiency of treatment
and simple oxidation process, Fenton reagent has been
widely used to oxidize and mineralize organic compounds
for the treatment of various contaminants, such as agricul-
tural wastewater [16], pharmaceutical wastewater [17,18],
cosmetic wastewater [19], dye wastewater [20], and munic-
ipal wastewater [21]. Since it is the hydroxyl radical that
really works, more and more researchers devote themselves
to optimizing the Fenton system to generate more hydroxyl
radical to treat wastewater more efficiently.

In general, the activity of catalyst in Fenton systems or
Fenton-like systems is higher at acid or neutral pH than at
alkaline pH. The efficiency of degradation was considerably
improved as temperature increased. Perini et al. [22] eval-
uated the pH limitation by the use of low iron concentra-
tions and organic ligands, the highest total organic carbon
(TOC) removal (0.87) was achieved at pH 4.5. Feng et al. [23]
studied the effect of initial solution pH on the degradation of
Orange II in photo-Fenton systems. The results showed that
the best photo-catalytic activity occurred at an initial solu-
tion pH of 3.0. Furthermore, a reasonable efficiency of deg-
radation could be obtained at an initial solution pH of 6.6.
Zazo et al. [24] investigated the effect of temperature on the
treatment of phenol by the Fenton process within the range
of 25°C-130°C, a reduction of almost 80% was obtained at
90°C, while at 25°C the TOC decreased less than 28%. Kan
and Huling [25] explored the effects of temperature (25°C,
35°C, 45°C, and 55°C) on Fenton-driven chemical oxidation
of methyl tert-butyl ether, the activity of catalyst was also
improved as the temperature increased.

Recently, many statistical experimental design meth-
ods have been developed for process optimization. These
methods involve using mathematical models for designing
chemical processes and analyzing the process results [26].
Recently, response surface methodology (RSM), which is a
collection of statistical techniques used to develop, improve,
and optimize processes, has been widely used in many fields.
There are many published researches on wastewater treat-
ment using RSM optimization processing [27-29]. RSM tool
is useful in predicting the effect of individual experimental
factors, as well as locating interactions between the factors.
Also, it is the most economical method for characterizing a

complicated experimental process. It requires fewer experi-
ments to determine the optimum conditions. The regularity
of experimental results can be clearly described by a func-
tion equation or 3D graphs or contour maps in RSM design.
Therefore, RSM was used in this study.

The objectives of this study were to: (1) optimize the
various operational parameters on the degradation of Z-200
by Fenton degradation and find the most suitable combina-
tion of variables resulting in the maximum Z-200 removal
efficiency, using the RSM based on Box-Behnken design
(BBD); (2) explore the possible mechanisms during Fenton
oxidation and determine whether some by-products are
generated in Fenton reaction, employing the measurements
of Fourier transform-infrared (FT-IR) spectroscopy and gas
chromatography coupled with mass spectrometry (GC-MS);
(3) treat the different concentrations of Z-200 under the
optimum condition which is determined by RSM above and
extensively investigate the oxidation kinetics at different
concentrations.

2. Materials and methods
2.1. Chemicals and reagents

Z-200 was purchased from Zhuzhou Flotation Reagents
Factory, China. Z-200 was of technical grade and used with-
out purification. Fe*" in the Fenton’s reagent was prepared
from FeSO,7H,O (analytical grade, Sinopharm Chemical
Reagent, China) and H,O, (30 wt%, Sinopharm Chemical
Reagent, China) was of analytical grade. Analytical grade
H,SO, (40 wt%, Xinyang Chemical Company, China) and
NaOH (40 wt%, Xinyang Chemical Company, China) were
adjusted to the desired initial pH before Fenton’s reagent.
All reagents were used as received. The solutions were
prepared with distilled water. The initial concentration of
Z-200 was 0.5 g/L, then the solution was diluted to other
concentrations.

2.2. Experimental procedure

Z-200 water samples used in the oxidation experiment
were diluted from 500 to 20 mg/L for the RSM optimiza-
tion process and to different concentrations (10, 20, 70, and
100 mg/L) for the kinetic analysis. First, pH value of solu-
tion was controlled and a certain amount of Fe** was added
into 200 mL Z-200 water samples. Then the given amount
of H,0, was consequently added, under a stirring speed of
300 rpm for 10 min. All of the above processes were carried
out in a 300 mL beaker with a single-paddle gang stirrer at
room temperature. After deposited for the given time, the
sample solution was taken from beakers and filtered through
the qualitative filter paper (aperture: 12-25 um; & = 15 cm)
with medium speed, then analyses by UV or GC-MS were
conducted. As for FT-IR analysis, the products before and
after oxidation of Z-200 sample were mixed with hexane
separately and were shaken for a few minutes. Then the
organic phase was extracted and measured by FT-IR after
centrifuging for 10 min.

2.3. Techniques and analysis

Determination of the concentration of Z-200 (char-
acteristic of ultraviolet absorption peak at 241 nm) was



D. Liu et al. / Desalination and Water Treatment 130 (2018) 87-97 89

achieved by UV-vis spectrophotometer (UV-2100, Shimadzu
Corporation, Japan), and a coefficient of determination of
0.99997 was observed, which exhibited a good linearity. In
order to examine the mechanism of oxidation process, the
products before and after oxidation were measured by a
FT-IR spectrometer of Nicolet 6700 (Nicolet Corporation,
America) and GCMS-QP2010 (with electron ionization
(EI), Shimadzu Corporation, Japan). Chromatograph was
equipped with 30 m x 0.25 mm i.d. DB-5 ms capillary col-
umn of 0.25 pm film thickness. Helium 5.0 was used as the
carrier gas. The experiments were carried out at a starting
temperature of 160°C, and then temperature was increased
20°C/min up to 300°C. Temperature of both GC oven and
injector was 280°C. All the injections were made in split
mode. The standard NIST 11 mass spectral library database
was used to identify the organic compounds. The solution
pH was analyzed by a portable pH meter PHS-3C (Shanghai
Leici Corporation, China).

2.4. RSM design

In this experiment, a three-factor, three-level factorial BBD
was selected to model and optimize the degradation process
of Z-200. Z-200 removal efficiency (Y) was taken as response
of the system. Initial pH (X,), dosage of Fe,SO, (X,, mg/L), and
dosage of H,O, (X,, mg/L) were chosen as three independent
variables. The three independent variables and their ranges
in coded and actual values were listed in Table 1. Results
from all BBD experimental runs were analyzed by the least-
squares regression method to predict the process response
and to estimate the coefficients according to the following
second-order Eq. (3), which was carried out to describe the
mathematical relationship between the predicted response
(Y) and input variables (X, X,, and X,) in coded values:

Y=p,+ ZB,-X,- + ZB::X:Z + ZBi/Xif ®)

where Y refers to the predicted response associated with each
factor level combination by the model; 3 is the model con-
stant (intercept term), 3, 3., and ﬁij are the linear, quadratic,
and interaction coefficients, respectively. Additionally,
the ranges of the variables and the removal efficiency after
150 min of reaction were considered based on the preliminary
experiments.

The experimental data were analyzed via Design Expert
software version 8.0.6 (STAT-EASE Inc., Minneapolis, USA)
for the analysis of variance (ANOVA) and to assess the
goodness of fit of the model.

3. Results and discussion
3.1. Model fitting and statistical analysis

Table 2 presents the complete experimental design matrix
as suggested by Design-Expert Software along with response
values obtained from the experimental works. According to
experimental data, the following fitting polynomial equation
(4) was obtained from data fitting as follows:

Y =90.84 +0.90X, +10.58X, — 2.16X, +1.49X, X, +
1.69X X, - X, X, — 3.63X> ~13X2 —2.13X> )

Table 1
Experimental range and levels of the independent variables

Independent variables Codes Ranges and levels

-1 0 +1
Initial pH X, 3.5 6.5 9.5
Fe?* dosage(mg/L) X, 60 120 180
H,0, dosage(mg/L) X, 60 150 240

Table 2
BBD matrix and corresponding experimental responses

Runs X, X,(mg/L) X, (mg/L)  Z-200 removal (%)
1 6.5 120 150 90.50208
2 35 120 60 88.04871
3 6.5 60 240 63.02434
4 35 60 150 63.73309
5 6.5 180 60 90.39304
6 6.5 120 150 92.2467
7 95 120 240 85.4863
8 6.5 120 150 89.79333
9 95 60 150 64.00569
10 3.5 120 240 81.76391
11 6.5 120 150 90.62988
12 9.5 180 150 87.67456
13 95 120 60 84.99288
14 35 180 150 81.43554
15 65 120 150 91.01298
16 6.5 180 240 82.63956
17 6.5 60 60 66.76839

where Y is the removal efficiency for Z-200, X,, X,, and
X, are the coded values of three independent variables
described above. A positive sign in front of the terms indi-
cates synergistic effect, whereas a negative sign indicates
antagonistic effect [30].

Diagnostic plots, such as predicted versus actual values,
were used to determine the adequacy of the model. The pre-
dicted values of Z-200 removal were calculated using the
regression model and compared with experimental values in
Fig. 1. As can be seen, the experimental results were in good
correlation with the values predicted by statistical model,
thus validating the predicted model [31].

Furthermore, adequacy of the obtained model to pre-
dict the Z-200 removal efficiency was analyzed through the
ANOVA and the results are expressed in Table 3. Results
show that this quadratic model is highly significant, implied
by the high F-test values (115.79) with the very low proba-
bility value (Prob. > F < 0.0001). In addition, the Lack-of-
Fit, F-value, 3.59, (F < 4.7725) implies that the shortage of
the proposed model in the prediction of response factor is
insignificant, thus confirming the model adequacy. Also, the
adequate precision ratio of 27.634 (>4) indicates an adequate
signal for the quadratic model. In addition, a coefficient of
variance of 1.6% (<10%) indicates the high accuracy and reli-
ability of the experiment [32-34]. The values of R?and adjusted
R? for reduced model are 0.9933 and 0.9847, respectively,
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Fig. 1. Design expert plot: actual values versus predicted
response by BBD.

Table 3
ANOVA for response surface quadratic model

F value 115.7897 P value <0.0001
Lack of fit (F) 3.59 Lack of fit (P) 0.1245
R? 0.9933 R, 0.9847
CV % 1.6 Adeq precisor 27.634

which has satisfactory agreement between them, indicating
that the unnecessary variables are not included in the model
[35]. Therefore, it is noticeable that the selected model is suit-
able for navigating the design space.

3.2. Interactions among the factors and optimization results

The 3D response surface and 2D contour plots shown as
graphical representations were applied to show the interac-
tive effects of operational parameters on degradation effi-
ciency of Z-200. Fig. 2(a) shows the response surface and the
corresponding contour of the combined effect of pH and Fe*,
while H,O, is maintained at certain dosage. From response
surface curves and contours, it is easy to understand the inter-
action effects between two independent variables and also to
locate the optimum levels. Compared with the influence of
pH on Z-200 removal, the concentration of Fe* has greater
effect on degradation of Z-200. Z-200 removal improved with
Fe? concentration increased to 146 mg/L, for certain amount
of *OH could be generated by enough Fe* dosage accord-
ing to reaction (1). Nevertheless, higher concentration of Fe?"
(>146 mg/L) inhibited the generation of *OH. Because exces-
sive Fe? concentration favor the occurrence of the scavenging
reaction (5) as follows:

Fe™ + "OH — Fe™ + OH" 5)

Fig. 2(b) shows the response surface and the correspond-
ing contour of the combined effect of pH and H,0,, while
Fe* is maintained at a certain dosage. According to the con-

tour, there is a significant interaction between pH and H,0,.

At the optimum level of both pH and H,O,, the best removal
efficiency could be achieved. At lower or higher pH values,
a significant decrease in the efficiency of the process was
observed. At low pH (<2), H,O, is stabilized as H,O," [36],
the reaction between OH* and H* becomes dominant [37] and
the regeneration of Fe** by reaction of Fe** with H,0, will be
inhibited [38]. In alkaline conditions, the precipitation of Fe*
(Fe(OH),) could hinder the reaction between Fe** and H,0O,
to inhibit the regeneration of Fe*. Besides, Fe(OH), leads to
the decomposition of H,O, to O, and H,O, thus decreasing
the production of OH* [39]. As can be seen from the contour,
a higher level beyond the optimum dosage of H,0, has sig-
nificantly negative effect on Z-200 removal, which is due to
the reaction between H,0, and *OH, hence, Z-200 cannot be
oxidized. Nevertheless, the optimum initial pH value is rel-
atively higher than many studies reported, as the optimum
initial pH values may be determined by target organic com-
pounds. Additionally, no buffering effects were observed in
the sample Z-200 solution, and therefore the addition of Fe*
and H,O, could decrease the solution pH.

Fig. 2(c) shows the response surface and the correspond-
ing contour of the combined effect of Fe*’and H,0,, while pH
is maintained at certain level. As can be seen in the figure,
the optimum combined levels between Fe**and H,O, can
be located. According to many studies, the optimum ratio
between Fe** and H,O, plays a key role in the oxidation pro-
cess and the ratios may vary from compounds to compounds
[19]. The precise optimum ratio can be found by the use of
RSM design.

Based on the analysis by design-expert, optimization
results were achieved to evaluate the optimal experimen-
tal parameters for Z-200 removal. Table 4 shows the opti-
mum conditions based on combination of all the response
surfaces and their corresponding contours. Under the opti-
mum conditions (pH: 6.7, Fe*: 146 mg/L, H,O,: 98 mg/L),
a removal efficiency of 92.76% was achieved within 2.5 h
of reaction time. Only small deviations (1.1%) were found
between the experimental values and the predicted values.
Thus, the BBD model can be used to optimize the process of
Z-200 removal.

3.3. FT-IR and GC-MS analysis
3.3.1. FT-IR analysis

The FT-IR spectra are recorded as a qualitative analysis
to determine the main functional groups. The FT-IR spec-
tra of Z-200 sample and oxidation product are shown in
Fig. 3. According to Fig. 3(a), absorption peaks of 2,961.86
and 2,874.25 cm™ are derived from the —CH, asymmetry
and symmetry stretching vibration. Peaks at 1,456.98 and
1,377.64 cm™ contribute to asymmetry and symmetry bend
vibration of ~-CH,, and peaks at 2,926.14 and 1,456.98 cm™ are
—-CH,- asymmetry stretching vibration and bend vibration,
respectively. Peaks at 3,251.59, 1,209.64, and 1,054.89 cm!
are caused by vibrations of -NH-, C-N from secondary
amine, and C-O from formic acid ester, respectively. Peaks
at 1,515.27, 1,397.58, 1,097.81, and 964.85 cm™ are charac-
terized by a coupled vibration between C=S and C-N. IR
characteristic peaks described above showed an exact agree-
ment with the chemical group of the structure of Z-200
(CH(CH,),0SCNHC,H,) [40,41].



D. Liu et al. / Desalination and Water Treatment 130 (2018) 87-97 91

degradation rate

degradation rate

degradation rate

B: Fe2+

(b)

(c)

C:H202

degradation rate

180.00

150.00

120,00

2000

b0.00
35 45 550 650 750 850 950

A:pH

. degradati rate

195.00

105 00

60.00
60.00 .00 12000 150 00 180.00

B: Fe2+

Fig. 2. Response surface plots and contours for Z-200 removal efficiency as a function of (a) Fe*" dosage and pH, (b) pH and H,O,

dosage, and (c) Fe** dosage and H,O, dosage.
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Table 4

Predicted and experimental values of the responses at optimum conditions

Initial pH Fe* dosage (mg/L) H,0, dosage (mg/L) Z-200 degradation rate
Predicted value Experimental value®
6.74 146 98 93.7886 92.76

“The experimental value was the average of three parallel experiments.

T/%

I L 1 1 I i I

4000 3500 3000 2500 2000 1500 00 500
wavesnumber/ em

Fig. 3. Infrared spectrum scan of Z-200 before and after oxidation
degradation ((a) sample of Z-200 before oxidation, (b) sample of
Z-200 after Fenton oxidation).

As can be seen from Fig. 3(b), there are character-
istic absorption peaks of -CH, and -CH,- remained
after oxidation (peaks at 2,961.86, 2,874.25, 2,926.14, and
1,463.73 cm™), mainly due to the hydrocarbon impacts of
extraction agent of n-hexane. It can be observed that the
characteristic absorption peaks of Z-200 completely dis-
appear after Fenton oxidation, which indicates that Z-200
was effectively degraded and moreover no significant
by-products were produced. As flocs could be produced
during Fenton oxidation, the flocs were also measured by
FT-IR. Distilled water treated with Fenton reagent was
also carried out, which acted as blank experiment. Fig. 4(c)
shows the IR spectrum scan of the flocs produced in the
blank experiment. As illustrated in Fig. 4(b), there appear
some weak characteristic absorption peaks in the scan of
flocs after Fenton oxidation, which indicates that floccula-
tion also works in the whole process of Fenton treatment
but only a weak supporting role.

3.3.2. GC-MS analysis

Z-200 sample and products after oxidation were ana-
lyzed by GC-MS to further evaluate their compositions.
Fig. 5 shows the total ion chromatography (TIC) spectrum
of Z-200 sample and products after oxidation. According to
the NIST 11 mass spectral library database, the main com-
ponents of Z-200 sample were identified and are shown
in Table 3 (the spectrums of MS for each peak are shown
in the supplementary material). It can be observed that

==
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B
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4000 ASOH 3000 2500 2000 1500 1000 B

wavesnumbes'cm

Fig. 4. Infrared spectrum scan of (a) Z-200 before oxidation,
(b) flocs produced in the oxidation process of Z-200 sample, and
(c) flocs produced in the blank experiment.

Z-200 marked C in Table 5 was almost completely degraded
by Fenton oxidation where the retention time was 4.747.
After oxidation treatment, the relative abundance of Z-200
was significantly reduced, whereas other products which
acted as by-products during Z-200 production were not
effectively degraded. According to Fig. 5, there are no sig-
nificantly secondary products after Fenton oxidation. It
can be revealed that Fenton tend to be a better method to
degrade Z-200 without significant by-products [42].

3.4. Treatment of different concentrations of Z-200 and
kinetic analysis

The dosage of Z-200 using as collector in factories may
vary from minerals to minerals, and moreover the concen-
trations may vary according to the specific situations. Hence,
it is important to investigate the removal of different con-
centrations of Z-200. The various concentrations were also
degraded by Fenton oxidation under the optimum condi-
tions which were determined by RSM design earlier. Results
are shown in Fig. 6. As illustrated in the figure, Z-200 at low
concentrations can be effectively degraded in a shorter time,
and there exists no significant improvement with the incre-
ment of time. Whereas Z-200 at high concentrations is slightly
degraded within short time, however, it gains extremely
significant improvement with the increment of time. When
the reaction time is above 3 d, the degradation rate can be
beyond 95% at all concentrations. This phenomenon may be



D. Liu et al. / Desalination and Water Treatment 130 (2018) 87-97 93

Table 5

Results of the GC-MS analyses of the main organic components of Z-200 sample

Number Retention time (min) Compounds Molecular formula
A 3.931 1-Octanol CH, O
B 4.106 Ethene, methoxy- CHO
C 4.747 Ethylcarbamothioic acid, O-isopropyl ester CH,_,NOS
D 5.140 4(1H)-Pyrimidinone, 2-(methylthio)- CHN,0S
E 5.490 Benzene, (1,2-dichloroethyl)- CH,C,
F 5.969 Benzamide C,HNO
G 6.507 Phosphoric acid, diheptyl methyl ester C,H, FO,
H 6.738 5,6-Dichloro-2-[4-[2-diethylamino]propyl]amino-6-methylpyrimidin- ~ C.H, N,O
2-ylamino-1H-benzimidazole
I 7.882 Tributyl phosphate C,H, 0,
Yo due to the reaction between organic matters and Fe®, which
| is illustrated as follows:
0000 ] —— Z-200 sample
‘ = = Fenton treatmeant Fe™ 1 'R — Fe?* + R* ©)
£ 800004
E 1 The reproduce of Fe* results in more *‘OH accord-
£ 80000+ ing to reaction (1), which enhances the degradation in the
L { following time [43-45]. As time passes, Fe** continues to be
S so000d generated to achieve a better degradation of target organic
B | compounds.
200004 To further investigate the comprehensive reactign sys-
| tem of Z-200 removal, the kinetic analysis was carried out
Lia L] L,, L J l__r“_' x H‘_qud_ at different concentrations [11]. The degradation kinet-
3 H 5 & g 10 ics of the Fenton oxidation step was expressed in terms of

relEniEn mey mang

Fig. 5. GC-MS TIC spectrum of Z-200 before and after oxidation.

I reaction for 250
80+ B reaction Tor 1.5d
B rcoction for 3d
B =
40 -
20+
[y E— - S SEE—  ——
1]

20

degradation rate{%a)

coneentralions of a‘.-IIILJI. mg/L)

Fig. 6. Treatment of different concentrations of Z-200 under
optimum conditions determined by RSM design. (Conditions:
Z-200 20 mg/L, Fe* 146 mg/L, H,O, 98 mg/L, solution initial
pH 6.74).

Z-200 removal under the optimum conditions established
in the RSM design. In this study, two phases were divided
to separately research, one phase was during reaction time
before 3 h, and another was during reaction time after 1 d.
There was a linear region in plots of In(C/C) versus time.
The slope of the line was used to obtain the rate constant,
the degradation process using the pseudo-first-order rate
expression is as follows:

InC, =InC, -kt 7)

where t is the reaction time, C; and C, are the concentration
of Z-200 at time zero and time f, respectively, and k is the rate
constant. The kinetic plots are given in Fig. 7.

Fig. 7 shows that pseudo-first-order kinetic equations
can accurately describe the degradation of Z-200 in specific
course of oxidation process. Z-200 at high concentrations
had a slower rate constant within 3 h, whereas Z-200 at
low concentrations had the opposite behavior. On the other
hand, the rate constant became the lowest level when Z-200
at 20 mg/L in the longer oxidation process. There existed
extreme change of the rate constant of Z-200 at high concen-
trations. The phenomenon above corresponded well with
the results in Fig. 6. The results indicated that oxidation
treatment technology can be applied extensively in various
concentrations of Z-200 removal, and the higher concentra-
tions of Z-200 can also be effectively degraded if the reaction
time is increased.
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Fig. 7. Degradation kinetics of Z-200 oxidation process (a) within 3 h, (b) after half a day.

4. Conclusions

In this study, the optimization of Z-200 removal effi-
ciency, using an experimental design methodology was stud-
ied. The BBD based on RSM was successfully used to model
and predict the effects of Z-200 removal by Fenton oxidation.
Under the optimized conditions of initial pH 6.74, Fe*" dos-
age 146 mg/L, and H,O, dosage 98 mg/L, degradation rate
can reach 92.76% with the reaction time of 2.5 h. The concen-
tration of Z-200 can be reduced by Fenton to a level which
has no damage to environment.

Compared with other treatment of Z-200, IR spec-
troscopy and GC-MS analysis showed that no significant
by-products would be generated during Fenton oxida-
tion process, which indicated that Z-200 can be almost
completely degraded by Fenton reagents and can be oxi-
dized to CO,, H,O, NH,, etc. eventually. This method can
be efficiently and eco-friendly used in the wastewater
treatment.

Z-200 at different concentrations can also be degraded by
Fenton reagent under optimum conditions which was deter-
mined by RSM design. The higher concentrations of Z-200
can be effectively degraded under longer reaction time.
Degradation process can be described as the pseudo-first-
order reaction kinetics equation, which can provide a
theoretical basis and technical guidance for treatment of
actual wastewater plant.
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Supplementary information:

* Before the RSM experiment, single-factor experiment is
firstly conducted to determine the range of the values.
Results are shown in Figs. S1-53.
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Fig. S1. Effect of the initial solution pH on the Z-200 degradation

in Fenton process. [Z-200], = 20 mg/L, [Fe], = 120 mg/L,
[H,0,], =150 mg/L.
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Fig. S2. Effect of Fe* concentration on the Z-200 degradation in
Fenton process. [Z-200],= 20 mg/L, pH =6.7, [H,

Fig. S3. Effect of H,O, concentration on the Z-200 degradation in
Fenton process. [Z-200],= 20 mg/L, [Fe**], =120 mg/L, pH=6.7.
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® Mass spectrums of each peak in the TIC are shown
in Figs. S6 (compound A), Fig. S7 (compound B),

Fig. S8 (compound C),

Fig. S9 (compound D),

Fig. S10 (compound E), Fig. S11 (compound F), Fig. 512
(compound G), and Fig. 513 (compound H).
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