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n of persulfate by calcium sulfate
whisker supported nanoscale zero-valent iron for
methyl orange removal†

Yi Han, ab Xian Zhou,*c Li Lei,a Huiqun Sun,a Zhiyuan Niu,a Ziwei Zhou,a Zhibing Xua

and Haobo Houd

In order to improve the utilization of nanoscale zero-valent iron (nZVI) in activating persulfate (PS),

a composite material of nZVI/CSW with nZVI supported on calcium sulfate whiskers (CSWs) was

synthesized in this study. The activity of the nZVI/CSW-PS system was evaluated by the removal of

methyl orange (MO) in the aqueous phase. With the optimization of response surface methodology

(RSM), the degradation efficiency of 20.0 mg L�1 MO could increase to 98.13% in 5 min at the dosage of

1.03 g L�1 nZVI/CSW-2, 3.51 mM PS at a temperature of 40.8 �C. The results of scanning electron

microscopy (SEM) and X-ray diffraction (XRD) tests showed that the nZVI particles were well dispersed

on the CSW surface in a Fe2+/CSW molar ratio of 0.25 : 1, which is approximate to the theoretical value

of 3.698 mg g�1 thin-layer-Fe supported on CSW. Furthermore, the results demonstrated that the thin-

layer nZVI particles were the most efficient in activating PS, and nZVI was rapidly dispersed during the

dissolution process of CSW, which greatly increased the reaction rate. g-FeOOH is the main reaction

product of nZVI/CSW-2. This study provides a novel advanced oxidation system with nZVI/CSW in

wastewater pollution control.
1. Introduction

Typical AOPs include ozonation,1 Fenton, photooxidation,2

electrochemical oxidation,3–5 non-thermal plasma,6,7 Persulfate
(PS) advanced oxidation8 and combinations of these technolo-
gies. PS has recently gained considerable attention because of
its high efficiency for the mineralization and degradation of
refractory organic contaminants in water and soil.8,9 The reac-
tive species, such as sulfate radicals (SO4c

�) and hydroxyl radi-
cals (cOH), are produced in this system, which has a high
standard redox potential (SO4c

�: 2.5–3.1 V, cOH: 1.8–2.7 V).10–12

Persulfate (M2S2O8, M ¼ Na, K, NH4) could be activated to
produce SO4c

� under the activation of light,13 heat,14 transition
metal ions,15,16 microwaves,17 and carbon material.18,19 Fe2+

activation is currently a common activation method, and the
main reaction process is shown in eqn (1).20,21 Zero-valent iron
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can also be used in place of Fe2+.22,23 The surface of Fe0 spon-
taneously corrodes under aerobic or anaerobic conditions,
releasing Fe2+ according to eqn (2) and (3).24 By contrast, Fe0 has
numerous advantages over the direct catalytic process of Fe2+.
Using Fe0 could reduce the excessive consumption of sulfuric
acid root, avoid the introduction of other anions, and facilitate
efficient water treatment with the selected organic contami-
nants as targets.25,26 Moreover, the release of H+ from persulfate
decomposition leads to a reduction in pH in the Fe2+/PS system,
resulting in secondary pollution in the environment.27,28

However, Fe0 tends to agglomerate due to its high surface
energy and intrinsic magnetic interaction, thus restricting the
reactivity.28 The rapid surface inactivation and the slow corro-
sion of Fe0 particles are the restriction factors of PS activation
and its wide application in real-world scenarios. Therefore,
improving the dissolution rate of Fe0 and enhancing the
production of Fe2+ is the key to regulate the degradation
performance of the S2O8

2�/Fe0 oxidation system effectively.

Fe2+ + 2S2O8
2� / Fe3+ + 2SO4c

� + 2SO4
2�, (1)

2Fe0 + 0.5O2 + H2O / 2Fe2+ + 2OH�, (2)

Fe0 + 2H2O / Fe2+ + 2OH� + H2. (3)

A variety of materials, including attapulgite,24 organo-mont-
morillonite,29 biochar,30,31 activated carbon,32 reduced graphene
© 2021 The Author(s). Published by the Royal Society of Chemistry
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oxide,33 and zeolite,34 have been investigated to support the
effective dispersion and efficient utilization of nZVI during
environmental remediation in previous research. Previous
reports showed that graphene and activated carbon could
effectively inhibit the oxidation of Fe0.35 Most of these materials
were selected on the basis of their porous structure and large
specic surface area. Few studies have considered materials
with a small specic surface area, such as calcium sulfate
whisker (CSW). CSW, a short-ber crystal that grows in the form
of a single crystal, is characterized by its high mechanical
strength, good compatibility, loose structure, low density, and
good dispersion in aqueous solutions36–38 in comparison with
traditional materials. Research regarding PS activation by CSW-
supported nZVI has not been reported.

CSW is used in the present work as a support of nZVI to
prepare a novel nanocomposite material for the PS activation
applied inmethyl orange (MO) degradation, which is an intensely
colored compound used in dyeing and printing textile.39 This
study has the following objectives: (i) investigate the application
parameters of the nZVI/CSW-activated PS system for the degra-
dation of MO, including the molar ratio of Fe2+/CSW, the nZVI/
CSW dose, the PS dose, and reaction temperature; (ii) explore
the optimum conditions and combined effects of parameters
through response surface methodology (RSM); (iii) evaluate the
activation process of PS by CSW-supported nZVI.

2. Materials and methods
2.1. Materials

CSW was purchased from Shanghai Fengzhu Trading Co., Ltd
(Shanghai, China). Ferrous sulfate heptahydrate (FeSO4$7H2O,
>99.0%), sodium persulfate (K2S2O8, > 99.5%), sodium boro-
hydride (NaBH4), MO and anhydrous ethanol (EtOH) were
purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China).

2.2. Synthesis of nZVI/CSW

A liquid-phase reduction method was used to synthesize nZVI/
CSW, and the main reaction was shown as eqn (4).40 First, 2 g
of CSW was dissolved in a 100 mL mixture of ethanol and
distilled water with a volume ratio of 3 : 1. Then, the mixture
was stirred mechanically at 100 rpm for 30 min aer the addi-
tion of different amounts of FeSO4$7H2O and allowed to stand
for 30 min. Aerward, excess NaBH4 solution (Fe2+/BH4

� mol
ratio at 1 : 4) was added into solution, and the reaction was
continued for another 30 minutes. Finally, the solution was
ltered and quickly rinsed with ethanol and deionized water
three times, and then vacuum dried overnight. The experiment
was placed under an N2 atmosphere. Different molar ratios of
Fe2+/CSW at 0.1 : 1, 0.25 : 1, 0.5 : 1, 1 : 1, and 1.25 : 1 were
selected in the current work, and the prepared nZVI/CSW
composite was marked as nZVI/CSW-1, nZVI/CSW-2, nZVI/
CSW-3, nZVI/CSW-4, and nZVI/CSW-5, respectively.

Fe2+ + 2BH4
� + 6H2O ¼ Fe + 2B(OH)3 + 7H2. (4)
© 2021 The Author(s). Published by the Royal Society of Chemistry
2.3. Removal of MO

PS and nZVI or synthesized nZVI/CSW were used to degrade MO
at 20� 1 �C. The desired amount of synthesized composites and
3 mM PS was placed in a 200 mL MO solution (20 mg L�1). The
nZVI/CSW dosages affected MO removal. The dosage of nZVI/
CSW varied from 0.3 g L�1 to 1.3 g L�1, and PS dosage varied
from 0.5 mM to 5 mM to evaluate the dosage effect on the MO
removal. At least three parallel sample analyses were conducted
to present mean values and standard deviations.
2.4. Experimental design

The combined effects of the three independent variables were
evaluated by the Box–Behnken experimental design41 and
RSM.42 A total of 17 groups were tested and implemented in this
study. The system could be explained by the following quadratic
equation:

Y ¼ b0 þ
Xm

i¼1

bixi þ
Xm

i¼1

biixi
2 þ

Xm

i¼1

Xm

j¼1

bijxixj ; (5)

where Y is the process response, i and j are the index numbers
for pattern, m is the number of the patterns, b0 is the free term,
bi is the rst-order (linear), and x1, x2, ., xk are the coded
independent variables.43,44
2.5. Analytical methods

The type 722 spectrophotometer was used to determine discolor-
ation ofMO at optical absorption peak of 464 nm. X-ray diffraction
(XRD) patterns were recorded on a Philips X'pert multi-purpose
diffractometer equipped with a xed Cu anode. XRD patterns
were collected in the 2q range of 5–80�. Scanning electron
microscopy (SEM) was conducted using the Hitachi S-4800
instrument. Energy-dispersive X-ray spectroscopy (EDS) was per-
formed using the OXFORD EDS. Nitrogen adsorption–desorption
isotherms were determined by a surface area and porosity analyzer
(Micromeritics, ASAP 2020), and the surface area was calculated
using Brunauer–Emmett–Teller (BET) test. The element of Fe was
determined through ICP-OES measurements (Agilent 720-ES
instrument), and the samples were digested in HCL.
3. Results and discussion
3.1. Characterizations of nZVI/CSW

The crystal structure of different samples was characterized by
X-ray diffraction, and the results are shown in Fig. 1. The
diffraction peaks at 2q¼ 14.7� (100), 25.7� (010), 29.7� (200), and
31.9� (102) can be assigned to the crystalline plane of CSW
according to PDF# 41-0224. All the samples with different Fe2+/
CSW ratios have the same diffraction peak at 44.7� (110)
according to PDF# 87-0721 (Fig. 1b). This nding corresponded
to the crystalline structures of nZVI, suggesting the successful
combination of nZVI with CSW. The peak intensity at 44.7� is
largely amplied when the Fe2+/CSW ratio increases from 0.1 to
1.25. By contrast, the peak intensity of CSW at different degrees
weakened due to the coverage of the crystalline plane of CSW by
excess nZVI.
RSC Adv., 2021, 11, 452–461 | 453
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Fig. 1 (a) XRD patterns of CSW and nZVI/CSW composites and (b) details of nZVI/CSW composites in the 2q range of 40��50�.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

5:
24

:4
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The morphologies and structures of nZVI/CSW were inves-
tigated by SEM (Fig. 2). The morphology of CSW was smooth
and needle-like (Fig. S1†). The regular crystal plane structure of
nZVI/CSW-2 particles is shown in Fig. 2a, indicating the
dispersion of some ne particles along the CSW. However, the
morphology of nZVI/CSW-5 is different from that of nZVI/CSW-2
because of the accumulation of nanoparticles on its surface
454 | RSC Adv., 2021, 11, 452–461
(Fig. 2c). The elemental mapping was used to illustrate
elemental distributions of Fe to determine the composition of
these nanoparticles (Fig. 2b and d). The Fe element is uniformly
dispersed along the CSW in the sample nZVI/CSW-2, and the
nanoparticle accumulation on the surface of the sample nZVI/
CSW-5 comprises the Fe element.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images and energy-dispersive X-ray spectroscopy elemental mapping images of Fe element, (a and b) nZVI/CSW-2 and (c and d)
nZVI/CSW-5.
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3.2. Comparisons of MO removal in different systems

nZVI, PS, nZVI-PS, and nZVI/CSW-PS systems were investigated
respectively, and results were shown in Fig. 3. The MO removal
efficiencies are 10.5% and 23% in the nZVI and the PS systems,
respectively, aer 30 min reaction. When PS is activated by
nZVI, nZVI/CSW-1, nZVI/CSW-2, nZVI/CSW-3, nZVI/CSW-4, and
nZVI/CSW-5, the removal efficiency respectively becomes
30.7%, 41.2%, 61.7%, 38.7%, 30.9%, and 31.7% within 30 min.
Thus, the activation of the nZVI/CSW-1, nZVI/CSW-2 and nZVI/
Fig. 3 Effect of different systems on MO degradation [PS] ¼ 1 mM,
[nZVI/CSW-1] ¼ 1.25 g L�1, [nZVI/CSW-2] ¼ 0.5 g L�1, [nZVI/CSW-3] ¼
0.25 g L�1, [nZVI/CSW-4] ¼ 0.125 g L�1, [nZVI/CSW-5] ¼ 0.1 g L�1,
[nZVI] ¼ 0.0625 g L�1, T ¼ 20 � 1 �C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
CSW-3 composite materials to PS were more effective than nZVI
alone. The removal efficiency enhanced with the increase in
nZVI/CSW mass ratio from 0.1 : 1 to 0.25 : 1 in 5 min probably
due to the increased dispersity of nZVI particles by CSW; thus,
some studies have reached similar conclusions when investi-
gation other materials.24 However, further enhancement in the
mass ratio of nZVI/CSW reduces the MO removal efficiency.
Such enhancement could be attributed to an excess of nZVI
particle accumulation on the surface. The agglomerate particles
lower PS activation efficacy24,28,29 and block reactive nZVI sites
based on XRD and SEM analyses. According to the above anal-
ysis, a mass ratio of 0.25 : 1 was chosen for MO degradation.
3.3. Effects of nZVI/CSW dosage, PS concentration, and
temperature

By maintaining the PS concentration at 1 mM, the effect of
nZVI/CSW-2 dosage (which varied in the range of 0.3–1.3 g L�1)
on the removal of MO was investigated. Fig. 4 shows that the
degradation of MO is signicantly affected by the nZVI/CSW-2
dosage. With the increase in the initial nZVI/CSW-2 dosage,
the degradation efficiency of MO is signicantly enhanced from
45.1% to 81.3% when the dosage of nZVI/CSW-2 increased from
0.3 g L�1 to 1.1 g L�1 within 30 min. However, further incre-
ments in nZVI/CSW-2 dose from 1.1 g L�1 to 1.3 g L�1 mini-
mized MO degradation from 81.3% to 73.1%. SO4c

� generated
from the reaction of PS with Fe2+ was released from nZVI/CSW-
2. However, the reaction may have been quenched through eqn
(6) with the release of additional Fe2+,45 thereby inducing slow
degradation.
RSC Adv., 2021, 11, 452–461 | 455
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Fig. 4 Effect of nZVI/CSW-2 addition on MO degradation [MO] ¼
20mg L�1, [PS]¼ 1 mM, [nZVI/CSW-2]¼ 0.3, 0.5, 0.7, 0.9, 1.1, 1.3 g L�1,
T ¼ 20 � 1 �C.

Fig. 6 Effect of temperature on MO removal efficiency, conditions:
[MO] ¼ 20 mg L�1, [PS] ¼ 4 mM, [nZVI/CSW-2] ¼ 1.1 g L�1, T ¼ 10, 20,
30, 40, 50 �C respectively.
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Fe2+ + SO4c
� / Fe3+ + SO4

2�. (6)

The removal efficiency of MO was investigated when the
dosage of nZVI/CSW-2 was xed at 1.1 g L�1 and PS concen-
trations varied in the range of 0.5–5 mM. Fig. 5 shows that the
degradation rates of MO are 49.2%, 81.3%, 92.8%, 94.2%, and
94.8% within 30 min at 0.5, 1, 2, 3, and 4mM, respectively. With
the increase in the initial PS concentration, the degradation of
MO was signicantly enhanced due to the production of addi-
tional reactive species with the increase in initial PS concen-
tration. With the further increase in PS concentration from
4 mM to 5 mM, the degradation efficiency of MO decreased to
93.9% at 30 min. This decrease could be attributed to the
scavenging of radicals induced by the excessive generation of
SO4c

�. Increasing PS concentrations beyond a quantitative value
would induce slow degradation rates, as indicated in eqn (7)
Fig. 5 Effect of PS addition on MO degradation, conditions: [MO] ¼
20mg L�1, [nZVI/CSW-2]¼ 1.1 g L�1, [PS]¼ 0.5, 1, 2, 3, 4, 5 mM, T ¼ 20
� 1 �C.

456 | RSC Adv., 2021, 11, 452–461
and (8).46,47 Hence, 4 mM was considered to be the optimal PS
concentration in the present study.

SO4c
� + SO4c

� / S2O8
2�, (7)

SO4c
� + S2O8

2� / SO4
2� + S2O8c

�. (8)

The reaction temperature is crucial in the degradation
reaction.48 A series of experiments were conducted with the
temperature varying from 10–50 �C, and Fig. 6 showed the
results. With the increase in reaction temperature, the degra-
dation efficiency of MO was improved from 60.9% to 97.9% at
5 min. The activation energy of the chemical reaction required
for MO degradation decreased at high temperatures. Moreover,
high temperatures could promote the corrosion of nZVI from
nZVI/CSW, thereby releasing additional Fe2+.49 Over elevated
temperatures, MO was nearly completely degraded aer 20 min
of reaction time at 30 �C, 40 �C, and 50 �C. The applicable
temperature of the PS-nZVI/CSW-2 system was ultimately
determined as 30–50 �C because high temperatures would
increase energy consumption.
3.4. RSM analysis

PS dosage, nZVI/CSW, and reaction temperature were the main
factors based on the preliminary tests, C5 min/C0 was taken as
Table 1 Experimental range and levels of independent variables

Variable

Symbols Range and levels

Coded �1 0 1

nZVI/CSW-2 dosage (g L�1) A 0.5 0.9 1.3
PS concentration (mM) B 1 3 5
T (�C) C 10 30 50

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the response (h), and the experimental range and levels are
shown in Table 1.

Multiple regression analysis was applied on the responses
and the design matrix, the following second-order polynomial
equation (as presented in eqn (9)) in coded form was estab-
lished to help nd maximum degradation efficiencies and the
optimal conditions.

h ¼ 0.13 � 0.053A � 0.15B � 0.15C � 0.054AB2 � 0.037AC +

3.000E � 003BC + 0.063A2 + 0.12B2 + 0.087C2, (9)

where h is the predicted C5 min/C0; A, B and C are the coded
terms for three independent test variables, namely nZVI/CSW-2
dosage, PS dosage, and T �C, respectively. Table S1† illustrated
the ANOVA of the regression model.

Fig. 7a shows that the predicted and actual experimental
values were distributed along the linear function, indicating
a signicant correlation in these values. Thus, the polynomial
Fig. 7 Comparison of predicted and actual results (a) and response surf
and temperature; (d) dosage of PS and temperature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
model is reliable in describing the composite reaction behavior
in the MO degradation.

The 3D response surfaces were analyzed by Design Expert
(Fig. 7b–d). Fig. 7b revealsthe interactive inuence between PS
and nZVI/CSW-2 dosage. At nZVI/CSW-2 dosage of 0.9–1.3 g L�1,
a slight increase in PS dosage has a positive effect. The lowest
point appears in the middle of the graph, suggesting that h was
affected negatively due to low or high levels of variables. Fig. 7c
shows that the h was affected by temperature and nZVI/CSW-2
dosage. At a low dosage of PS, h was reduced with the
increasing temperature, and the effect was insignicant aer
30 �C. At a high dosage of nZVI/CSW-2, a small effect was found
with the increase of temperature. Fig. 7d depicts that an
increase in PS dosage has a positive effect on MO degradation.
At PS dosages of 3–5 mM, a slight increase in temperature has
a positive effect, but a continuous increase has a slight effect.
Moreover, high temperatures demonstrated a negative impact.
Based on the optimization algorithm, the optimal values of the
ace plots: (b) dosage of PS and nZVI/CSW-2; (c) dosage of ZVI/CSW-2

RSC Adv., 2021, 11, 452–461 | 457
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Table 2 Theoretical calculation process of thin-layer Fe supported on CSW surface

Parameters Value

Crystal cell size of Fe (nm) 0.2866
Area occupied for single crystal cell (nm2) 0.08215
Area required for thin-layer Fe (m2 g�1) 885.9
Specic surface area of CSW (m2 g�1) 3.276
Theoretical value of thin-layer Fe supported on CSW (mg g�1) 3.698
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test variables were as follows: nZVI/CSW-2 dosage ¼ 1.03 g L�1,
PS concentration ¼ 3.51 mM, T ¼ 40.8 �C, with h ¼ 0.0187.
3.5. Possible mechanism for nZVI/CSW-2 activated PS
system

According to the crystal cell parameters of Fe and specic
surface area of CSW, themaximum permitted value of thin-layer
Fe on specic CSW surface could be estimated. The calculation
results were shown in Table 2. The theoretical value of thin-layer
Fe supported on CSW was 3.698 mg g�1.

To further understand the role of Fe in nZVI/CSW-2 activated
PS reactions, theoretical and actual value of Fe with different
samples were studied, shown in Fig. 8. The actual value of Fe
was much less than theoretical value in all samples, showed
that the MO could be effective degraded at lower nZVI dosage.
With the Fe2+/CSW ratio increased from 0.1 to 1.25, the actual
value of Fe increased from 0.257 mg g�1 to 11.67 mg g�1. In
nZVI/CSW-2, the actual value of Fe was 3.88 mg g�1, which was
in close proximity to the theoretical value of thin-layer Fe sup-
ported on CSW surface, indicated that the nZVI particles in
nZVI/CSW-2 composite material almost as thin-layer Fe. The
high Fe2+/CSWmol ratio means that nZVI particles clustered on
CSW surface, plays a negative role in activating PS. This
observation was consistent with the results of mapping and
XRD. These results may account for the superior activation of PS
Fig. 8 Theoretical and actual value of Fe with different samples.

458 | RSC Adv., 2021, 11, 452–461
by nZVI/CSW-2 compared to other samples, the thin-layer Fe
supported on CSW surface could be called ‘Effective nZVI’.

Furthermore, the correlations between peak intensity of
CSW and actual value of Fe were analyzed, which could be
explained by the following equation as eqn (10):

Ii

I0
¼ a e

1� Qi

QT þ b (10)

where Ii is peak intensity of CSW in different composites, I0 is
peak intensity of raw CSW, Qi is actual value of Fe in different
composites, QT is theoretical value of thin-layer Fe supported on
CSW, i is nZVI/CSW-2, nZVI/CSW-3, nZVI/CSW-4, nZVI/CSW-5
respectively.

According to the intensity data and actual value of Fe, the
tting results are shown in the Fig. 9. The correlations between
Ii/I0 and Qi/QT could be well tted by eqn (10) when 2q ¼ 14.7�,
25.7�, 29.7� respectively. The results suggest that nZVI particles
begin to cluster on CSW surface when Fe2+/CSW mol ratio
exceed 0.25 : 1, which affect the peak intensity of CSW observ-
ably. This is in accordance with the above analysis.

In order to directly demonstrate the high efficiency of thin-
layer Fe supported on CSW surface, the relationship between
degradation efficiency and the amount of nZVI supported to
CSW was shown in Fig. 10. The signicant linear relationship
could be found when Fe2+/CSW mol ratio less than 0.25, indi-
cating a complete reaction of thin-layer nZVI. When nZVI
particles began to cluster on CSW surface, the correlations
could be well tted by eqn (11), which was similar to eqn (10).
This phenomenon might be due to the excess nZVI particles
that blocks the ‘Effective nZVI’ and thus the inside surfaces
became invalid for the activation.

C5min

C0

¼ a e
1�

M
Fe2þ

MCSW þ b (11)

The crystal structure of nZVI/CSW-2 and nZVI/CSW-5 aer
reaction were shown in Fig. 10. Compared with nZVI/CSW-2, the
diffraction peak of nZVI located at 44.7� could be found in nZVI/
CSW-5, means that nZVI was not completely dissolved during
the activated process. The peaks of magnetite (Fe3O4), maghe-
mite (g-Fe2O3) and lepidocrocite (g-FeOOH) start to emerge in
nZVI/CSW-5. Fe3O4/g-Fe2O3 may be produced from the oxida-
tion of nZVI,50,51 while, g-FeOOH is main crystal in nZVI/CSW-2,
which is the eventual product in oxic water.52 These results
suggested that nZVI particles has completely reacted in nZVI/
CSW-2/PS system (Fig. 11).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The fitting results at different crystal plane.
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From the results of XRD, it can be found that the diffraction
peak of CSW disappears aer degradation, indicating the
dissolution of CSW. Moreover, the saturation index (SI) of CSW
can be calculated by eqn (12).

SI ¼ log
IAP

Ksp

(12)

Which IAP is the ion activity product, Ksp is the solubility
product constant, 2.290.53
Fig. 10 The degradation efficiency as a function of Fe2+/CSW mol
ratio at 5 min.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The value of SI, �0.567 indicates that the solution is not
saturated and the CSW tends to dissolve, which also conrms
the XRD results. The dissolution of CSW during the reaction
greatly promotes the dispersion of nZVI, which greatly acceler-
ates the activation reaction. Meanwhile, the dissolution of CSW
during sample preparation was investigated. The CSW disso-
lution rate of 11.856% suggests still a large number of CSW
powders available for supporting nZVI. Hence, the system can
ensure both the successful preparation of composite material
and the characteristics of dissolution–dispersion.
Fig. 11 XRD patterns of nZVI/CSW-2 and nZVI/CSW-5 after degra-
dation. (M) magnetite/maghemite (Fe3O4/g-Fe2O3), (L) lepidocrocite
(g-FeOOH).
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4. Conclusions

In this work, the nZVI/CSW composites were synthesized by
liquid-phase reduction method. The results of MO degradation
demonstrated that nZVI/CSW-2, with a Fe2+/CSW mol ratio of
0.25 : 1, have an excellent efficiency for PS activation. The
degradation efficiency of 20 mg L�1 MO by nZVI/CSW-2 could
increase to 98.13% at 5 min aer RSM optimization. The
amount of Fe in nZVI/CSW-2 is 3.88 mg g�1, which was in close
proximity to the theoretical value 3.698 mg g�1 of thin-layer Fe
on CSW. The materials characterization and theoretical calcu-
late results revealed that the enhanced activation mechanism
could mainly be attributed to that thin-layer nZVI particles
supported on CSW are more efficient in activating PS. Besides,
the dissolution of CSW facilitates the rapid dispersion of nZVI
into the solution.
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