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ABSTRACT

The Fe®*/persulfate system for Rhodamine B (RhB) oxidative degradation has been investi-
gated. The catalytic mechanism in the Fe**/persulfate system was proposed as follows: Fe®*
was restored to Fe?* by the generated intermediate products during the degradation pro-
cess. The influence parameters were examined in batch experiments, including Fe®* and
persulfate concentration and initial pH. The results indicated that the Fe®*/persulfate sys-
tem exhibited good performance for RhB degradation and followed first-order kinetics.
95.91% of the RhB was removed within 30 min under the following conditions:
[Fe**]p = 1 mM, [persulfatel = 1 mM and pH 3.0. The RhB degradation efficiencies increased
as the Fe’* and persulfate concentrations increased. In addition, the RhB degradation was
inhibited in the presence of inorganic anions, which was primarily due to a complex
reaction between Fe’* and various anions except for NO; .
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1. Introduction

Advanced oxidation processes (AOPs) that are
based on radicals with high oxidization abilities, have
been developed for the treatment of wastewater con-
taining organic contaminants [1,2]. H,O, activated by
several Fe’* containing catalysts produces hydroxyl
radical (OH), and these reagents are known as Fenton
and Fenton-like reagents and widely applied [3,4].
However, these reagents exhibit limitations, such as
the rigorous pH required for Fenton reagent and the
low stability of H,O,. Recently, SR-AOPs based on
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sulfate radicals (SO; ) have emerged as an approach
for organic pollutant degradation. In comparison to
‘OH, the sulfate radical (SO; ) is more selective for
oxidation at neutral pH with a similar oxidation
ability [5,6].

Persulfate (PS, SzOg’) oxidation has been
employed for the degradation of various contaminants
that can form sulfate radicals through photochemical
[7], thermal [8], sono [9], magnetic spinel [10], zero
valent iron [11], bimetallics and trimetallics [12], iron
waste [13], or transition metal [14] methods. Among
these methods, transition metal-based activation (i.e.
Co?*, Fe?*, Ag”, Ru®*, and Cu®") has been commonly
used as an efficient method for the generation of
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sulfate radicals. Due to cost savings, as well as the
risks of using heavy metals to human health and the
environment, environmentally friendly ferrous iron
(Fe**) has received increasing attention for the activa-
tion of PS to generate sulfate radicals (Eq. (1)). Never-
theless, this activation approach has its intrinsic
drawback because excess Fe?* in Fe®*/PS system
could consume the produced sulfate radicals (Eq. (2))
[15]. By considering the reaction stoichiometric effi-

ciency [16], the lower degradation efficiency is
obtained when the sulfate radical concentration
decreases:

52057 +Fe?" — Fe’* + 507 +50; k=1533M""'s™"
(1

Fe’" + SO; — Fe®" 4+ 802~ k=46 x 10°M !s7!
(2)

However, Fe*>* had been used as an activator for H,O,
to produce hydroxyl radicals in Fenton-like systems
[17-19]. The reaction scheme shown in Egs. (3)-(4)
may explain this free radical mechanism. Because the
reaction rate was slow in the Fe**/H,O, system, an
increase in the reaction temperature could enhance the
system reactivity [20]:

Fe’" + H,O, — Fe?* + HO, + H' ®3)
Fe’t + H,O, — Fe*™ + OH™ +'OH @)

The transformation of Fe** to Fe?" in the Fe*'/H,0O,
system could be accelerated by introducing ultraviolet
(UV) light via Egs. (5)—(6) [21-24]. In addition, electro-
chemical technologies have been employed to promote
Fe?* regeneration in the Fe**/H,0, or Fe?* /PS system
[25]. Furthermore, Fe®* has been directly replaced by
Fe**, which is formed in the electro/Fe3*/ persulfate
process. Most of the studies with Fe’* have focused
on its photo or electrochemical reduction to generate
Fe®*:

Fe(OH)*" + hv — Fe?" +-OH ®)
Fe(OH)}* + hv — Fe** +'OH + H* (6)

In our study, the Fe**/PS system was employed to
efficiently remove organic matter (i.e. Rhodamine B
(RhB)) without introducing UV or electrochemical
technologies, even under dark conditions. First, Fe3*
was reduced to Fe®", and then, activated PS was
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employed to generate sulfate radicals. The effects of
some important reaction parameters (i.e. PS and Fe’*
concentrations, initial pH, and inorganic anions) on
the degradation efficiencies were investigated. The
mineralization of RhB was also investigated in this
study. The mechanism of Fe®" reduction to Fe*" was
the main part of this work.

2. Materials and methods
2.1. Materials

RhB, iron(Il) nitrate monohydrate, hydrogen per-
oxide (30%, w/v), peroxymonosulfate, sodium nitrite,
sodium sulfate, sodium nitrate, sodium chloride, and
monosodium phosphate were purchased from Sino-
pharm Chemical Reagents (Shanghai, China). Potas-
sium persulfate (PS) was obtained from the Aladdin
Company. All of the reagents used in this study were
of analytical grade. All of the solutions were prepared
with doubly distilled water (DDW). In addition, the
pH of the solutions was adjusted with 0.05 mol/L
HNO; or NaOH.

2.2. Experimental

In this study, all of the RhB degradation experi-
ments were carried out in 1 L flasks under mechanical
stirring at a temperature of approximately 25°C. The
time of Fe** and persulfate addition was considered to
be the beginning of the reaction. At scheduled time
intervals, 5 mL of the solution were removed from the
reactor, and then, excess NaNO, was added to the
samples to consume the residual persulfate to prevent
further reactions. Finally, the suspended particles were
removed by centrifugation, and the supernatant was
analyzed.

2.3. Analysis

The supernatant concentration was measured at
552 nm wusing UV-vis spectrophotometry (UNICO,
UV-2100), and the UV-vis absorption spectra of the
supernatants were also recorded. The total organic
carbon (TOC) was determined using an Analyfik Jena
AGN/C 2100 instrument (infra-red cell detector). The
volume of the sample used for TOC analysis is 5 mL.
The ferric ion concentration in solution was measured
using UV-vis spectrophotometry at 665 nm.

The intermediates generated during RhB degrada-
tion were detected by GC/MC (Agilent 5775C, USA)
using the following pre-treatment: the pH of the
25 mL reacted solution was adjusted to 2 with 10%
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HC], and the solution was extracted with 25 mL of
dichloromethane three times. The total extract was
passed through anhydrous sodium sulfate to remove
any water, and the dehydrated solution was concen-
trated to 1 mL by rotatory evaporator. 0.5 mL of bis
(trimethylsily)trifluoroacetamide (BSTFA) was added
to the concentrated sample, and then, trimethylsilyla-
tion of the total solution was performed at 50°C for
30 min. Finally, a 1 pL sample was injected into GC
using the following temperature programming mode:
an initial temperature of 40°C was maintained for
4 min followed by ramping to 80°C (10°C/min rate),
which was maintained for 2 min, and ramping to
280°C (10°C/min rate), which was maintained for
10 min.

3. Results and discussion

3.1. Catalytic mechanism of RhB degradation in the Fe’*/
PS system

Control experiments were carried out to determine
RhB removal by only ferric nitrate or sulfate, and the
results are presented in Fig. 1. As the reaction time
increased, almost no change in the RhB concentration
was observed when only Fe** (from Fe(NOs)3) was
added. RhB degraded gradually in the PS, Fe**/PS (Fe
(NOs)3) or Fe’*/PS (Fey(SO,)3) systems. The pHs for
all control experiments had a slightly reduction trend
with the extension of reaction time and the final pHs
remained constant at 2.7 +0.2. When only PS was
added to the control experiment, only 11.20% RhB
degradation was observed in 60 min. The RhB degra-

dation rate in the Fe*/PS (Fe(NOs)s) system
10 F
0.8 -
—a— PS alone
0.6 - —O— Fe** alone
g —A— Fe**/PS (Fe(NO,),)
o 04l —— FeX*/PS (Fe,(SO,),)
02
0.0 |-
1 " 1 " 1 " 1 " 1 " 1 " 1
0 10 20 30 40 50 60
Time(min)

Fig. 1. Degradation of RhB under different reaction condi-
tions. Experimental conditions: 0.052 mM [RhB]y,, 1 mM
[Fe**1o, 1 mM [PSly, pHinitiar = 3.0.
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Fig. 2. Effect of different light environments on RhB degra-
dation efficiencies. Experimental conditions: 0.052 mM
[RhB]y, 1 mM [F63+]0/ 1 mM [PS]y, pHinitial =3.0.

(0.0583 min~') was slower than that in the Fe’*/PS
(Fex(SOy4)3) system (0.0881 min ). When the reaction
time was 30 min, the degradation efficiencies in the
Fe®*/PS (Fe(NOs);) and Fe’"/PS (Fe,(SO,);) system
were 92.02 and 78.79%, respectively. Thus, Fe(NO3);
was selected as the source of Fe’* in the remaining
experiments.

The above experiments were carried out in the
dark, and the Fe**/PS system completely removed the
RhB within 60 min. In order to determine the type of
radicals that had a significant influence on RhB degra-
dation in the Fe**/PS system, tert-butyl alcohol (TBA,
without R-hydrogen) and ethanol (EtOH, containing
R-hydrogen) were chosen as scavengers for ‘OH and
SO; and "OH, respectively [26,27]. A molar ratio scav-
enger/PS of 50/1 was used in each studied system.
As displayed in Fig. S1, after 60 min, the RhB degra-
dation efficiency decreased from 100 to 92.57% with
the addition of 50 mM TBA. However, the addition of
50 mM EtOH resulted in a decrease in the degradation
efficiency from 100 to 18.84% as the reaction time
increased. The final pHs remained constant at 2.7
+0.2. The loss of degradation efficiency caused by
EtOH was higher than that with TBA. 73.73% RhB
was degraded by the oxidation of SO; . It could attri-
bute 7.43% of ‘OH responsible for RhB degradation.
Therefore, SO, was predominantly produced over
‘OH in the Fe**/PS system. In comparison to ‘OH, the
influence of SO; on RhB degradation was more
important.

In the Fe**/H,0, system, the introduction of light
sources could enhance the degradation of pollutants
as the second mechanism. Fe(OH)** could decompose
into Fe** and a hydroxide radical via Eq. (5), and the
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Fig. 3. UV-vis spectra of the complexation between Fe(III)
and RhB: (a) dark and (b) xenon lamp irradiation.
Experimental conditions: 0.052 mM [RhB];,, 1 mM [Fe3*],,
PHinitial = 3.0

generated Fe*" could be employed as an activator for
H,0O, to form hydroxide radicals, which can directly
oxidize pollutants. However, laser flash photolysis
results have suggested that electron transfer between
the excited dye and Fe®* involve two types of bimolec-
ular processes as follows [22]:

D + Fe*" — [D...Fe’"] + hv — D" 4 Fe?* @)

D + hv — D* 4 Fe** — [D"...PFe’']
— D" 4 Fe?" ©))

In order to confirm the electron transfer process
between the excited dye and Fe®*, a luminous experi-
ment was introduced into the Fe**/PS system. Com-
parative experiments in the presence of Fe’* and PS
were carried out for RhB degradation, as shown in
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Fig. 2. RhB decreased as the reaction time increased.
The final pHs for all different light environments
remained constant at 2.7 + 0.2. Xenon lamp irradiation
and natural light slightly accelerated the dye removal
efficiencies compared to that in the dark. This promo-
tion may be due to electron transfer between the
excited dye and Fe** based on Egs. (7)~(8).

Fig. 3 illustrates the UV-vis spectra of RhB sam-
ples in the presence of Fe’* without PS under two
conditions (i.e. (a) in the dark and (b) under visible
light irradiation). The final pHs had a slightly reduc-
tion trend with the extension of reaction time,
remained at 2.7 + 0.2. As shown in Fig. 3(a), no loss of
RhB was observed at the characteristic band with the
increasing reaction time in the dark environment.
However, a gradual decrease in the RhB absorbance at
552nm was found under visible light irradiation
(Fig. 3(b)). Due to conversion into other substances,
RhB was reduced under visible light. This phe-
nomenon demonstrated that RhB became the excited
dye under visible light irradiation and then formed
complexes with Fe** Eq. (8) rather than reacting with
Fe’" to directly generate complexes Eq. (7).

However, RhB can be effectively removed in the
presence of Fe’* and persulfate in the dark environ-
ment. This phenomenon may be due to RhB being oxi-
dized by persulfate to generate organic intermediates
(Fig. 1), and these intermediates acted as electron
transfer agents to reduce Fe®* to Fe®* [28]. In order to
confirm the existence of the organic intermediates, the
UV-vis spectra of RhB degradation using only persul-
fate is demonstrated in Fig. S2. The final pH for the
experiments had a slightly reduction trend with the
extension of reaction time and remained constant at
2.7 £ 0.2. The absorbance strength increased compared
to the control sample in a range from 350 to 500 nm,
which may be due to the formation of quinone com-
pounds in this system [29]. Quinone compounds, such
as hydroginone and benzoquinone, can reduce Fe’* to
Fe’* at a low pH [30]. And, the generated Fe** could
react with persulfate to generate sulfate radicals,
which can initiate RhB degradation.

Fig. 53 shows the UV-vis spectra for RhB degrada-
tion in the Fe’*/PS system. It was found that the reac-
tion time was longer, the higher absorbance intensity
was gained in the range of 350-500 nm. Such a behav-
ior may be due to the generation of numerous inter-
mediates including quinone compounds resulting
from attacks by the sulfate radicals in the Fe**/PS sys-
tem, which resulted in Fe** reduction and Fe** regen-
eration by generated organic intermediates in the RhB
degradation system.

In addition, Minisci et al. [31] indicated that
organic compounds might surrender to the organic



Y. Lu et al. | Desalination and Water Treatment 57 (2016) 29411-29420

a
( ) 1.0+
—&— (0.50mmol/L
0.8 —o— 0.75mmol/L
—&— 1.00mmol/L
0.6 —— 1.25mmol/L
- ! —o— 1.50mmol/L
Qo
~
© o4l
0.2+
0.0+
1 1 1 1 1 1 1
0 10 20 30 40 50 60
Time(min)
(0
1.0
—=&— (0.50mmol/L
—0— 0.75mmol/L
0.8 - —4A— 1.00mmol/L
—— 1.25mmol/L
—<— 1.50mmol/L
- 0.6 - —>— 8.00mmol/L
Qo
~
&)
04 -
0.2
0.0 -

Time(min)

29415

(b) g2 |
0.20 -

0.18 | R?=0.982 1

* 0.50mmol/L
o 0.75mmol/L
4 1.00mmol/L
v 1.25mmol/L
+ 1.50mmol/L

0.16

Kk (min!)

0.14

0.12 - R*=0.977

0.10 ,
=0908R2-0.996

0.08 o s 10 15 20 25 30
1 . 1 . 1 . ) Time(min) |

0.4 0.6 0.8 1.0 1.2 14 1.6
PS (mmol/L)

(@)

0.22 -

o

0.20 -

R?=0.957

= 0.50mmol/L
o 0.75mmol/L
4 1.00mmol/L
v 1.25mmol/L
+ 1.50mmol/L

k (min!)

R=0.992
L R’=0.998
0.08 - 0 10 20 30 40

| | | ITime(min) |
0.4 0.6 0.8 1.0 1.2 14 1.6
Fe**(mmol/L)

Fig. 4. Effects of (a and b) PS and (c and d) Fe** concentration on RhB degradation. Experimental conditions: 0.052 mM
[RhBly, pHinjtia1 = 3.0, 1 mM [Fe>*]; (a and b), 1 mM [PS], (c and d).

radicals via oxidation of SO; during the degradation
process. Organic radicals could promote the transfor-
mation of Fe®* to Fe®". Therefore, SO, , which
was formed by the Fe®*/persulfate system, could
completely remove RhB when Fe** was continuously
produced from Fe®* due to the reduction of the
intermediates.

3.2. Effects of the PS and Fe’* concentrations on RhB
degradation

The PS concentration plays an important role as
the source of sulfate radicals in the Fe**/PS system. In
order to analyze the effect of the PS dosage on RhB
degradation, the experiments were carried out by
varying the PS concentration from 0.5 to 1.5 mM with
the Fe’* concentration held constant at 1.00 mM.

Fig. 4(a) shows that with an increase in time, the RhB
degradation increases. When the PS concentration var-
ied from 0.5 to 1 mM, the RhB degradation efficiencies
increased from 79.44 to 92.18% within 15 min and
reached nearly 100% when the PS concentration
exceeded 1 mM, and the color of the RhB solution
completely faded. The final pHs for the experiments
had a slightly reduction trend with the increase of
reaction time and remained at 2.7 + 0.5. RhB degrada-
tion follows first-order kinetics. The reaction rate
constant (k) increased significantly with the PS dosage
from 0.087 to 0.212 min~' when the PS concentration
increased from 0.5 to 1.5 mM (Fig. 4(b)). This result
was due to the higher sulfate concentration resulting
in a larger number of sulfate radicals being produced
per wunit time, which resulted in faster RhB
degradation. However, a further increase in the PS
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Fig. 5. Effect of initial pH on RhB degradation efficiencies
in 60 min. Experimental conditions: 0.052 mM [RhB],
1 mM [Fe**]y, 1 mM [PS],.
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Fig. 6. Effect of different inorganic salts on RhB degrada-

tion efficiencies. Experimental conditions: 0.052 mM
[RhBl,, 1mM [Fe**], 1mM [PSl, 1mM [anion],
pHinitial =3.0.

concentration to more than 1 mM only resulted in a
slight increase in RhB removal because this concentra-
tion was sufficiently high for the Fe®* load when the
PS concentration reached a certain value.

Because Fe®* was reduced to Fe?* to catalyze per-
sulfate, the production sulfate radicals from persulfate,
its existence could significantly affect the pollutant
degradation efficiency. The effect of different Fe’* con-
centrations on the RhB degradation efficiency is dis-
played in Fig. 4(c). The amount of RhB decreased with
the extension of reaction time. As the Fe®* initial con-
centration increased, the RhB degradation increased.
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Fig. 7. Effects of different SO?~ (a) and CI” (b) concentra-
tions on RhB degradation efficiencies. Experimental
conditions: 0.052 mM [RhBl,, 1 mM [Fe**],, 1 mM [PS],,
PHinitia1 = 3.0.

The final pHs for the experiments remained at 2.7
+0.2. As mentioned above, Fe** could be used as a
sulfate radical scavenger at high concentrations, and
the results shown in Fig. 4(c) indicated that an
increase in the Fe®* concentration to 8 mM accelerated
RhB degradation, which could reach 46.39% within
2 min, rather than reducing the degradation efficiency.
The higher Fe** concentration was due to the reduc-
tion of Fe**, which could improve the decomposition
rate of persulfate to afford more sulfate radicals for
RhB degradation.

The increase in RhB degradation due to an increase
in the Fe’* content in this system was not substantial
and was only reflected in the reaction rate (i.e.
0.085 min~' up to 0.211 min~' when the Fe’* concen-
tration increased from 0.5 to 1.5 mM) (Fig. 4(d)).
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Fig. 8. RhB degradation efficiencies in the PS/Cl” system.
Experimental conditions: 0.052 mM [RhB];, 1 mM [Fe3*1,,
1 mM [PS]o, pHinitial = 3.0.
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Fig. 9. TOC removal efficiencies of the RhB solution under
different PS concentrations. Experimental conditions:
0.052 mM [RhB]y, 1 mM [Fe**1y, pHinitial = 3.0.

3.3. Effect of initial pH

The effect of the initial pH on the RhB degradation
efficiencies in 60 min was explored in an extensive pH
range from 2 to 11, and the results are illustrated in
Fig. 5. These results demonstrated that the RhB degra-
dation efficiencies directly depended on the initial pH.
With the increase of pH from 2 to 3, the degradation
efficiency of RhB changed from 55.60 to 98.18%. The
optimal RhB degradation efficiency was observed at
an initial pH of approximately 3.0. The final pH after
accomplishment of the reaction after 60 min of reac-
tion timer remained at 2.7 + 0.2. The RhB degradation
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efficiency decreased with increasing pH. At a pH of
11, the RhB degradation efficiency was only 7.71%.
Due to the hydrolysis of solution Fe®*, the solution pH
decreased sharply from 3.80 to 3.06, and no pH
adjustment occurred in this system. The changed in
pH (approximately —-0.06) due to persulfate addition
was neglected.

The decrease in RhB degradation in the lower pH
range (pH < 3.0) was primarily due to the formation
of Fe** complexes Eq. (9) through the generated Fe**
[32], which could hinder further reaction of Fe>* and
persulfate. Another possible reason might be that the
formation of sulfate radical could be accelerated by
the decomposition of persulfate at lower pH values
Egs. (10)—(11) [33], and the generated abundant sulfate
radicals could not be transferred to the surface of the
organic compound for degradation in time and were
consumed by themselves (Eq. (12)) or reacted with PS
to form SO~ (Eq. (13)) [34,35I:

Fe?* + H,0 — [Fe(H,0)]** ©
H' + 5,057 — HS,04 (10)
HS,0; — H" + SO, + SO;~ (11)
SO; + SOy — S,05 (12)
SO; + S,05 — $,05 + SO;~ (13)

However, the RhB efficiencies decreased rapidly when
the initial pH was increased to a higher pH level. For
example, the RhB degradation efficiency was only
22.46% when the initial pH was increased to 3.5. More
Fe’* and Fe** hydroxide complexes, such as Fe(OH)j,
FeOH?*, Fe(OH)**, and Fez(OH)§+, could be produced
as the initial pH increased [36], and these complexes
had a lower activation capacity for persulfate and a
negative impact on the generation of sulfate radicals.
Another study on RhB degradation by the Fe®*/oxone
system confirmed that a higher degradation efficiency
could be achieved under acidic pH conditions [37].
Consequently, an optimal initial pH of 3.0 without
any adjustment is recommended for RhB degradation.

3.4. Effect of various inorganic ions

Usually, a large amount of salts are employed in
various dyeing processes. Previous studies have
reported that the presence of some inorganic ions can
affect the degradation of organic compounds in SR-
AOPs. The presence of NaCl, Na,SO4, and NaNOj;



29418

exhibited improved, retarded, and null effects, respec-
tively, on the RhB degradation in a Fe**/oxone system
[37]. In addition, CI” and H,PO, had a noticeably neg-
ative effect on carbamazepine degradation in the
Fe?* /PS system [38]. In this study, the RhB degrada-
tion performance using four different inorganic ions
(i.e. NaCl, Nay,SO,4, NaNO;, and NaH,PO,) was evalu-
ated by comparison to a control sample.

As shown in Fig. 6, the RhB concentration declined
with increasing reaction time. The final pHs after
accomplishments of the reactions after 60 min of reac-
tion timer remained at 2.7 + 0.2. The addition of 1 mM
H,PO; obviously inhibited RhB degradation, which
was similar to the Fe**/PS process for orange G degra-
dation [39]. Due to the complex formation (H,PO, -Fe)
between H,PO, and iron in aqueous media, the free
Fe?" in the solution which could react with the persul-
fate reduced [11,38]. Because NO; does not form com-
plexes with iron, it is an invalid scavenger for sulfate
radicals. NO; showed an insignificant effect on RhB
degradation. The feeble negative effect mainly caused
by the high ion strength after NO; addition leads to a
slower decomposition of persulfate [40].

The RhB degradation efficiency decreased after the
addition of SO3~. To investigate the effect of Na,SO,
on RhB removal, the experiments were performed by
varying the SO~ concentration from 0.0 to 10 mM,
and the results are demonstrated in Fig. 7(a). With the
extension of time, the amount of RhB and the final
pHs gradually decreased. And with the increase of
SO?[ concentration, the RhB degradation also
decreased. The final pHs were 2.7 + 0.2.

This result may be due to the increase in SOj~
leading to a decrease in the rate of persulfate decom-
position resulting from complexation reactions
between iron and SO~ [41]. For example, based on
the visual MINTEQ calculation, the formation of the
Fe-SO;~ complex could consume approximately 74%
of the initiate 1 mM Fe’" at pH 3.0 with the addition
of 5mM SO3 . Because of the lower activation effi-
ciency of these complexes for persulfate, the formation
of sulfate radicals decreased, and the RhB degradation
efficiency declined. Moreover, the addition of SO,
could reduce the half-reaction reduction potential of
the sulfate radicals according to Eq. (14).

’ RT [SO;]

Eso; /s0z) = Eso; sy T g In 507 | 14)

where E g s02-) is the half-reaction reduction poten-

3 0
tial, Eisor ssor)

potential, R is the universal gas constant (8.314472

is the standard half-reaction reduction
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]K_1 mol™), T is the absolute temperature, F is the
Faraday constant (9.6485 x 104 Cmol ™), and z is the
number of electrons transferred in the half-reaction.
According to Eq. (14), the redox potential of
SO; /SO3™ was affected by the concentration of SO3 .

The negative effect of CI” on RhB degradation was
found in Fig. 7(b). The RhB concentration reduced
with the extension of reaction time. The RhB degrada-
tion efficiencies were repressive as the increase of CI”
concentration. And the final pHs remained at 2.7 + 0.2.
It is important to note that this result was entirely dif-
ferent from that observed with the Fe*/oxone system
for RhB degradation, which was accelerated after CI~
addition [37]. In their study, the RhB degradation was
due to the co-existence of PMS and chloride without
Fe®* because the generation of HOCI occurred via Eq.
(15). It indicated that HOCI possessed sufficient oxida-
tion ability for RhB degradation. Based on the thermo-
dynamics, $,03~ (E°=2.01V) could oxidize CI" to
form chlorine (Cl,/CI, 1.36 V) and hypochlorous acid
(HOCI/CI', 1.48 V).

HSO; + CI- — SO?~ + HOCI (15)
As shown in Fig. 8, the RhB concentration was nearly
unchanged in the PS/CI” system when the reaction
time was extended to 60 min. With the increase of CI”
concentration, RhB degradation decreased. And the
final pHs remained at 2.7 + 0.2. The results indicated
that Cl, and HOCI were not formed in the PS/CI™ sys-
tem. Bennedsen et al. [42] reported that PCE degrada-
tion and  persulfate  consumption  decreased
exponentially as the CI” concentration increased. The
presence of CI” did not affect sulfate radicals as scav-
engers but affected the formation of sulfate radicals by
complexation with iron.

3.5. Mineralization of RhB

Although RhB degradation in the Fe**/PS system
could occur quickly in 60 min, the TOC removal effi-
ciency of the RhB solution was much slower than the
RhB degradation efficiency. Fig. 9 displays the TOC
removal of the RhB solution under different PS concen-
trations. The results indicated that the TOC removal
efficiencies were positively associated with the persul-
fate concentration. The removal of TOC increased with
the extension of reaction time, and the removal of TOC
improved in a PS concentration range of 1-3 mM. TOC
reduction in the RhB solution was very similar at PS
concentration of 1 and 3 mM with a TOC removal of
35.68 and 39.47%, respectively, in 30 min.
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At the beginning of the degradation reaction, the
PS concentration was sufficient to generate sulfate rad-
icals at a fixed Fe** dosage. When the reaction lasted
4 h with the constant consumption of PS, the TOC
removal efficiencies varied for the systems with PS
concentrations of 1 and 3 mM (i.e. 44.70 and 53.09%,
respectively). Therefore, a higher concentration of PS
could enhance RhB degradation by providing more
sulfate radicals.

The reaction intermediates generated in RhB
degradation by the Fe®*/PS system are listed in
Table S1. Fig. S4 shows the GC/MS chromatogram of
these intermediates. The reaction intermediates
primarily consisted of acids and alcohols in the final
reaction liquid (60 min) (i.e. 2-hydroxy propionate,
phenylacetic acid, 2-phenyl-2-propanol, glycerol,
4-methyl-1,2-butyl glycol, acetophenone, and dibutyl
phthalate).

4. Conclusions

RhB was successfully removed from aqueous solu-
tions using the Fe®*/PS system. The possible reaction
mechanism involved the generation of intermediate
products during RhB degradation, which could act as
electron transmitters to accelerate the reduction of
Fe’* to Fe’* and afford complete RhB degradation.
The experimental results revealed that the dye degra-
dation efficiencies were substantially influenced by the
experiment parameters, such as the Fe®>* and persul-
fate concentrations, initial pH, and inorganic salts.
Hundred percentage of the RhB was removed at an
initial concentration of 0.052 mM in 30 min under the
following conditions: 1 mM [Fe**],, 1 mM [PS]y and
PHinitia1 = 3.0. The results indicated that higher Fe**
and persulfate concentrations resulted in faster degra-
dation efficiencies. The presence of inorganic ions
exhibited negative effects on RhB degradation in the
following sequence: NO; < SO;~ < CI” < H,POj.
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