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Abstract
In this study, zero-valent iron (ZVI) is applied to activate persulfate (PDS) for the degradation of amaranth (AMR). The 
effects of PDS concentration, ZVI concentration, solution pH  , temperature, and reaction time on the degradation of AMR 
by the ZVI/PDS advance oxidation process are investigated. Sulfate and hydroxyl radicals are involved in the main reac-
tion pathway of AMR and sulfate radical acts as a dominant oxidant. The CCD (central composite design) plan is chosen 
to build the RSM model for the prediction of AMR degradation. ANOVA analysis shows that the secondary fitting model 
had great fitness with R2 = 0.997, R2

adj
 = 0.936, p-value of lack of fit = 0.107. Optimum conditions for 98% AMR removal 

given by RSM are PDS concentration = 7.33 mM, ZVI dosage = 17.79 mM, initial pH   4.62, temperature = 59.49 °C, reaction 
time = 9.88 min which is proved to be very closed to the real removal rate of 96.78%. Sensitivity analysis indicates that 
the relative importance of the influencing parameters is of the following order: temperature, PDS concentration, pH  , 
ZVI dosage, and reaction time. The PDS/ZVI system shows an acceptable RSE of about 75% and TOC removal of 85% on 
AMR oxidation. Finally, the possible pathway of AMR degradation is proposed.

 *  Yinjiang Zhang, yjzhang@shou.edu.cn | 1Engineering Research Center for Water Environment Ecology in Shanghai, College of Marine 
Ecology and Environment, Shanghai Ocean University, Shanghai 201306, China.

Article Highlights

•	 High AMR degradation by PS through ZVI activation 
was achieved.

•	 The contributions of hydroxyl radicals and sulfate radi-
cals were calculated.

•	 CCD of RSM was used to optimize the parameters in the 
AMR removal process.

•	 RSE and TOC were estimated to prove the efficiency of 
the PS/ZVI system.
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1  Introduction

Amaranth (AMR) is an alkaline azo dye that has a wide 
range of applications in natural and synthetic textiles, 
leather, paper, and resins [1, 2]. Because of its unappeal-
ing look and severe risk to human health, dye chemical 
contamination of water bodies frequently raises public 
consciousness and raises health concerns [3]. Azo dyes 

with the R–N–N–R functional group are of special concern 
because they can cause allergic and respiratory problems 
and tumors in animals [2, 4]. As a result, a substantial study 
has gone into finding effective strategies to remove azo 
dyes from wastewater.

Persulfate is set to become an arising aqueous oxidant 
among advanced oxidation processes (AOPs) for higher 
redox potential (E0 = 2.01 V) than H2O2 (E0 = 1.76 V) [5, 
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6]. Besides, it enjoys various benefits: a high solubility in 
water, non-specifically reactive, generally stable at room 
temperature, and widespread reactivity with environmen-
tal impurities [7]. Moreover, PDS showed high reaction 
stoichiometric efficiency (%RSE) which is the number of 
moles of probe degraded over the number of moles of 
PDS consumed [8]. Persulfate anions can turn into sulfate 
free radicals due to activation by a pH  ysical method such 
as heat, ultrasound, ultraviolet, or by chemicals such as 
iron-based materials, biochar, or glucose (Eq. 1) [9–12]. 
Additionally, novel materials MOFs such as Co3O4/CNTs 
and MIL-88A were applied as a magnetic catalyst for per-
sulfate activation [13, 14].

In recent years, iron-based metals were effective in acti-
vating persulfate. Ferrous ion (Fe2+) has been reported to 
react successfully with PDS at a low ratio of [Fe2+]/[PDS] 
to produce SO4

.− (Eq. 2), which has been adopted for the 
elimination of refractory pollutants and pH  armaceutical 
active ingredients in wastewater treatment [15]. However, 
sulfate radicals also react faster with ferrous ions than the 
formation of itself which leads to the loss of radicals and 
brings great limitations for practical use (Eq. 3) [16]. ZVI 
was proved to be a good source of Fe2+ for the activation 
of persulfate as an electron donor under both aerobic and 
anaerobic conditions (Eqs. 4–6) [17]. Besides, compared 
with dissolved Fe2+ persulfate is activated more success-
fully by ZVI because it can slowly release Fe2+, which avoids 
SO4

.− being scavenged by excess Fe2+ (Eq. 6) [18]. The gen-
eration of ferrous iron and recycling of ferric iron at the 
ZVI surface (Eq. 7) can avoid the accumulation of excess 
ferrous iron and reduce precipitation and sludge forma-
tion [19].

RSM is a statistical-based design method that can assess 
the individual and interaction impacts of independent 
variables on complex systems and improves response 
conditions through a limited number of experiments [20]. 

(1)S2O
2−
8

→ 2SO−

4

(2)2Fe2+ + S2O
2−
8

→ 2SO−

4

(3)SO⋅

4
+ Fe2+ → SO2−

4
+ Fe3+

(4)2Fe + O2 + 2H2O → 2Fe2+ + 4OH−

(5)Fe + 2H2O → 2Fe2+ + 2OH + H2

(6)2Fe + 2H+
→ Fe2+ + H2

(7)Fe + 2Fe3+ → 3Fe2+

Central composite design (CCD) has been proved useful 
for building the prediction model and optimizing the 
parameters to achieve the effective degradation of target 
pollutants [21–23].

In the next section, we explain the procedure and the 
basic theory of the following experiments. Sections 3.1–3.7 
shows the effects of PDS concentration, ZVI dosage, solu-
tion pH  , temperature, and anions on the AMR degrada-
tion process and the dominant radical of the degradation 
process. In Sect. 3.7, we present the RSM model of the AMR 
oxidation process and optimize the parameters to reach a 
high degradation rate. Moreover, in Sects. 3.8–3.9 we fig-
ure out the estimation of reaction stoichiometric efficiency 
(RSE) and the removal of total organic carbon (TOC). In the 
last section, a possible pathway for AMR degradation is 
proposed through HPLC–MS analysis.

2 � Materials and methods

2.1 � Chemicals

Ultra-pure water is produced by a Millipore milli-Q sys-
tem for all solutions preparation. All chemicals used in 
this study were reagent grade and were used as received 
without further purification. Sodium-persulfate (Na2S2O8, 
98%), amaranth (C20H11N2Na3O10S3) (99.5%), Zero-valent 
iron (Fe0, 99%, 0.15 mm), Tert-butanol (TBA, 99.7%), Metha-
nol (MeOH, 99.8%), Sodium chloride (NaCl, 99.8%), Sodium 
bicarbonate (NaHCO3, 99%) were purchased from Aladdin 
and Sino-pH  arm.

2.2 � Experiments procedures

Batch degradation experiments were carried out to inves-
tigate the effects of several parameters (PDS concentra-
tion, ZVI dosage, solution pH  , temperature, reaction time, 
and anions) on persulfate-ZVI oxidation. Each batch test 
was performed in a 500 mL cylindrical amber glass bot-
tle placed in a rotary shaker at 100 rpm. Stock solutions 
of AMR (50 mg/L) were prepared in deionized water for 
each batch experiment and well-kept ZVI powder was then 
added to the solution. The initial pH   of each solution was 
adjusted with 1 M sodium hydroxide (NaOH) or sulfuric 
acid (H2SO4) and examined by a digital pH   meter. PDS 
concentration was varied from 1 to 8 mM, ZVI concentra-
tion ranged from 1 to 30 mM, pH   varied from 3 to 11, 
selected anions like bicarbonate and chloride ion varied 
from 1 to 30 mM, and the temperature was maintained at 
25 °C, 30 °C, 40 °C, 50 °C, and 60 °C for each run. PDS was 
added to the solutions containing AMR and ZVI to initiate 
the reaction. At regular time intervals, the 3 mL sample 
aliquots were withdrawn with syringes and filtered using 
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0.22 μm polytetrafluoroethylene syringe filters (Millipore, 
German). All samples were taken into 5 mL vials contain-
ing 0.2 mL of 0.1 mol/L methanol to quench the reaction. 
Quenching reactions were performed to figure out the 
dominant radical species responsible for AMR degrada-
tion. Methanol (MeOH) and Tert-Butyl alcohol (TBA) were 
chosen to be the radical scavengers where MeOH is a radi-
cal scavenger for both ·OH and SO4

.− while TBA is only for 
·OH. All experiments were conducted in triplicate, and the 
results were shown as means to ensure reproducibility.

2.3 � Design of experiment and RSM

Response surface methodology (RSM) was chosen to 
optimize AMR removal efficiency using five independent 
factors based on the previous single parameters results: 
PDS concentration, ZVI concentration, solution pH  , 
temperature, and reaction time. RSM experiment was 
designed through the central composite design (CCD). 
The coded and actual levels of parameters used for RSM 
are given in Table 1. The experiments were conducted 
according to the runs according to Table 2.

Experiment results were plotted into a second-order 
polynomial equation (Eq. 8) to correlate the response to 
independent parameters.

where YAMR is the response (%), Xj stands for the parameters 
Z0, Zi, Zjj, and Zij are the regression constants. The reliability 
of the model equation was evaluated by a statistical tool, 
analysis of variance (ANOVA) which compares variation by 
calculating residuals of the variance using the mean F-test 
[24, 25].

2.4 � Analysis method

Persulfate anion concentration was measured by 
iodometric titration with sodium thiosulfate using a 
UV–VIS spectropH  otometer according to the detection 
method developed by Liang et al. [26]. PDS concentration 
calibration curves were performed within a range of 
0.1–10 mM.

TOC measurements were conducted using a TOC-L 
series analyzer by Shimadzu. The system measures the dif-
ferent conductivity of the CO2 percolating specific mem-
brane to determine the amount of CO2 produced by the 
AMR oxidation.

The intermediates were identified by the high-
performance liquid chromatograpH  y-mass spectrometry 
(HPLC–MS, Shimadzu LCMS 8050). The reversed-pH  ase 
C18 column (250 mm × 4.6 mm) was used with the column 
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∑
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k
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j
+

k
∑

i=1

k
∑

j=1

zjjxixj

temperature maintained at 40 °C. The acetonitrile–water 
(90:10, v/v) was chosen as the mobile pH  ase with a flow 
rate of 0.30 mL/min and a retention time of 30 min.

The residual concentration of AMR was measured 
by a UV–visible spectrometer at the peak wavelength 
of 520 nm. The contribution of the two radicals to AMR 
degradation was calculated by the degradation speed rate 
of each run. Degradation of AMR in ZVI/PDS processes was 
typically described as a pseudo-first-order reaction (Eq. 9):

where [AMR] and [AMR]0 (mg/L) stand for the 
concentration of AMR at time t and 0, respectively; t 
(min) represents reaction time; kobs (min−1) represents the 
reaction rate constant in ZVI/PDS systems.

The suitability of the prediction model equation for 
AMR was evaluated using the statistical tool ANOVA 
utilizing the Design Expert 11. The numerical optimization 
module in the same software was also applied to obtain 
the optimal parameter values under a certain removal rate.

3 � Results and discussion

3.1 � Effect of PDS on the degradation of AMR

It has been found that the initial concentration of PDS will 
directly change the concentration of active free radicals 
generated to affect the degradation rate of AMR. To 

(9)Ln

(

[AMR]t

[AMR]0

)

= −kobs × t

Fig. 1   Effect of PDS concentration on AMR degradation in persul-
fate–ZVI system. Change of the persulfate concentration over time 
[AMR]0 = 50  mg/L, [PDS]0 = 1-8  mM, [ZVI]0 = 5  mM, Temp. = 25  °C, 
pH   7.0
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explore the effect of PDS on the degradation, a set of PDS 
concentrations (1, 2, 4, 6, 8 mM) was applied while other 
parameters were kept constant. Results in Fig. 1 indicated 
that the AMR removal rate increased with an increasing 
initial concentration of PDS due to more persulfate 
radicals. At a higher initial PDS concentration, more PDS 
molecules would react with Fe0 and Fe2+, resulting in 
more SO4

.− and ⋅OH radicals [27]. When the concentration 
of sodium persulfate is 6 mM, the degradation efficiency 
reached 98.2% at 50 min. However, no enhanced removal 
was observed when the concentration of PDS increased 
from 6 to 8 mM. These results were similar to a previous 
study using PDS for the decolorization of carbamazepine 
[28]. This pH  enomenon could be explained by 
the reduction of sulfate radical and unproductive 
decomposition of S2O8

2− (Eqs. 10, 11) [29, 30]. This implied 
that a much higher concentration of sodium persulfate 
could not significantly improve the degradation efficiency, 
so the most suitable concentration of sodium persulfate 
in this study is 6 mM.

3.2 � Effect of ZVI dosage on the degradation of AMR

The effect of initial ZVI concentration (range from 1 
to 30 mM) on AMR removal in the ZVI/PDS system was 
investigated while maintaining AMR at 50 mg/L, persulfate 

(10)SO⋅−

4
+ S2O

2−
8

→ SO2−
4

+ S2O
⋅−

8

(11)S2O
2−
8

+ HO⋅

→ S2O
⋅−

8
+ OH−

concentration at 6 mM, the temperature at 25 °C, and ini-
tial pH   value of 7.0. Figure 2 shows as the ZVI concen-
tration ranged from 1 to 30 mM, more AMR moles were 
eliminated at the same reaction time. The results showed 
that the degradation of AMR by PDS was significantly 
dependent on ZVI concentration, and the removal rate 
can reached 99% at 20 min in a high ZVI dosage (15 mM). 
This study indicated that ZVI had a positive impact on the 
degradation efficiency of AMR in the ZVI/PDS system due 
to the release of Fe2+ from ZVI. During the oxidation pro-
cess by persulfate, more dissolved Fe2+ was supplied to the 
system with a higher ZVI concentration, which can activate 
persulfate to sulfate radicals and enhance AMR removal 
efficiency [31]. The degradation rate of AMR is very fast 
at first, but the degradation rate becomes slower as the 
oxidation progresses gradually. These results were similar 
to a previous study using ZVI/PDS system for oxidation of 
bentazon [17].

3.3 � Effect of pH   on the degradation of AMR

Previous studies have shown that pH   can play an 
important role in iron-catalyzed reactions, and acidic 
conditions are conducive to ZVI-activated persulfate 
oxidation [32]. Therefore, a set of pH   values ranging from 
3 to 11 was applied to the degradation of AMR by ZVI-
persulfate. The results (Fig. 3) show that the degradation 
efficiency of AMR is significantly influenced by the solution 
pH  . When solution pH   was 3.0, the degradation rate of 
AMR is 88.23% at 10 min and reached almost 100% at 
15 min. Respectively, at pH   9.0 and 11.0, the removal rates 
of AMR at 10 min were 40.59% and 24.52%. This is because 

Fig. 2   Effect of ZVI concentration on AMR degradation in 
persulfate–ZVI system. [AMR]0 = 50  mg/L, [PDS]0 = 6  mM, 
[ZVI]0 = 1–30 mM, Temp. = 25 °C, pH   7.0

Fig. 3   Effect of solution pH on AMR degradation in persulfate–ZVI 
system. [AMR]0 = 50 mg/L, [PDS]0 = 6 mM, [ZVI]0 = 15 mM, Temp. = 25 
°C. pH  i and pH  f are summarized in Table 3
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PDS can be activated directly or by Fe2+ to produce 
SO4

.− under acidic conditions [33]. Table 3 showed that the 
pH   of the solution decreased to an acidic value (2.8–5.5) 
whatever the initial pH   was and then kept stable till the 
reaction finished. Similar pH   changes were reported in 
the previous research [34, 35]. This was because of the 
deduction of the OH− through the hydrolysis of Fe3+ and 
the conversion from SO4

.− to ⋅OH under different pH   
conditions (Eqs. 12–14) [35, 36]. It could be inferred that 
ZVI/persulfate systems showed successful adaptability to 
a wide range of the initial pH  .

3.4 � Effect of temperature on the degradation 
of AMR

The effect of temperature on the degradation of AMR 
was studied under the conditions of 25 °C, 30 °C, 40 °C, 
50 °C, and 60 °C. The result showed that temperature is an 
important parameter that determines the degree of PDS 
activation and degradation of AMR. As shown in Fig. 4, the 
removal rate at 8 min of AMR at 25 °C is 59.17%, while 
the degradation rate at 60 °C is 96.99%. As the reaction 
temperature increased from 25 to 60 °C, the time to reach 
removal rate of about 99% was reduced from 20 to 10 min. 
The result indicates that thermal energy can also activate 
persulfate to sulfate radicals. Under high-temperature 
conditions, more O–O bonds in the sodium persulfate 
molecules will be broken resulting in a large amount of 
SO4

.−. Increasing temperature improved iron oxidation as 
well resulting in a quicker release of Fe2+ in the medium. 
This result agreed with a previous study in which raising 
the reaction temperature from 20 to 60 °C leads to the full 
removal of trichloroethylene (TRI) by thermally activated 
PDS [37]. Although the high temperature was conducive 
to the degradation of AMR, it might not be a promising 
way in actual engineering because higher reaction tem-
perature requires more operating cost. Therefore, this 

(12)SO⋅−

4
+ H2O → SO2−

4
+ ⋅OH + H+

(13)SO⋅−

4
+ ⋅OH → SO2−

4
+ H+ + 0.5O2

(14)SO⋅−

4
+ OH−

→ SO2−
4

+ ⋅OH

Fig. 4   Effect of temperature on AMR degradation in persulfate–
ZVI system. [AMR]0 = 50  mg/L, [PDS]0 = 6  mM, [ZVI]0 = 15  mM, 
Temp. = 25–60℃, pH   7.0

Fig. 5   a Effect of chloride ions on AMR degradation in persulfate–ZVI system. b Effect of bicarbonate on AMR degradation in persulfate–ZVI 
chloride ions system. [AMR]0 = 50 mg/L, [PDS]0 = 6 mM, [ZVI]0 = 15 mM, Temp. = 25 °C, pH   7.0, [Cl−] = 1–30 mM, [HCO3

−] = 1–30 mM
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experiment chose 40  °C as the most suitable reaction 
temperature.

3.5 � Effect of anions on the degradation of AMR

Figure 5b showed that chloride ion generally had negative 
effects on AMR degradation within the concentration 
range from 1 to 30  mM. The reduction of AMR was 
suppressed by Cl−, but the degree of the suppression 
on the reaction has no obvious positive or negative 
correlation with the concentration of chloride ions. 
Chloride ion can react with activation products SO4

.− and 
·OH to form chloride radicals, such as Cl· and HOCl.− which 
possess lower redox potential (Eqs. 15–16). Studies have 
shown that the presence of Cl− promotes the formation of 
short-term free radicals through free radical propagation 
reactions via chain reactions [38].

Figure 5b shows that bicarbonate ion firstly promoted 
the degradation of AMR by ZVI-persulfate and then have 
negative effects as its concentration increased from 1 to 
30 mM. The degradation of AMR was promoted when 
the HCO−

3
 concentration was 1 mM. As the concentration 

increased from 3 to 30 mM, the negative effect continued 
to be strengthened. The degradation of AMR was almost 
inhibited when the concentration of HCO3

− reached 
30  mM. Studies have shown that HCO3

− can quench 
part of SO4

.−/OH and produce less active HCO⋅

3
 and CO⋅−

3
 

(Eqs. 17–18) [39]:

3.6 � Dominant radical verification and contribution

It was reported that MeOH reacts at a similar rate with 
SO4

.− (9.7 × 108 M−1 s−1) and ⋅OH (1.1 × 107 M−1 s−1), which 
made it an efficient quencher for both SO4

.− and ⋅OH [40]. 
TBA was chosen to quench ·OH because its rate constant 
with ⋅OH (3.6 × 108 M−1 s−1) is 1000-times faster than that 
with SO4

.− [41]. The free radical quenchers were added 
according to the molar ratio of 50:1 with PDS. Figure 6 
shows the AMR removal by ZVI/PDS with and without 
scavenging agents. Radical-scavenging tests were con-
ducted using TBA and EtOH, the oxidation reaction of 
AMR slowed down when TBA or MeOH existed, indicating 

(15)Cl− + SO⋅−

4
→ Cl⋅ + SO2−

4

(16)Cl− + ⋅OH → HOCl⋅−

(17)SO⋅−

4
+ HCO−

3
→ SO2−

4
+ HCO⋅

3

(18)
⋅OH + HCO−

3
→ CO⋅−

3
+ H2O

that SO4
.− and ⋅OH played important roles in ZVI-persulfate 

oxidation. The presence of TBA reduced the AMR removal 
from 100% (reaction without scavengers) to 57.6% at 
20  min and while MeOH is 25.4%, respectively. This 
decrease indicates that the contribution rate of SO4

.− and 
⋅OH was 42.4% and 29.2%. It can thus be concluded that 
the dominant free radical of the ZVI/PDS system is SO4

.−. 
The result was in agreement with previous AOP studies on 
persulfate [42, 43].

3.7 � RSM statistical analysis

3.7.1 � Model establishment and validation

The ANOVA analysis for the obtained quadratic model 
is shown in Table 4. Figure 7a displayed the closeness 
of the actual and predicted responses and the residuals 
distribution is shown in Fig. 7b. R2 of Model equation was 
0.9772 which indicated the reliability of the model in 
predicting AMR degradation; Eq. (19) was applied to the 
AMR degradation model:

where A = PDS concentration (mM), B = ZVI concentration 
(mM), C = pH  , D = temperature (℃) and E = reaction time 
(min). The sensitivity analysis indicated that temperature 
is the most influential input process parameter followed 

(19)

Y = 63.11 + 13.92A + 7.70B − 8.45C + 15.43D

+ 2.43E + 4.02AB − 3.59AC + 2.63AD

+ 3.19AE − 1.66BC + 1.31BD + 1.33BE

+ 0.38CD + 2.49CE − 2.12DE − 6.87A
2

− 22.88B
2 + 3.25C

2 + 3.62D
2 − 1.14E

2

Fig. 6   Effect of quench scavenger on AMR degradation in persul-
fate–ZVI system. [AMR]0 = 50  mg/L, [PDS]0 = 6  mM, [ZVI]0 = 15  mM, 
Temp. = 25 °C, pH   7.0, [MeOH] = 5 mM, [TBA] = 5 mM time = 20 min,
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by PDS concentration, pH  , ZVI concentration, and reaction 
time. Since A, B, C, D, AB, AC, AE, B2 are significant terms 
(p-value < 0.05) among the model factors, it implied that 
they have a greater impact on AMR removal. Thus, the 
model equation Eq. (19) was improved to be Eq. (20) for a 
more accurate prediction of the process:

3.7.2 � Statistical analysis

According to the results in Table 2, we can see that the 
most important interactions were AB, AC, and AE for their 
high significance, but the most relevant was AB according 
to the sum of squares term. Figure 8 showed the interac-
tions between the different parameters which were sig-
nificant (p-value < 0.05). The corresponding effects of two 
parameters were plotted into 2D contour (Fig. 9a–c) and 
3D surface (Fig. 9d–f) which could help to identify the type 
of interactions between the selected variables. Combin-
ing the results in Fig. 9 and Table 5, the 2D or 3D surface 
plot shaped convex when a coefficient estimate of the 
factor is positive (AB and AE). In the contrast, the surface 

(20)
Y = 63.11 + 13.92A + 7.70B − 8.45C + 15.43D

+ 4.02AB − 3.59AC + 3.19AE − 22.88B
2

is concave which corresponds to the negative coefficient 
estimate (AC).

Coming to the interaction between AB, we can 
see that an increase in PDS concentration leads to an 
increase in AMR degradation as expected whatever the 
ZVI dosage. On the other hand, less significant inter-
actions were observed on AC (PDS concentration and 
pH  ) and AE (PDS concentration and time). Considering 
AC, the removal rate decreased as the pH   increased, 
because Fe2+ concentration will go down as the reaction 
with OH− at alkaline pH   which will inhibit the activa-
tion of PDS. 76.79% AMR reduction was accomplished at 
PDS = 8 mM, ZVI = 17.5, pH   7, temperature = 42.5 °C and 
reaction time = 10 min (Fig. 8a and b). When the removal 
rate was fixed to a higher target, more PDS concentra-
tion and a lower pH   were required, which indicated 
that an acidic environment is more favorable for AMR 
degradation because ZVI tended to release more Fe2+ 
with a high H+ ion concentration (Fig. 8c and d). The data 
given in Fig. 8e and f depicted that increases in both 
PDS concentration and contact time result in a much 
higher removal of AMR. This may be as a result more 
SO4

• – was produced which participated in the oxidation. 
The results showed great consistency with the previous 
single parameters experiment.

Fig. 7   a The normality plot of the residuals for the AMR reduction. b Scatter plot of predicted vs actual for the percent removal of AMR
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Fig. 8   2D contour and 3D plots of the interactions between different parameters: PDS and ZVI (a, d), PDS and pH   (b, e), PDS and reaction 
time (c, f)

Fig. 9   a Reaction stoichiometric efficiency (RSE) calculated 
for the different PDS concentration. Experimental conditions: 
[AMR]0 = 50  mg/L, [ZVI]0 = 10  mM, Temp. = 25 °C, pH   7.0. b Reac-

tion stoichiometric efficiency (RSE) calculated for the different 
PDS concentration. Experimental conditions: [AMR]0 = 50  mg/L, 
[PDS]0 = 4 mM, Temp. = 25 °C, pH   7.0
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3.7.3 � RSM optimization and validation of the model

The optimum conditions were obtained using the numeri-
cal optimization tool in Design Expert 11 by setting each 
parameter within the range and the target removal effi-
ciency of 98% at 10 min. RSM gave optimized parameters 
combination (at PDS concentration = 7.33 mM, ZVI dos-
age = 17.79 mM, initial pH   4.62, temperature = 59.49℃, 
reaction time = 9.88 min) at desirability of 98%. The predic-
tions were validated by triplicate repeating experiments 
at the optimum condition and the average removal effi-
ciency was 96.67%. The results proved that the RSM quad-
ratic model had the reliability to predict and optimize the 
degradation of AMR. This study is similar to that of Islahud-
din and Halmi who obtained the turbidity (98.4%) for RSM 
optimization [44].

3.8 � Estimation of reaction stoichiometric efficiency 
(RSE)

Reaction stoichiometric efficiency (RSE) is the effective PDS 
moles ratio calculated by the number of degraded AMRs 
moles versus the number of consumed PDS moles. Figure 9 
summarizes the RSE values of AMR degradation under the 
condition of different ZVI dosages and PDS concentrations 
after 20 min. As can be noticed in Fig. 9a, the RSE values 
were inversely related to PDS concentration while there 
was a positive correlation between RSE values and ZVI dos-
age. When PDS concentration is 4 mM, the average RSE is 

close to 65%, respectively while it dropped to 19% when 
PDS was 8 mM. Figure 9b reveals the fact that high ZVI ben-
efits an acceptable RSE of the PDS/ZVI system. This can be 
explained by the more effective activation of PDS molecules 
due to an increasing density of Fe2+ ions. RSE can reached 
the maximum of 78% under the condition at PDS = 4 mM, 
Z VI = 12  mM, pH   7, temperature = 25℃ and reaction 
time = 20 min. The maximum RSE above 75% showed clearly 
the advantage of PS/ZVI for AMR degradation.

3.9 � Estimation of total organic carbon (TOC)

The TOC removal rate is widely used as a key parameter 
to measure the efficiency of pollutant degradation. The 
TOC of the AMR solution before and after the treatment 
was estimated and the results were shown in Fig. 10. The 
removal of TOC depended upon the initial PDS concentra-
tion and a higher PDS concentration could improve the 
removal of TOC. Despite the decent RSE with the increase 
of PDS concentration, the TOC of the AMR solution 
decreased rapidly under higher ZVI dosage and reached 
the acceptable level of about 80% in 20 min. According to 
the previous results of this study, PDS/ZVI system showed 
the ability to efficient removal for AMR and TOC from the 
solution.

Fig. 10   TOC of AMR solution treated in ZVI/PDS system of different 
PDS concentrations. Experimental conditions: [AMR]0 = 50  mg/L, 
[TOC]0 = 28.8 mg/L, [PDS]0 = 2–8 mM, [ZVI]0 = 15 mM, Temp. = 25 °C, 
pH    7.0, reaction time = 20 min

Fig. 11   HPLC–MS ESI total ion chromatograms of AMR solu-
tion treated in ZVI/PDS system with a retention time of about 
3  min. Experimental conditions: [AMR]0 = 50  mg/L, [PDS]0 = 6  mM, 
[ZVI]0 = 15 mM, Temp. = 25 °C, pH   7.0, reaction time = 5 min
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3.10 � AMR degradation pathway

In the practical treatment of dye wastewater, it is impor-
tant to figure out whether AMR was fully destructed by 
PDS/ZVI system. The AMR degradation pathway could be 
useful to evaluate its toxicity in the degradation process 
and analyze the mechanism of AMR degradation by the 
PDS/ZVI system. Samples from the reaction system were 
analyzed using HPLC–MS and the potential intermedi-
ates are summarized in Table S5 according to the mass 
spectrum results shown in Fig. 11. The material of reten-
tion time 5 min on HPLC showed m/z values of 95, 140, 
148, 198, and 214. Based on these intermediates and 
relative studies [45–47], a logical degradation pathway 
was depicted in Fig. 12. At first, AMR was dissociated to 
become P1, the N–N bonds inside P1 were attacked and 
the sulfonate group of P1 might be substituted with the 
hydroxyl group to form P2 (MW = 191) and P5 (MW = 175) 
by the generated hydroxyl and persulfate radicals which 
causing the observed discoloration. Ring-opening reac-
tions might occur in P2 to become P3 (MW = 125) and P4 
(MW = 94). P5 might undergo ring-opening reactions or 
the NH-OH group was oxidated to the NO2 group to form 
P6 (MW = 139). The potential intermediates were further 
degraded to low molecular weight compounds such as 

short-chain carboxylic acids and would be finally mineral-
ized into CO2 and H2O.

4 � Conclusions

The findings of this work have successfully confirmed that 
the ZVI/persulfate system is an effective way to degrade 
AMR. In ZVI/persulfate system the decomposition of 
persulfate occurred more rapidly due to the release of Fe2+ 
from ZVI. The degradation rate of AMR was positively 
correlated with the increase in PDS concentration and ZVI 
dosage. High temperature and low pH   could significantly 
promote the degradation of AMR. Both chloride ion and 
high concentration of bicarbonate ion suppressed the 
oxidation ability of the ZVI/PDS system while low 
concentration of bicarbonate ion resulted in enhanced 
AMR degradation. SO4

.− and ⋅OH were confirmed as the key 
radicals, and SO4

.− contributed more to the reaction. 
Parameters like PDS concentration, ZVI dosage, solution 
pH  , temperature, and reaction time were considered 
statistically for optimization using the RSM technique 
during AMR elimination. The CCD model of RSM with 
R2 = 0.997, R2

adj
 = 0.936, p-value of lack of fit = 0.107 success-

fully fitted the degradation process of AMR. The optimal 

Fig. 12   A logical degradation 
pathway of AMR by PS/ZVI 
system

Table 1   Process variables and 
their actual and coded levels 
used for CCD

Factor Name Units Min Max Coded Values Mean Std. Dev

A PDS mmol/L 2 8 − 1 = 2 1 = 8 5 2.286
B Fe mmol/L 5 30 − 1 = 5 1 = 30 17.5 9.525
C pH   1 3 11 − 1 = 3 1 = 11 7 3.048
D Tem Celsius 25 60 1 = 25 1 = 60 42.5 13.335
E time min 5 15 − 1 = 5 1 = 15 10 3.810
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parameters values for AMR target removal were PDS con-
centration = 7.33  mM, ZVI dosage = 17.79  mM, initial 
pH   4.62, temperature = 59.49 °C, reaction time = 9.88 min. 
However, this study still have some limitation. Future study 
should pay more attention on the change in ferrous ion 
concentration because the ferrous ion is the substance to 
directly activate the PDS. The degradation efficiency and 
natural organic matter for the practical wastewater treat-
ment should be studied.    

Table 2   Full factorial CCD 
matrix and Experimental AMR 
removal efficiency

run PDS(mM) ZVI(mM) pH   Temperature(℃) Time(min) Removal(%)

1 8 30 11 60 15 78.76
2 8 5 11 25 15 15.31
3 5 30 7 42.5 10 46.1
4 5 17.5 7 25 10 49.61
5 8 30 11 25 5 20.04
6 5 17.5 7 42.5 10 62.76
7 2 5 3 25 15 11.22
8 5 17.5 3 42.5 10 83.56
9 8 5 3 25 5 29.07
10 5 17.5 11 42.5 10 50.34
11 8 30 3 25 15 65.23
12 2 5 11 25 5 5.15
13 5 17.5 7 42.5 10 58.33
14 2 30 11 25 15 11.78
15 2 30 11 60 5 37.13
16 8 5 11 60 5 42.53
17 2 5 11 60 15 30.01
18 5 17.5 7 42.5 10 61.36
19 5 17.5 7 42.5 5 45.83
20 5 17.5 7 42.5 10 66.51
21 5 17.5 7 42.5 15 81.3
22 2 30 3 25 5 21.23
23 2 5 3 60 5 41.12
24 8 30 3 60 5 92.79
25 5 17.5 7 42.5 10 59.8
26 2 17.5 7 42.5 10 36.88
27 8 17.5 7 42.5 10 76.79
28 5 17.5 7 42.5 10 62.16
29 5 17.5 7 60 10 85.03
30 2 30 3 60 15 45.19
31 5 5 7 42.5 10 35.54
32 8 5 3 60 15 65.74

Table 3   pH  monitor of AMR 
degradation by PS/ZVI

pH  i pH  f

3 2.7
5 2.85
7 2.9
9 3.4
11 5.5
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