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ABSTRACT

In this paper, attapulgite (APT)-supported nanoscale zero-valent iron (nZVI) composites (nZVI/APT)
were synthesized by chemical liquid phase reduction to remove Cr(VI) and phenol from aqueous solu-
tions in the presence of persulfate (Ps). The structure of as-prepared nZVI/APT was characterized by
various techniques. Various effects on the reduction of Cr(VI) and degradation of phenol were evalu-
ated. Experimental results revealed that nZVI/APT composites at a relatively low Ps concentration can
effectively remove Cr(VI) and phenol simultaneously, the removal efficiencies of Cr(VI) and phenol
were 98.7% and 80.3% after 60 min, respectively. There was a good synergistic effect between nZVI/
APT and persulfate for removal of Cr(VI) and phenol. APT as the supporter matrix could decrease the
aggregation of nZVI and increase its reactivity. nZVI can not only act as a reductant for removal of
Cr(VI) but also act as a catalyst to activate Ps and generate sulfate radicals for removal of phenol. The
presence of persulfate has no obvious effect on the removal of Cr(VI), but has remarkably promoted
phenol oxidation. This implies that the nZVI/APT nanocomposites can act as catalyst to activate per-
sulfate for the simultaneous removal of heavy metal and organic pollutant for the actual wastewater
treatment.
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1. Introduction

Chromium is a typical water pollutant, mainly from the
manufacturing and mining industry, electroplating plant
chromium-containing wastewater. Hexavalent chromium
(Cr(VI)) is nearly 100 times more toxic than Cr(IIl), and has
been identified as a substance with serious carcinogenicity
[1]. At present, the treatment of highly toxic Cr(VI) in water
is mainly through various techniques such as adsorption [2],
chemical reduction [3], electrolysis [4], photocatalysis [5].
Phenol and its derivatives are toxic aromatic compounds in
the wastewater that are produced by petrochemical, textile,
coating and pharmaceutical industry, which can cause seri-
ous environmental pollution and dramatically harm human
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health [6]. In fact, the co-existence of various organic com-
pounds and heavy metal ions is a common phenomenon
in wastewater, which greatly increases the risk to aquatic
environment [7-9]. Therefore, it is significance of simulta-
neous removal of heavy metals and organic pollutants in
the environmental remediation. A lot of methods have been
developed and applied to remove complex pollutants in
wastewater, including adsorption, chemical degradation and
advanced oxidation processes (AOPs) [10]. Among the meth-
ods, adsorption is an efficient tool for phase transfer of con-
taminants [11,12]. That is the most common method used for
removal of different types of pollutants from contaminated
water because its low cost, simplicity of operator and high
efficiency. Recently, nanoscale zero-valent iron (nZVI) has the
advantages of large surface area, high reductive reactivity and
environmental harmlessness, which makes it being widely
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used for the removal of organic compounds and heavy metal
ions [13]. However, high surface energy and intrinsic ferro-
magnetism of Fe’ nanoparticles make them easy to aggregate
and reduce their stability and chemical reactivity. In order
to overcome these drawbacks, some researches have been
focused on the combination of nZVI with different organic/
inorganic support such as surfactants [14], clay minerals [15],
graphene [16], activated carbon [17], etc. Clays have also
been used as versatile matrices to embed or disperse metal
nanoparticles for fabrication of composite nanomaterials,
making composite both possess themselves properties and
with playing a role of synergistic effect. The clay mineral
attapulgite (APT), a form of magnesium aluminum silicate
mineral, it has advantages of unique one-dimensional struc-
tures, high surface specific area and good cation exchange
capacity compared with other clay minerals [18]. Attapulgite
was widely used as low-cost adsorbent for removal of metal
ions and organic pollutants. Nevertheless, APT exhibits poor
performances such as long adsorption time, low adsorption
efficiency and bad reusability. A feasible solution is to use as
a stable substrate for loading nZVI and make APT with the
abundant active sites to increase its adsorption efficiency.
APT can be used as a support material for dispersion and
stabilization of nZVI. The composite can be applied to envi-
ronmental remediation treatment combined with excellent
adsorption property and strong reducibility of nZVI, but less
related researches on APT supported nZVI [19].

The AOP is considered to be the most effective way to
remove toxic and degrading organic pollutants. Most AOPs
generally use hydroxyl radical (HO®) (E°=2.8 V) as the main
oxidant to remove toxic and refractory contaminants [20].
However, its practical applications for industrial wastewa-
ter treatment have been limited by factors such as short life
span (such as H,O, or O, systems) and the Fenton reaction
restricted pH [21,22]. In recent years, the application of
AOPs based on activation of persulfate to generate the sul-
fate radicals (SO,") with redox potential (E°=2.6 V) has great
potential for removing many refractory pollutants [23,24].
Persulfate can be activated by heat, ultraviolet radiation and
transition metal ions to generate a stronger non-selective
oxidant SO;~. In these activators, the Fe** aqueous solution
is the most suitable application for environmental treat-
ment [24-26]. Similar to the traditional Fenton system (Fe?/
H,0,), Fe* is an efficient activator for the production of SO;"~.
However, the generation of sulfate radical anions by the
reaction to dissolve Fe?* with persulfate is too fast to control,
and excessive amounts of the generated iron needed further
treatment. Lately, nZVI has been widely used in the Fenton-
like reaction to remove organic contaminants. There are
some researches about the activation of persulfate by nZVI
to generate sulfate radical anions to remove organic com-
pounds and heave metals in heterogeneous nZVI-Ps Fenton-
like system [25,27]. nZVI could slow release of Fe*, which
can activate persulfate, producing sulfate radical anions
oxidation to removal of organic compounds. nZVI can not
only be used as a reductant but also provide the alternative
source of Fe?" and recycle Fe*" on its surface and reduce the
precipitation of iron hydroxides during the reaction. The use
of nZVI can overcome the shortcomings of Fe*, and avoid
the introduction of other anions. Diao et al. [28] studied
bentonite-supported nanoscale zero-valent iron/persulfate

system for the simultaneous removal of Cr(VI) and phenol
from aqueous solutions, but the removal rate of phenol was
the lower. However, as far as we know, there are few stud-
ies about the effectiveness of the nZVI/APT-Ps Fenton-like
process in the removal of Cr(VI) and phenol simultaneously
in literature. Therefore, it appears significant to investigate
the removal efficacy for specific pollutants of the novel
composites.

In the study, the main object is to investigate the feasibil-
ity of nZVI/APT composite in the presence of persulfate for
simultaneous removal of Cr(VI) and phenol in the simulated
wastewater. The nZVI plays an important role in the removal
of pollutants by measuring the Fe content in the solution.
nZVI not only can be used as a reductant for removal of
Cr(VI) but also act as a catalyst to activate Ps and generate
sulfate radicals for removal of phenol. The removal of phenol
was mainly attributed to that nZVI can react with Cr(VI) to
produce Fe?" in acidic conditions, and dissolved Fe?" can acti-
vate persulfate to produce sulfate radical anions to oxidize
phenol for removal. The presence of persulfate has no obvi-
ous effect on the removal of Cr(VI), but has remarkably pro-
moted phenol oxidation. There was a good synergistic effect
between nZVI/APT and persulfate for removal of Cr(VI) and
phenol. The environment-friendly APT clay as the supporter
matrix could effectively decrease the aggregation of nZVI
and increase its reactivity. For the application in the envi-
ronment and industry, the nZVI/APT combined Ps system
provides a cost-effective and environmentally green method
for simultaneous removal of Cr(VI) and phenol. Meanwhile,
the different single factor experiments on the reduction of
Cr(VI) and degradation of phenol were evaluated. The effect
of persulfate in the system was elucidated and the proposed
degradation pathways of Cr(VI) and of phenol were also ana-
lyzed. In addition, the experimental parameters of adsorp-
tion thermodynamics and kinetic models provided the basis
for the adsorption mechanism analysis, indicating that the
degradation process on Cr(VI) and phenol by nZVI/APT
belongs to single molecular layer chemical adsorption.

2. Experimental
2.1. Materials

Attapulgite (99%, APT; JC-J503) was purchased from
Jiangsu Xuyi Nano-materials Science and Technology Co.
Ltd., China. Potassium dichromate (K,Cr,0,) was purchased
from Tianjin Tianxin chemical factory, Chemical Reagents
Co. Ltd., China. Ferrous sulfate (FeSO,7H,O) was purchased
from Tianjin Kaixin Chemical Reagent Co. Ltd., China.
Potassium persulfate (K,S,0,) was purchased from Shanghai
Zhongqin chemical reagents Co. Ltd., China. Sodium borohy-
dride (NaBH,) was purchased Sinopharm Chemical Reagent
Co. Ltd., China. All chemicals were of analytical grade and
all solutions were prepared with distilled water.

2.2. Preparation of nZVI/APT

nZVI/APT was prepared using a conventional lig-
uid-phase method via the reduction of ferric iron by boro-
hydride with attapulgite as a support material. In a typical
procedure, 4.978 g of FeSO,7H,0 was added into a 250 mL
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flask, and then stirred by adding 50 mL distilled water to
dissolve. Then, 1 g of attapulgite was added to the above
solution for mixing, and ultra-sonication was carried out for
20 min. Under the N, protection, the newly prepared solution
of NaBH, (2.0312 g dissolved in 100 mL distilled water) was
added drop-wise into the stirred mixture. After the drip was
completed, the solution was stirred continuously for another
20 min and then by vacuum filtration, with anhydrous eth-
anol washed three times. The solid was then dried at 60°C
under vacuum overnight. The nZVI was prepared under
identical conditions but without attapulgite.

2.3. Characterization of the nZVI/APT

Morphology and structure of composite materials
were observed by transmission electron microscope (TEM,
JEM-1200EX, United States). Fourier transforms infrared
concerning composite materials was obtained employing
Fourier transform infrared spectroscope (FT-IR, NEXQS670,
United States) using KBr pellets. X-ray diffraction patterns
were collected on an X-ray powder diffractometer (XRD, D/
MAX-2400X, Japan) with Cu-Ka radiation (A = 0.15406 A)in
a 20 range of 5°-80° at room temperature. The specific sur-
face area (SSA) of nZVI and nZVI/APT were tested using the
BET-N, adsorption method (BET, ASAP 2020, United States).
The pH measurements were conducted with a glass electrode
(PHS-3D Model pH meter, China). The Cr(VI) and phenol
concentrations were determined with a UV-Vis spectropho-
tometer (UV-1900, Shanghai).

2.4. Experimental procedures and analytical methods

The dosage of nZVI/APT was 1 g/L, and the initial pH
was kept at 3 (pH was adjusted by 0.1 M HCl and 0.5 M
NaOH solutions) in the reaction. Batch experiments were
conducted in concentration of persulfate, Cr(VI) and phenol
were 2 mM, 30 and 20 mg/L, respectively. For all adsorption
runs, 50 mL solution containing certain amount Cr(VI) and
phenol at 298 K.

The concentration of Cr(VI) was determined by the
1,5-diphenylcarbazide colorimetric method monitoring the
absorbance at 540 nm in acidic solution with a UV-Vis spec-
trophotometer. The steps of the determination method were
as follows: 1 mL samples, then added 0.5 mL sulfuric acid
phosphoric acid solution and 2 mL 1,5-diphenylcarbazide
ternary solution were mixed together. The absorbance of the
solutions was measured at 540 nm for the generated purple
colored complex compound after full color development.

The concentration of phenol was determined by the
4-aminoantipyrine method monitoring the absorbance at
510 nm with a UV-Vis spectrophotometer. Before the analy-
sis, phenol was converted into a complex by adding 0.5 mL
buffer solution (ammonia + ammonium chloride) adjusted
pH about 10 and 1 mL 0.05 mol/L 4-aminoantipyrene and
1 mL of 0.05 mol/L potassium ferricyanide, then the solution
will be obtained the brown-red dye and measured the absor-
bance at 510 nm with a UV-Vis spectrophotometer.

In this study, the persulfate solution 1-6 mM was pre-
pared, compared with the removal efficiency of phenol and
Cr(VI) when presence or absence of persulfate and different
concentrations.

The adsorption capacity and removal efficiency of Cr(VI)
were calculated using Egs. (1) and (2), and phenol by Egs. (3)
and (4):

g,=—2—=xV 1)
m
R=50=C L 100% )
0
q(:CO_CtXLOOOXV 3
m
szxloo% (4)
C

0

where R (%) and g, are the removal efficiency and adsorption
capacity of Cr(VI) and phenol, respectively; C, and C, are the
initial and ¢ min concentrations of Cr(VI) and phenol in solu-
tion (mg/L).

To investigate the effect of free radicals in the removal
of Cr(VI) and phenol, tert-butanol and ethanol were used as
scavengers for sulfate radicals and hydroxyl radicals, respec-
tively. Tert-butanol and ethanol were with molar ratios 1:1
(the quantity of tert-butanol and ethanol, respectively, was
added 1 mL and 1 mol/L) at different reaction times of scav-
enger to phenol or Cr(VI) in this study. Aliquots of suspen-
sion were collected centrifuged for later analysis.

3. Results and discussion
3.1. Characterization of catalyst

The XRD patterns of nZVI and nZVI/APT are shown in
Fig. 1. The nZVI showed a weak and broad peak at about
20 = 44.6°, which were indexed to the (110) planes and
consistent with the standard XRD corresponding to the
body-centered cubic iron(0) (JCPDS card no. 06-0696) [29].
The presence of iron oxide with weak intensities in the XRD

31.2

44.6° APT/mZVI

8.6°

19.7° il

62.2°

1 " 1 M L M i
10 20 30 40 50 60 70 80
2 Theta/degree

Fig. 1. XRD patterns of nZVI and nZVI/APT.
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pattern of the nZVI particles (20 = 35.3°, 62.2°) [30], which
due to the surface of nZVI was oxidized. It can be seen that
a characteristic peaks at 20 = 8.6°, 19.7°, 26.8° consistent with
the standard peak of APT [31], indicated that the structure of
APT was maintained very well in the preparation process. The
high intensity diffraction peak at 20 = 31.2° which attributed
to quartz. The XRD patterns of nZVI/APT composites showed
an obvious characteristic diffraction peak of nZVI appearing
at 20 = 44.6°, indicating that the nano zero-valent iron has
been successfully supported on APT.

Fig. 2 shows the XPS curve of prepared nZVI/APT. It
demonstrates adsorbant nZVI/APT surface mainly con-
tained Fe, O, C and Cr(VI) elements, at the same time
amount of N and S (Fig. 2a). The curve of Fig. 2b was adsor-
bant before reaction with pollutants, the peaks at 706.8
and 720.0 eV belonged to Fe’, indicating that the compos-
ites nZVI/APT were successfully prepared. In addition, the
peaks at 710.5, 712.2 and 724.5 eV were assigned to Fe(II)/
Fe(Ill) (Fe 2p3/2), Fe(Ill) (Fe 2p3/2) and Fe(Ill) (Fe 2p1/2),
respectively [32,33]. As can be seen, the peaks of Fe(IIl) and
Fe(Il) existing in the sample confirmed that parts of nZVI
were oxidized and formed a thin oxidation layer on the
adsorbents’ surface before reaction. After reaction, the peak
at 706.8 eV was disappeared and the peak at 720.0 eV was
significantly weakened. Meanwhile, the percentage of iron
decreased from 23.62% before the reaction to 8.93%, which
all declare that nZVI played an important part in the reac-
tion process. The result was corresponding to the analysis
of XRD. The new peaks around 575-590 eV corresponded to
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Cr2p in Fig. 2d [34]. As can be seen, the peaks at 579.5 and
589.3 eV were attributed to the Cr(VI) 2p, while the peaks
at 575.6 and 585.2 eV belong to the Cr(III) 2p [35]. And after
reaction, the total peaks intensity of Cr(VI) was 18%, how-
ever the Cr(IIT) was 82%. All the results indicated that Cr(VI)
was adsorbed on the surface of nZVI/APT and reduced to
Cr(II) by nZVI. Finally, it was removed by reacting with Fe?"
to form FeCr,O, [35].

The surface morphology images of the nZVI and nZVI/
APT composite were evaluated by TEM. As shown in Fig. 3a,
it has been seen that spherical nZVI particles seriously aggre-
gate and form prominent chain-like aggregates because of
their magnetic property, the ground magnetic force, and the
magnetic force between the particles and the surface tension.
The nZVI granules in Fig. 3b were obviously dispersed, the
nZVI spherical granular loaded on the surface of rod-like
APT and have diameters within 100 nm. The results demon-
strated that APT as a support material was effective in reduc-
ing the aggregation and accelerating the dispersion of nZVI.
After reaction with phenol and Cr(VI) in Fig. 3c, where obvi-
ously observed the number of nZVI was greatly decreased,
implying nZVI plays a major role in the reaction process and
APT supported nZVI could greatly improve the reactivity of
nZVI particles.

The N, adsorption—-desorption isotherms and pore size
distributions of nZVI/APT were shown in Fig. 4. The BET
parameters of the nZVI and nZVI/APT composite are shown
in Table 1, and indicated that the composite nZVI/APT mainly
contains mesoporosity. The BET SSAs of nZVI/APT and nZVI
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Fig. 2. XPS spectra of nZVI/APT: (a) full spectra; (b) and (c) Fe 2p of reaction before and after, (d) Cr 2p after reaction.
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Fig. 4. N, adsorption—-desorption isotherm (a) and pore size distribution (b) of nZVI/APT.

Table 1
BET parameters of nZVI and nZVI/APT

nZVI nZVI/APT
BET surface area (m?/g) 17.51 54.20
Total pore volume (cm®/g) 0.0455 0.1323
Adsorption average pore 103.9 97.61

width(4V/A by BET) (nm)

were 54.2 and 17.5 m?/g, respectively. The results show that
the SSA of the nZVI/APT composite was nearly three times
that of nZVI, which mainly due to the porous structure of
APT and improvement of the dispersion of nZVL

The FT-IR spectrum of APT, nZVI/APT composite and
nZVI/APT after reaction with pollutants are revealed in
Fig. 5. The strong absorption peaks at 3,553 and 3,416 cm™
belong to the -OH group in the attapulgite, which are the
stretching vibration peaks of AI-OH and the stretching vibra-
tion peak of Mg—-OH [36]; The characteristic absorption peak
at 1,651 cm™ is the stretching vibration of zeolite water. The
characteristic peaks appearing at 1,027 and 985 cm™ corre-
spond to the skeleton structure of attapulgite [37], where the
Si-O-Si peak at 1,027 cm™ and the Si—-OH peak at 985 cm™
demonstrate the presence of nanorod-like structures of atta-
pulgite; The absorption peak at 468 cm™ is attributed to the
stretching vibration of o, , [31]. Compared with the reaction
before, the peaks of reaction after is no obvious change, so
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we applied other tests to characterize the surface elements
changes in the material after the reaction. Consider the wave-
numbers of the main characteristic peaks of APT, it means the
supported nZVI has no change in the skeleton of APT.

3.2. Parameters affecting degradation of Cr(VI) and phenol
3.2.1. Removal of Cr(VI) and phenol by different materials

At 298 K, the concentration of persulfate was 2 mM, and
50 mg of different materials APT, nZVI and nZVI/APT were
used to remove 50 mL of Cr(VI) and phenol aqueous solu-
tion (adjusted solution pH = 3) with initial concentrations of
30 and 20 mg/L, respectively. The effect of different materi-
als APT, nZVI and nZVI/APT on removal Cr(VI) and phe-
nol in the presence of Ps is shown in Fig. 6. As presented in
Fig. 6a, the results indicated that nZVI/APT was proved to
be the most efficient in that more than 98.7% of Cr(VI) was
removed after 60 min, while approximately 83.1% of Cr(VI)
was removed using nZVI and a mere 6.3% for APT. The effi-
ciency of removing Cr(VI) in aqueous solution using nZVI/

henol

nZVI/APT-Cr(VI)-p

nZVI/APT

1 " 1 " 1 i 1 i 1 i 1 i 1

4000 3500 3000 2500 2000

Wavenumber(cm™)

1500 1000 500

Fig. 5. FTIR images of APT and nZVI/APT and nZVI/APT after
reaction with pollutants.
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APT was higher than nZVI since APT as a support material
could disperse and stabilize nZVI as well as increase the reac-
tivity and decrease the aggregation of the nZVI. APT has the
lowest removal rate of Cr(VI), and it was only the adsorption
effect of APT. For the removal of phenol as shown in Fig. 6b,
the removal efficiency of phenol by nZVI/APT was 80.3%
after 60 min, whereas about 36.4% and 9.7% of phenol was
removed with nZVI and APT, respectively. It was observed
that removal efficiency of phenol by nZVI/APT was highest,
suggesting that nZVI/APT in the presence of Ps exhibited
a high reactivity toward phenol oxidation. The removal of
phenol was mainly in the acidic conditions nZVI/APT can
produce Fe*" and electrons [25], as well as nZVI reacts with
Cr(VI), Fe* can activate persulfate to produce sulfate radi-
cal anions. Sulfate radical anions can oxidize phenol and
then achieve the purpose of removal [38]. The simultaneous
removal efficiencies of Cr(VI) and phenol by nZVI/APT in the
presence of Ps were 98.7% and 80.3% after 60 min, respec-
tively. The result revealed that the simultaneous removal of
Cr(VI) and phenol could be achieved by nZVI/APT compos-
ites in the presence of Ps.

Table 2 shows the comparison of Cr(VI) and phenol co-re-
moval by different materials under different experimental
conditions. It can be seen that nZVI/APT in the presence of
Ps is more efficient for removal of Cr(VI) and phenol than the
other adsorbents.

3.2.2. Effect of nZVI and APT ratios

To evaluate the reactivity of nZVI in the removal process
of Cr(VI) and phenol in aqueous solution, effect of different
nZVI and APT mass ratios on the removal efficiency of Cr(VI)
and phenol in the presence of Ps was investigated. As shown
in Fig. 7a, the removal of Cr(VI) increased with the increase
of the attapulgite/iron mass ratio from 1:1 to 2:1, but further
increasing the amount of nZVI (attapulgite/iron mass ratio:1:2
to 1:1) did not enhance the Cr(VI) removal performance nota-
bly. Although both removal efficiencies and reaction rates
of Cr(VI) for nZVI/ATP (1:1) were lower than the other two
mass ratio composites in the first 30 min. The removal of
Cr(VI) by three different mass ratio were all nearly above
99% after 120 min, which indicated that APT can prevent the
agglomeration of nZVI and enhance the reactivity of nZVI

80 |

3

-
=
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—=—nZVI/APT
—eo— APT

Cr(VI) removal rete(%)

80
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Fig. 6. Removal of Cr(VI) (a) and phenol (b) by nZVI, APT and nZVI/APT.
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Table 2
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Comparison of removal rate of various systems for Cr(VI) and phenol

Initial concentration

Removal rate (%)

Materials Cr (VI) Phenol T (°C) Time pH Cr(VI) Phenol References
Acinetobacter guillouiae 10 mg/L 300 mg/L  28°C+2°C 7h 4-7 38 (£3.9) 54.2(x1.2) [39]
SEC 500-1A
B/nZV1/Ps 0.38 mM 0.11 mM 25°C +1°C 30 min 5 99.3 71.5 [28]
WS,-cocatalytic 40 mg/L 10 mg/L - 5 min 3.5-4 80 60 [40]
BiOI/rGO/Bi,S, 50 mg/L 10 mg/L - 4h 3 73 95 [41]
CFR - 100 mg/L  30°C 60 min 2-8 - 93 [42]
AC-peanut shell 30 mg/L - 25°C 24h 2-4 46.6 - [43]
H,PO,-peanut shell 80 mg/L - 25°C 240 min 2 96.0 - [44]
nZVI/APT-Ps 30 mg/L 20 mg/L 25°C +2°C 60 min 3 98.7 80.3 This work
w0 A N " n sok
g 90 } 9\3 70 |
B Seot
= —a—2i1 EES ——21
5 —e—1:1 o —e—1:1
70 —a— 12 —_—1:2
40
0 20 40 60 80 ltlm 120 0 20 40 60 80 100 120
Time(min) Time(min)

Fig. 7. Effect of different m,,:mn,, mass ratio on degradation of Cr(VI) (a) and phenol (b).

in the composite. From Fig. 7b, it can be seen that when the
APT/nZVI mass ratios were 2:1, 1:1 and 1:2, the removal effi-
ciencies of phenol at 120 min were 82.2%, 78.3% and 70.7%,
respectively. In the acidic conditions (pH = 3), nZVI/APT can
easily produce Fe? and it could activate persulfate to gen-
erate sulfate radical anions, and then phenol was removed
by oxidization. Taking into account the removal efficiencies
and reaction rates of Cr(VI) and phenol, the ratio of 2:1 was
adopted as the optimal mass ratio for the following experi-
ments finally.

3.2.3. Effect of pH value

The pH value of solution is the main factor affecting the
degradation of Cr(VI) and phenol, and its function is to con-
trol the catalytic activity. Fig. 8a depicts the profiles of Cr(VI)
and phenol removal efficiencies at different pH values when
the reaction time was 60 min. As shown in Fig. 8a, when the
pH varies from 3 to 10, the removal efficiencies of Cr(VI) were
above 98% in this range. It can be seen that pH has almost
no effect on the removal of Cr(VI), which revealed that the
nZVI/APT composite has high reactivity with Cr(VI) and can
effectively remove Cr(VI). However, the removal efficiency is
slightly lower at pH = 10, it is attributed to the fact that Fe*

and Fe?* could form iron hydroxide on the surface of nZVI/
APT to hinder the removal of Cr(VI). The influence of APT
and nZVI/APT at different pH values on their surface elec-
trical properties was studied using zeta potential in Fig. 8b.
It can be seen that the isoelectric point (pH of zero point
charge, pH ) of APT and nZVI/APT was 2.5 and 4.9, respec-
tively. At p‘i—l >pH ,, APT and nZVI/APT surfaces have net
negative charge, while at pH < pH_ , surface have positive
charge [30]. In the experiment, when pH < 4.9, the surface of
nZVI/APT was positive charge, which will be conducive for
the electrostatic attraction of Cr,02- and CrO? and accelerate
the reduction and degradation of Cr(VI) by nZV], as well as
the production of Fe?".

The results indicated that phenol removal efficiency
decreased with the increase of pH value in Fig. 8a. When
the pH values of the mixed solution were 3, 5, 7 and 10, the
removal efficiencies of phenol by nZVI/APT-Ps after 60 min
were 80.3%, 55.4%, 51.6% and 38.3%, respectively. The results
show that phenol has high removal efficiency under acidic
conditions. This is due to the more dissolved Fe?" and elec-
trons production under acidic conditions [45]. Dissolved Fe?
could activate persulfate to generate more sulfate radical
anions to oxidize phenol. Furthermore, under neutral and
alkaline conditions, Fe* and Fe*" could form iron hydroxide
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Fig. 8. Effect of pH value on the Cr(VI) and phenol removal (a); Zeta potential of APT and nZVI/APT (b).

on the surface of nZVI/APT, hindering the generation and
release of Fe?*[38].

3.2.4. Effect of Ps

Effect of Ps on the removal of Cr(VI) and phenol is pre-
sented in Fig. 9a. As shown in Fig. 9a, it was observed that the
removal rate of phenol increased from 31.1% to 86.2% after
120 min when persulfate was added. The enhanced removal
of phenol was mainly attributed to catalytic persulfate oxida-
tion. Compared with the nZVI/APT without persulfate, the
removal rate of Cr(VI) increased from 97.8% and 99.2%, indi-
cating that the presence of persulfate could not reduce nZVI
reactivity toward Cr(VI) but remarkably promote phenol
oxidation. The results clearly demonstrated that the simul-
taneous removal of Cr(VI) and phenol could be successfully
achieved by nZVI/APT in the presence of Ps. Moreover, there
is no obvious difference in Cr(VI) removal when the Ps con-
centration in the range of 1-6 mM (Fig. 9b), which further
indicated that the presence of Ps had no negative effect on
the removal of Cr(VI). It is mainly due to the existing excess
nZVI, meaning that reduction activity of nZVI is sufficient to
remove Cr(VI). The formed Cr(III) species would not be reox-
idized into Cr(VI) in the presence of persulfate and sulfate
radical anions. When the concentration of Ps was 2 mM, the
removal efficiency of phenol was 82.2% after 120 min. It was
found that the removal efficiency of phenol decreased grad-
ually when the concentration of Ps exceeded 2 mM, which
may be due to the sulfate radical anions self-scavenging. In
addition, the Fe?" can react with sulfate radical anions, which
consumes part of the sulfate radical anions, leading to the
decrease of removal rate of phenol [45,46].

3.2.5. Effect of Cr(VI)/phenol concentration ratios

Fig. 9c shows that the Cr(VI) removal efficiency is above
98% after 60 min, and there is almost no significant differ-
ence within the Cr(VI)/phenol concentration ratio range of
3:1-3:6. However, the removal efficiency of phenol gradually
decreases with the increase of phenol concentration. When
Cr(VI)/phenol concentration ratios were 3:1, 3:2, 3:3 and 3:6,
the removal efficiencies of phenol at 60 min were 83.4%,
80.3%, 48.7% and 18.4%, respectively. It could be interpreted
that the removal efficiency of phenol was decreased, a large

number of SO;~ radicals were consumed with the increase
of phenol concentration, it hindered the removal of phenol.
Furthermore, the Cr(VI) concentration didn’t change that
lead to produce number of Fe?" keep constant, and mean-
while Fe? activation persulfate produces a certain amount of
SO;- radicals [46] resulting in phenol removal performance
decreased.

3.2.6. Fe content in the solution after removal of pollutants
and the regeneration of adsorbent

Single-factor experimental analysis showed that nZVI
played an important role in removing phenol and Cr(VI),
and the dissolved content of Fe in the solution was also the
focus in this study, and the research results are shown in
Fig. 10a. The concentration of total Fe and Fe* was increased
with reaction, due to a redox reaction between iron and
chromium and iron is oxidized to Fe* and Fe*. However,
the content of Fe?* remained below 1.5 mg/L that mainly
because it was used to activate persulfate to generate SO,~
and oxidize phenol.

The regeneration of nZVI/APT was carried out with
20 mg/L phenol and 30 mg/L Cr(VI) solution and 0.5 g
adsorbent dosage at pH was 3. After reacting with phenol
and Cr(VI) for 60 min, the adsorbents were desorbed by dis-
tilled water. The result is shown in Fig. 10a. Removal effi-
ciency of the nZVI/APT gradually declined with number of
cycles increase. At the first cycle, the removal efficiency was
95% and 84.5% for phenol and Cr(VI), but after fifth cycle
the removal rate was only 49.7% and 12.5%, respectively.
The main reason was that the consumption of nZVI and Ps
increased and there were no excess active sites for adsorption
of pollutants with the increase of the cycle of reuse.

3.3. Kinetic study of nZVI/APT

Adsorption capacity is one of the important parameters
for adsorbents. And adsorption kinetics is an important tool
to study the adsorption process and control the adsorption
rate to obtain relevant kinetic parameters [47]. As can be seen
from Fig. 11, the adsorption and degradation was fast in the
first 40 min and the reaction adsorption equilibrium was
reached at 200 min. With the increase of concentration, the
adsorption capacity of nZVI/APT on Cr(VI) augments rapidly



158 H. Xu et al. / Desalination and Water Treatment 184 (2020) 150-162

100 | (a) —
80 |-
I
60 | —a—phenol-nZVI/APT
? —o—phenol-nZVI/APT-Ps
E‘Z w0k —4— Cr(VI)-nZVI/APT
—v—Cr(VI)-nZVI/APT-Ps
-‘/
20 |-
0
1 i 1 i 1 i 1 i 1 i 1 i 1
0 20 40 60 80 100 120
t (min)
100 - Il cr(vD) (b)
I Phenol

80
S
T 60
£
=
2
g 40
D
&~

20

0
1 2 3 4 5 6
Persulfate concentration(mM)
100 |-
(c)

80 | —a—Cr(VI)
§ —e— Phenol
g
£ 60|
=
>
S
g
I~ 40 |-

20 |

1 i 1 i 1 i 1
3:1 3:2 33 3:6

Cr(VI):Phenol concentration ratios

Fig. 9. Simultaneous removal of Cr(VI) and phenol by nZVI/APT,
nZVI/APT-Ps system (a); effect of Ps concentration on removal
of Cr(VI) and phenol (b); effect of Cr(VI)/phenol concentration
ratios on removal of Cr(VI) and phenol (c).

than phenol. It can be seen that nZVI plays an important role
in degradation of pollutants at composite materials.

In order to study the control mechanism of adsorp-
tion process, different kinetic models are applied such as
pseudo-first order (PFO), pseudo-second order (PSO) and

intra-particle diffusion (ID). The forms of the equations are,
respectively, expressed by using Egs. (5)—(7):

In(q, —q,)=Ing, - K}t (5)
t t t
= ©)
9. ka. a.
g, =kt +C @)

where k, (min™) is the rate constant of pseudo-first order model
adsorption, k, (g:(mg min)™) is the rate constant of pseudo-
second order model adsorption, q, (mg/g) is the adsorption
capacity at equilibrium, g, (mg/g) is the adsorption capacity
at time ¢, t (min) is contact time, k, (mg-(g min'?)™) is the rate
constant of intra-particle diffusion kinetic models and C is
constant. The values of kinetic parameters are listed in Table 3.

From the analysis of Table 3, the correlation coefficient
of the pseudo-second order kinetic model is closer to 1. This
suggests that the pseudo-second order can better describe the
nZVI/APT remove of phenol and Cr(VI). Because the pseu-
do-second order kinetic model is based on the assumption
that the adsorption rate is controlled by the chemical adsorp-
tion mechanism, the rate of the adsorption process is con-
trolled by the chemical adsorption process.

3.4. Adsorption isotherms study of nZVI/APT

Adsorption isotherm is an effective method to study the
interaction between adsorbent and adsorbant [48]. In this
study, the following Langmuir (Eq. (8)), Freundlich (Eq. (9))
and Temkin (Eq. (10)) models to be used:

9 — g + i (8)
qe qm qmb
1
Ing, =InK, +-InC, 9)
n
g, =BInK, +BInC, (10)

where g (mg/g) is the calculated adsorption capacity at max-
imum, g, (mg/g) is the experimental adsorption capacity at
equilibrium, C, (mg/L) is the equilibrium concentration of
the solution, K, (L/mg) is a Langmuir constant, K, (mg/L)is a
Freundlich constant, B, = RT/b, T is the absolute temperature
in Kelvin, R is the universal gas constant (8.314 ] K™ mol™),
K, is the equilibrium binding constant, and the constant B, is
related to the heat of adsorption.

The parameters of the different adsorption isother-
mal model with removing phenol and Cr(VI) are shown in
Table 4. As can be seen from the correlation coefficient (R?),
this adsorption and degradation process is a typical mono-
layer adsorption [49]. g, values were, respectively, 26.61 and
60.75 mg/g for the phenol and Cr(VI) when temperature
was 318 K. The adsorption capacity increases with the tem-
perature increase, indicating that the adsorption process is
endothermic, and the higher the temperature, the better the
adsorption process.
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Table 3
Adsorption kinetic parameters of binary contaminant solutions

Phenol adsorption C; (mg/L)

Cr(VI) adsorption C, (mg/L)

Model Parameters 20 30 40 30 45 60
PFO K, 0.0676 0.0362 0.0215 0.0419 0.0233 0.0216
q, 2.54 15.63 15.22 8.11 14.42 25.71
R? 0.9752 0.9777 0.9935 0.8093 0.9379 0.9908
PSO K, 0.0115 0.0021 0.0026 0.0102 0.0 030 0.0012
q, 20.64 32.09 31.42 22.54 32.23 42.84
R? 0.9996 0.9996 0.9932 0.9981 0.9977 0.9847
D Kp 0.7089 1.2681 1.5842 1.0604 1.6262 2.5616
C 13.00 12.41 12.16 14.35 13.24 10.23
R? 0.7712 0.9478 0.9835 0.5609 0.8871 0.9985

3.5. Discussion of reaction mechanism

Fig. 12 illustrates the UV-Vis spectra of Cr(VI) and phenol
at different reaction times. At the beginning, the characteristic
absorbance band of Cr(VI) was 540 nm before reaction, which
decreased rapidly and basically disappeared in 120 min.
It indicated that Cr(VI) can be reduced to Cr(Ill) by redox
reaction with nZVI via Eq. (1) [13,50]. Fig. 11b shows that

the characteristic absorbance band of phenol was at 510 nm
before reaction, which decreases significantly with the
progress of the reaction, it implied that phenol was oxidized
and degraded by SO, radicals.

In the experiment, the removal of phenol was mainly
caused by the oxidation of sulfate radicals and hydroxyl
radicals. In order to determine the role of free radicals
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Table 4
Adsorption isotherm parameters of binary pollution solutions
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Temperature (K)-phenol

Temperature (K)-Cr(VI)

Model Parameters 298 308 318 298 308 318
Langmuir q. 23.45 22.19 26.61 35.50 34.19 60.75
KL 2,643 28,013 2,278 2.16 1.35 122.9
R? 0.9950 0.9992 0.9934 0.9980 0.9895 0.9965
Freundlich K‘E 23.66 26.16 51.37 29.39 28.34 73.69
1/n 0.0149 0.0460 0.1536 0.0538 0.0448 0.1524
R? 0.4684 0.9297 0.9715 0.9430 0.5983 0.8424
Temkin B1 0.3185 0.9393 3.653 1.72 1.40 6.70
KT 23.57 25.50 42.17 6.5 x 10%2 1.8 x 102 3.4 x10%
R? 0.4381 0.9207 0.9801 0.9384 0.5675 0.8991
1.0 1.0
a 0 min —— 0 min
—— 10 min —— 10 min
——— 60 min —— 60 min
—— 120 min —— 120 min
05| 05
£ :
0.0 0.0 |-
4(‘)0 6(‘)0 8(‘]0 100 40:) 60:) 80:) 1000
Wavelength(nm) Wavelength(nm)

Fig. 12. UV-Visible spectral of Cr(VI) (a), phenol (b) at different reaction times and Fe content in the solution after removal of Cr(VI)

and phenol (c).
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Fig. 13. Effect of radical scavengers on the Cr(VI) and phenol removal (a) and reaction mechanism (b).

in the removal of phenol, tert-butanol and ethanol were
used as scavengers for sulfate radicals and hydroxyl radi-
cals, respectively. The kinetic rate constants of tert-butyl
alcohol with sulfate radicals and hydroxyl radicals were
Kipanydronytradica = (3:8-7.6) 10°M™s™and Koy pateradgica = (40—
9.1) x 10°M* s [51,52]. Ethanol was the scavenger agent

of hydroxyl radicals, and its kinetic rate constant was
(K ethanot-hydroxyiradica = (1.2-2.8) % 10° M1 s!) [53]. It can be
observed in the Fig. 13a that the removal efficiency of phe-
nol drops sharply when added the scavenger, among which
the phenol removal efficiency was 21.1% when ethanol was
added, and the phenol removal efficiency was 13.5% in the
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presence of tert-butanol. The results showed that the sul-
fate radicals played a major role in the removal of phenol,
and the hydroxyl radical was also produced. The scavenger
agent has no effect on the removal of Cr(VI), and it is con-
firmed that the removal of Cr(VI) was mainly the reduction
of nZVL

The reaction mechanism of the simultaneous removal of
Cr(VI) and phenol by nZVI/APT combined with persulfate
system as shown in Fig. 13b. At first, Cr(VI) was reduced into
Cr(III) by nZVI can be described in Eq. (1). Meanwhile, the
reaction process can generate Fe?, which can react with per-
sulfate to produce SO;~ via Eq. (3).

5Fe’ + Cr,03 +14H" — 2Cr’ +2Fe*" +

11
3Fe*" +3Fe” +7H,0 )

In addition, the aqueous Fe* was more easily released
into solution from the nZVI/APT at acidic conditions via
Eg. (2). At the same time, SO;~ can react with H,O to produce
HO* via Eq. (4).

2Fe’ +0, +4H" — 2Fe? +2H,0 (12)
Fe’" +5,0.” —» Fe’ + S0} +S0;" (13)
SO, +H,0 —» HO" + HSO, (14)
SO; /HO" + Phenol — degradation products (15)

4. Conclusions

In this study, the nZVI/APT composite was prepared
by the effective supporting of nZVI nanoparticles onto the
APT rod-like structures and could be efficiently applied for
simultaneous removal of Cr(VI) and phenol from aqueous
solutions in the presence of persulfate. The results indicated
that nZVI/APT combined persulfate system had a good syn-
ergistic effect on the simultaneous removal of Cr(VI) and
phenol. APT could disperse the nZVI granules effectively,
and prevent its agglomeration to enhance reactivity of nZVI.
The Cr(VI) removal was mainly due to the reduction of nZVI,
while the degradation of phenol mainly contributes to the
SO;- from the decomposition of persulfate. Persulfate can
produce more oxidative sulfate radical anions with Fe*" and
improve its reactivity. Under pH = 3 acidic condition, the
batch experiments confirmed that Cr(VI) and phenol removal
efficiencies after 60 min were about 98.7% and 80.3%, respec-
tively. The study showed that nZVI/APT combined persul-
fate system has a great potential as an efficient adsorbent
for water containing pollutants such as heavy metals and
organic compounds.
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