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Highly efficient and rapid removal of arsenic(i)
from aqueous solutions by nanoscale zero-valent
iron supported on a zirconium 1,4-
dicarboxybenzene metal-organic framework (UiO-
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A zirconium 1,4-dicarboxybenzene metal-organic framework (UiO-66 MOF) was successfully used as
a template to enhance the distribution and activity of nanoscale zero-valent iron (NZVI). MOF-NZVI
showed good anti-interference ability to co-existing ions (Ca%*, Mn?*, Cu?*, H,PO4~ and SO427) and
organic acids (oxalic acid and citric acid). SEM and TEM analyses indicated that the MOF as a support
efficiently prevent NZVI from aggregation for quick and effective removal of As(i). Through the non-
linear least-squares (NLLS) adjustment, As(i) removal by MOF-NZVI could be well fitted by pseudo first
and second order reaction kinetics, as well as the Freundlich isotherm. FTIR, XRD and XPS results verified
that NZVI and iron oxyhydroxides (FezOy4, y-Fe,0s, y-FeOOH and a-FeOOH) might be responsible for
the effective removal of As(i) and its oxidized product As(v) with an adsorption capacity of 360.6 mg As
per g NZVI through chemical oxidation and physical adsorption. This work indicates that MOF-NZVI with
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Introduction

Arsenic(m) is a serious health and environmental hazard.* Due
to the high affinity of arsenic(m) to vicinal sulfhydryl groups
through reacting with various proteins, arsenic(in) can inhibit
the activity of proteins.> The long-term ingestion of arsenic(i)
polluted groundwater can cause many serious diseases and
even cancer.” The World Health Organization (WHO) recom-
mended that As(u) in drinking water should be less than 10 pg
L~ to protect against health impacts.* To meet these stringent
guidelines for drinking-water quality, particularly in developing
nations where technologies and resources are limited and most
communities are at risk, there is a need to develop efficient,
inexpensive and practical technologies to remove As(u) from
contaminated water.

Nanoscale zero-valent iron (NZVI) is known to efficiently
remove toxic As(m) from aqueous solutions.” Unexpectedly, the
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good reusability and high efficiency is promising for application in As(in)-polluted wastewater treatment.

aggregation and instability of NZVI frequently happened,
consequently restricting the efficient removal of contaminants
from effluents.® To address these issues, surfactants and noble
metals have been used to improve the stability and dispersion of
NZVI in the aqueous solution.”® More recently, many porous
materials were also used as a support to enhance their disper-
sion and reactivity.>*®

Metal-organic frameworks (MOFs) with the exceptionally
high surface areas and porous networks may bring an inspiring
breakthrough for wastewater treatment."* MOFs have been
modified by other functional materials to improve their prop-
erties and performances in various advanced fields, such as gas
separations, sensors, drug transport and environmental reme-
diation.”** MOFs can be used as a promising platform or
support for other nanomaterials to develop novel catalytic
composites.'* Recently, MOFs with single-molecule traps
(SMTs) prevented enzyme from the aggregation through
encapsulating each enzyme molecule in a SMT.*

Several MOFs have been designed to remove heavy metals
from aqueous solution by adsorption.'* MOF based on Cu-
benzene tricarboxylates has already been proven to effectively
adsorb Cr(vi) from aqueous solution.” Zeolite-imidazolate
frameworks (ZIF) could remove heavy metals with high
concentrations.”® Enhanced ZIF-8 nanocomposites offered
a highly efficient reduction of Cr(vi) from aqueous solution.”
The zinc(u) metal-organic frameworks showed effective
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adsorption of Cd(u), Co(u), Cr(wm), Cu(u) and Pb(u) in trace
amounts.”® Moreover, MOFs showed excellent performance for
the removal of As(m) at ppb levels from aqueous solution.”
However, As(m) adsorption onto ZIFs through surface
complexation occurred within 2 h, which was a comparatively
slow process,** as well as metals adsorption on Cu-BTC."” New
designs that improve the stability and decontamination
performance will overcome the current limitations of MOF
composites.

Inspiringly, NZVI modified by MOFs was successfully
prepared for solid phase extraction of N- and S-containing
polycyclic aromatic hydrocarbons.?* Fe-based MOFs were used
as a chemical precursor to synthesize NZVI on porous carbon to
efficiently remove Cr(vi).”> NZVI was distributed uniformly in
the carbon support, leading to prevent the agglomeration of
these nanoparticles.® MOFs could also be employed as
templates for the fabrication of magnetic iron oxide composites
for the adsorption of organic dyes from wastewater.”* UiO-66
with high surface area and stability has become one of the
most popular MOFs,* leading to its potential application as
a support for nanoparticles. Furthermore, UiO-66 is effective to
capture heavy metals from aqueous solution, such as As(v) and
U(v1).2?” Herein, our central hypothesis is that UiO-66 MOFs as
the template for supporting NZVI can substantially enhance the
removal efficiency of As(m) from aqueous solutions.

The main objectives are to: (1) test the stable UiO-66 MOFs as
the template to support and distribute NZVI, (2) examine
removal efficiencies of As(m) at different conditions using MOF-
NZVI and (3) reveal the removal mechanism of As(u) using
MOF-NZVI by electron microscopic and spectroscopic analysis.

Experimental

Ui0-66 MOFs (C4gH,4030Zr6, BET surface area > 1100 m* g™ )
were provided by Strem Chemicals, Inc. (Massachusetts, United
States). 1 g L' Na;AsO; solution was purchased from National
Centre for Certified Reference Materials (Beijing, China). BH, ™
and Fe(u) stock solutions were freshly prepared using sodium
borohydride (NaBH,) and ferrous sulfate tetrahydrate (FeSO,-
-4H,0) (Sigma-Aldrich Co., USA), respectively. All other chem-
icals were analytical reagent grade.

MOF-NZVI was in situ synthesized using UiO-66 MOFs as
a support model according to a previous procedure.*® After
ferrous ions (0.1 g of FeSO,-4H,0) was dissolved into 100 mL of
alcohol-water solution (8 : 1 v/v) in a three-necked open flask,
commercial MOFs (0.125 g) was added into the flask. After the
magnetic stirring at 65 °C for an hour, a freshly prepared
solution through the dissolution of 0.95 g NaBH, in 100 mL
deionized water was introduced into the above mixture drop by
drop under constant stir of 180 rpm. The freshly prepared MOF-
NZVI was put quietly for 24 h, and then washed using deionized
water for three times. The MOF-NZVI was stored in a brown
bottle for further use. The theoretical mass fraction of NZVI via
the reduction of FeSO,-4H,0 by NaBH, on the surface of the
MOF-NZVI was about 16.7% and MOF-NZVI had a Sggr of 82.2
m? g~'. The whole process was carried out in a nitrogen
atmosphere.
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Effects of different experimental factors on the removal
efficiencies and mechanism of As(m) using MOF-NZVI were
conducted according to the following procedure. Effects of pH
on the removal efficiency of As(ur) were investigated and the pH
was adjusted to 3.0, 5.0, 7.0, 9.0 and 12.0 using 0.1 mol L™ " HCI
and NaOH, respectively. The concentration of As(u) was also
chosen as a variable in five levels at 20, 40, 60, 80 and
100 mg L™ ". Effects of temperatures on the removal efficiency of
As(m) were conducted at 15, 20, 25 and 30 °C. MOF-NZVI (0.15 g)
was mixed with the prepared As(um) wastewater (100 mL) in
brown bottles, which were put in a water-bathing constant
temperature vibrator to achieve the stable reaction temperature
and uniform mixing. Then, 5 mL dispensable syringes and 0.45
um filters were used to withdraw and filter samples for further
analysis. All experiments were performed in duplicate.

Kinetics of As(m) removal by MOF-NZVI were described using
the pseudo-first-order and pseudo-second-order reaction.”
According to a previously procedure,® the nature of adsorption
process was also evaluated using Langmuir and Freundlich
isotherm models, as well as the thermodynamic parameters
such as enthalpy change (AH®), Gibbs free energy change (AG?)
and entropy change (AS°).

Recyclability investigation of MOF-NZVI to remove As(u1) was
according to the previous procedure.* MOFs-NVZI (Myop-nzvi =
0.15 g, mass fraction of NZVI = 16.7%) was added to 20 mg L ™"
As(m) solution (100 mL) and the mixture was left at room
temperature with slightly stirring. After 1 h, MOF-NZVI was
collected and washed by 0.01 mol L™ HCI solution for 3 times.
Then, these MOF-NZVI was soaked in deionized-deoxygenated
water for 24 h. The MOF-NZVI was used to remove As(i) for 5
times in succession to test the efficiencies of recyclability under
the identical experimental conditions.

The morphological structure of MOF-NZVI was evaluated
using scanning electron microscope (SEM) (SEM, FEI Nova
NanoSEM 230) at a accelerating voltage of 10-20 kv, as well as
transmission electron microscope (TEM, FEI Tecnai G2 F30).
Inductively coupled plasma-mass spectrometry (ICP-MS, Elan-
9000, PE) was used to determine the concentrations of arsenic
and Fe ions. A Nexus fourier transform infrared (FTIR) spec-
troscopy was used to offer FTIR spectra for MOF-NZVI before
and after their reaction to As(m). X-ray diffraction (XRD) using
an X-ray diffractometer (IPDSII T, STOE Company, Germany)
with a copper target was conducted to characterize the MOF-
NZVI materials at 40 kV and 40 mA. The valence change of
arsenic and Fe on the surface of MOF-NZVI was investigated
using the X-ray photoelectron spectroscope (XPS, PHI 5000
Versa Probe) at an energy spectrum range of 40-48 eV for As and
700-730 eV for Fe. The specific surface area (Sgrr) of MOF-NZVI
was also estimated with Brunauer-Emmett-Teller (BET) N,
method.

Results and discussion

The SEM characterization is shown in Fig. 1. The particle size of
MOFs (UiO-66) was 0.20-0.36 pm and the particles had clearly
visible facets (Fig. 1(A)). The Zr-O bonds between the cluster
and carboxylate ligands were known to increase the stability of

This journal is © The Royal Society of Chemistry 2019
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Zr-based MOFs.*® The strong Zr-O bonds and the stable Zre-
-cluster core also contributed to the special stability of UiO-66.%
After NZVI was supported on MOFs (UiO-66), the surfaces of
MOFs were rough, however, the structure of MOFs was
completely preserved (Fig. 1(B)). The stable structure of MOFs
(Ui0-66) providing a steady support for NZVI was contributed to
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the great stability of MOF-NZVI. There were many crystallized
products formed on the surfaces of MOF-NZVI after their reac-
tions with As(m) (Fig. 1(C)). Weight percentage of arsenic was
about 1.69% on the surface of MOF-NZVI (Fig. 1(D)). Other
report showed that weight percentage of arsenic was in the
range of 2.48% to 2.97% on the FeOOH surface, which was
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Fig.1 SEM images of (A) MOFs (UiO-66), (B) fresh MOFs-NZVI and (C) MOFs-NZVI reacted with As(i), (D) EDS of main elements in the region of
(C) in the red frame and (E) histogram showing the size distribution of NZVI on MOFs-NZVI (mmors-nzvi = 0.15 g, mass fraction of NZVI = 16.7%,
CAs(m) =20 mg Lil, VAs(m) =100 mL, pH=70,T=25 °Q).
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much less than the thin layer of arsenic between the Fe(0) core
and iron oxide shell of NZVI.** These crystallized products may
cause the microstructure changes of MOF-NZVI, which will be
characterized by TEM as following. The size distribution for
a random sample of 295 particles. The particles are nearly
uniform in size with a mean diameter of 36.6 nm and more than
82.4% are below 60 nm (Fig. 1(E)).

NZVI was generally well dispersed on MOFs (Fig. 2(A)). The
shape of NZVI became indistinct after the removal of As(m)
using MOF-NZVI (Fig. 2(D)), indicating that new products were
formed on the surface of NZVI in the process. Comparing
Fig. 2(B) with Fig. 2(E), it could be obviously seen that evident
core-shell structures appeared on MOF-NZVI after the exposure
to As(m) rather than fresh MOF-NZVI, meaning that MOFs as
a stable support could prevent NZVI from the oxidation at
a certain extent. NZVI had a face-centered cubic structure (fcc)
in the space group O.* Fig. 2(C) showed that the structure of
NZVI was predominant along (111) orientation in fresh MOF-
NZVI. Other researchers found that the interatomic spacing
along this direction was 1.70 A, which was in good agreement
with the calculated interatomic spacing along (110) direction.*
Fig. 2(F) showed that the structure of NZVI had changed to
a body-centered cubic structure (bce), which was predominant
along (111) orientation in the consumed MOF-NZVI. The similar
results had been achieved by using NZVI to enrich silver from
wastewater and the interatomic spacing along this direction was
measured at 2.36 A.* The structural transformation of NZVI
may be due to adsorption of As on the surface of NZVI, which is
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agreement with the change of morphology and structure of
MOF-NZVI shown in Fig. 1.

HADDF image of MOF-NZVI and elemental mapping of Fe
showed that NZVI was dispersedly distributed on the surface of
MOF-NZVI (Fig. 3(A)-(C)), which proved again that MOFs could
be used as a stable support to successfully prevent NZVI from
aggregation. Elemental mapping of As showed that As was
evenly scattered on the surface of MOF-NZVI (Fig. 3(D)), indi-
cating that As was adsorbed by both MOFs and NZVI on the
surface of MOF-NZVLI. It was interesting that As aggregation did
not happen although the slight aggregation of NZVI on the edge
of MOF-NZVI (Fig. 3(C)). According to a single NZVI particle,
arsenic was mainly enriched in the thin layer between the Fe(0)
core and iron oxide shell.** Elemental mapping of Zr (Fig. 3(E))
indicated that Zr was stable at MOFs structure, which played an
important for supporting NZVI. The results proved again that
As(m) could be effectively removed by MOF-NZVI, leading to the
change of morphology and structure of MOF-NZVI shown in
Fig. 1 and 2, which could help to demonstrate the removal
mechanism.

The effect of NZVI amounts on As(ur) removal using MOF-
NZVI is shown in Fig. 4(A). The removal (%) rates were more
than 98.6% at different NZVI dosages within 1 min, whereas
there was less than 10% of As(m) and As(v) adsorbed by only
MOFs (Fig. 4(A)). MOF-NZVI was efficient and rapid to remove
As(mr) from wastewater and NZVI had a critical role in achieving
the excellent performance. MOFs with a high BET surface area
provided a support for uniform distribution of NZVI, promoting

Fig. 2 TEM images of (A)—(C) of fresh MOFs-NZVI and (D)—(F) of MOFs-NZVI reacted with As(il) (Mmors-nzvi = 0.15 g, mass fraction of NZVI =

16.7%, Casuy = 20 mg L%, Vagy = 100 mL, pH = 7.0, T = 25 °C).
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full contact between As(m) and NZVI active sites.® The MOFs
appeared to prevent the agglomeration of NZVI, increasing the
efficiency of As(ur) removal. The similar phenomena were also
found in the removal of mercury(u), chromium(vi) and lead(u) by
other NZVI systems.”®* Unexpectedly, the removal (%)
decreased slightly as the NZVI dosage increased from 0.025 to
0.2 g (Fig. 4(A)). Other reports showed that the removal (%) and
the rate constants (Kops) of As(m) were enhanced with an
increase in NZVI dosages.> Obviously, an increase of NZVI
amount could offer more active sites for contaminants.*
However, a given amount of MOFs in our study had a certain
surface area and the slight agglomeration of NZVI might
happen when the amount of NZVI reached a certain value.
According to the situation, the removal rate (%) was not
enhanced all the time as an increase of the NZVI dosage in
MOF-NZVI. The tendency toward the agglomeration of NZVI at
certain thresholds might be a critical factor, leading to a slight
decrease of the removal (%) as an increase of the NZVI dosage.
Therefore, MOF-NZVI compounds containing 0.025 g NZVI and
0.125 g MOFs were used in all the following experiments.

The removal (%) of As(ur) were all more than 98.2% at pH
between 3.0 and 12.0 and the removal (%) were highest at pH =
7.0 (Fig. 4(B)). ZVI corrosion at pH < 7.0 would produce a great
number of iron oxides/hydroxides, which showed good
adsorption effect on As(ui).>” In order to better understand and
discuss the phenomenon, zeta potential of MOF-NZVI is shown
in Fig. 4(C). MOF-NZVI was positively charged at pH < 8.1 and
negatively charged at pH > 8.1, indicating that the isoelectric
point (IEP) of MOF-NZVI was 8.1. As pH value increases up to
9.2, H,AsO;~ became the main specie® and the surface of MOF-
NZVI was negative charge (Fig. 4(C)). Consequently, the poten-
tial repulsion force between MOF-NZVI and H,AsO;~ would be
formed, which hinder the contact reaction process, contrib-
uting to declining As removal efficiency.

The pseudo-first-order reaction kinetics data has been
adjusted following the non-linear least-squares (NLLS) regres-
sion according to previous procedures®® and the results are
shown in Fig. 4(B) and inset. High correlation coefficients (R?)
(>0.98) stated clearly that the experimental data could be well
fitted to pseudo-first-order reaction kinetics for adsorption of
As(m) on MOF-NZVI (Fig. 4(B) and Table 1). The calculated
adsorption capacity (g.) was 360.6 mg As per g NZVI, which was
very close to the experimental value (gexp) 360.8 mg As per g
NZVI (Table 1). The similar performance has also been reported
in other systems using hydrogel to remove Cr(vi).*® The structure
of MOFs was complex and stable for dispersedly supporting
NZVI that benefited contact reaction between NZVI active sites
and As(um),* contributing to the high removal (%) of As(u) by
MOF-NZVI in a wide pH range. It is apparent that MOF-NZVI is
an effective and fast composite for removing As(m) from
wastewater.

Initial concentrations of As(ur) showed an obvious effect on
removal efficiencies of As(umr).* With an increase of the initial
As(m) concentration, the removal (%) of As(m) using MOF-NZVI
declined gradually in 10 min, however, these rates were almost
all the same after 10 min (Fig. 4(D)). As the initial As(m)
concentration increased from 20 to 100 mg L™ ", the adsorbed

This journal is © The Royal Society of Chemistry 2019
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amount was enhanced from 72.6 to 360.6 mg As per g NZVI
(Fig. 4(D) and inset), explaining that MOF-NZVI had a good
adsorption capacity to As(m) at different initial concentrations
of As(im). The higher adsorption capacity to As(ir) by MOF-NZVI
than those by other NZVI, ZIF-8 nanoparticles and Fe;0,@TiO,
nanoparticles might be due to the highly dispersed distribution
of NZVI in the stable matrix structure of MOFs,**"** which
provided effectively active sites for As(ui) adsorption (Table 2).
The effects of co-existing cations, anions and organic acids
are pivotal factors in evaluating the adsorption capacity to As(u)
using MOF-NZVI. The presence of PO,*~ and CO;>~ inhibited
the removal of both pentavalent and trivalent arsenic by ZIF-8
nanoparticles.” Magnesium and calcium played a stimulative
role in arsenate rather than arsenite adsorption onto a goethite-
based material at higher pH values.*” The arsenite remediation
using Fe(n)-KMnO, was enhanced by Ca®>" at pH 7.0-9.0.%
Mainly through competitive adsorption, humic acid (HA),
phosphate and sulfate decreased As(ui) adsorption onto Fe(u)-
KMnO,.** The removal of arsenic was adversely affected by
phosphates when their concentrations were higher than 200 pg

| — T

Fig. 3 (A) TEM image and (B) HADDF image of MOFs-NZVI reacted
with As(in), elemental mappings of (C) Fe, (D) As and (E) Zr (Mmmors-nzvi
= 0.15 g, mass fraction of NZVI = 16.7%, Casuy = 20 mg L Vasuy =100
mL, pH =7.0, T =25°C).
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(A) The effect of NZVI dosages on the removal (%) of As(i)/As(v), (B) the effect of pH values on the removal (%) of As(i) and inset: adsorption

kinetics plots fitted with pseudo-first-order model, (C) zeta-potential as a function of solution pH, (D) the effect of initial concentrations of As(ii)
on the removal (%) of As(i) and inset: the effect of initial concentrations of As(i) on the adsorption capacity in 60 min, (E) the effect of
temperatures on the removal (%) of As(il) and inset: adsorption kinetics plots fitted with pseudo-second-order model and (F) Freundlich and
Langmuir adsorption isotherms of As(i) onto MOFs-NZVI.

Table 1 Comparison of pseudo first and second order kinetics model constants (Mmors-nzvi = 0.15 g, mass fraction of NZVI = 16.7%, Casu) =

100 mg L™ Vagy = 100

mL, pH=7.0, T=25°C)

Pseudo-first-order kinetics

Pseudo-second-order kinetics

Gexp (Mg ge (mg ge (mg
As per g NZVI) k (min ™) As per g NZVI) R k, (g (mg min) ™) As per g NZVI) R
360.8 0.63 360.6 0.98 0.16 360.7 0.99
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Table 2 The comparison of adsorption capacity of As(in) from wastewater by different adsorbent
Adsorption capacity

Type of adsorbent Adsorption conditions (mg g™ References
NZVI Crzvt = 0.5 g L7, Cagmy = 3.5 5

100 mg L™, Vjgu) = 20 mL, pH =

6.5, t = 45 min
ZIF-8 nanoparticles Curg=02gL™H Casm) = 49.49 33

20 mg L™, Vagqy = 100 mL, pH =7,

t=24h
Fe;0,@TiO, nanoparticles Cre,0,@tio, = 0.32 & LY, Cas(m) = 30.96 50

0.91 mg L™, Vasqu = 1000 mL, pH =

7,t =180 min
MOFs-NZVI Myors-nzvi = 0.15 g, mass fraction 360.6 @

of NZVI = 16.7%, Cas(u) =

20 mg L™, Vs = 100 mL, pH =

7.0, t = 60 min

“ The result of our study.

Table3 The effect of co-existing cations and anions on the removal (%) of As(in) at different pH values (Mmmors-nzvi = 0.15 g, mass fraction of NZVI
=16.7%, Casy = 20 mg L™, Viaguy = 100 mL, pH = 3.0, 5.0, 7.0, 9.0 and 12.0, T = 25 °C)

Co-existing ions

Oxalic acid Citric acid

pH Ca** (100mgL™"') Mn®> (100mgL™") Cu**(20mgL™") H,PO, 20mgL™") SO, > (20mgL™") (20mgL™") (20mgL™"
3.0 99.7 99.6 99.5 99.4 99.5 99.2 99.2
50 995 99.3 99.2 99.6 99.2 99.1 99.0
7.0 995 99.3 99.0 99.2 99.0 99.1 99.0
9.0  99.4 99.2 98.7 99.0 98.7 99.3 98.5
12.0  99.4 99.3 99.3 98.5 99.3 97.3 96.8

L~ 1.% PO,*> showed certain interference on the adsorption of
As(m) when the concentration of PO,*>~ was much lower than
that of As(ur).*®

The effects of co-existing cations, anions and organic acids
on As(m) removal by MOF-NZVI are shown in Table 3. However,
these co-existing cations (Ca®*, Mg®>" and Cu”") and anions
(PO,*~ and SO,>") had no noticeable inhibitory effect on As(m)
removal by MOF-NZVI in a pH range of 3.0-12.0 (Table 3). The
similar results were also reported in other systems. The pres-
ence of SO,>~ showed no significant interference on the

Table 4 Langmuir and Freundlich isotherm constants at different
temperatures (Mmors-nzvi = 0.15 g, mass fraction of NZVI = 16.7%,
Chasty = 20 mg L%, Vagy = 100 mL, pH = 7.0, T = 15, 20, 25 and 35 °C)

Freundlich isotherm

adsorption of As(m) by ZIF-8 nanoparticles and GO-ZrO(OH),
nanocomposites.?* Mg”*, Ca*>*, PO,*>” and SO,>~ had few
effects on As(mr) removal using cement modified by iron oxide.*
Oxalate had scarcely any effect on nitrate removal by ZVI
through surface complexation.”® Nevertheless, the removal of
heavy metals ions using Na-montmorillonite relied heavily on
oxalic acid and citric acid.” Hg(u) adsorption onto kaolinite
could be hindered by citric acid at pH values of 6.0 and 8.0.>°
Oxalic acid could inhibit Hg(un) adsorption at high concentra-
tions.”* However, it was surprising that oxalic acid and citric
acid did not inhibit As(m) adsorption onto MOF-NZVI in this
study (Table 3). Overall, MOF-NZVI showed good anti-

Table 5 Thermodynamic parameters for adsorption of As(i) onto
MOFs-NZVI (mmors-nzvi = 0.15 g, mass fraction of NZVI = 16.7%, Cas)
=20 mg L™, Vaguy = 100 mL, pH = 7.0, T =15, 20, 25 and 35 °C)

Langmuir isotherm parameters parameters
AH® (K] AG° (K] AS®(J
T (K) gm (mgg™) b R? n K R’ Temperature (K) mol ") mol ™) K" mol ™)
288 360.6 2.08 0.79 3.66 198.8 0.98 288K 56.2 —8.62 1.83
293 360.8 2.13 0.88 3.72 198.6 0.99 293K -9.96
298 361.2 2.16 0.86 3.81 199.4 0.99 298K —11.67
308 361.3 2.02 0.89 3.96 199.6 0.99 308K —13.56
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Fig. 5 X-ray diffraction patterns of fresh MOFs-NZVI, MOFs-NZVI reacted with As(in) after 10 min and 60 min. Peaks are due to NZVI (Fe°),
magnetite (FesO,4) (MN), maghemite (y-Fe,Os) (MH), lepidocrocite (y-FeOOH) (LE), respectively (mmors-nzvi = 0.15 g, mass fraction of NZVI =

16.7%, Casuy = 20 mg L%, Vagy = 100 mL, pH = 7.0, T = 25 °C).

interference ability to co-existing cations, anions and organic
acids at a wide range of pH.

The effects of temperatures on removal (%) rates are shown
in Fig. 4(E). The pseudo-second-order reaction kinetics data has
been adjusted following the non-linear least-squares (NLLS)
regression according to previous procedures® and the results
are shown in Fig. 4(E) and Table 1. Removal (%) are >99.0% at

temperatures ranging from 15 to 35 °C (Fig. 4(E)), displaying
that MOF-NZVI is effective to remove As(m). Furthermore, R is
more than 0.99 and the calculated adsorption capacity (g.)
360.7 mg As per g NZVI was very close to the experimental value
(gexp) 360.8 mg As per g NZVI (Fig. 4(E) inset and Table 1),
indicating that the experimental data of As(u) adsorption onto
MOF-NZVI could be well fitted to a pseudo-second-order kinetic

y-FeOOH

S
8 Zr-O-As
% L y-Fe
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Fig. 6 FTIR of fresh MOFs-NZVI (A) and MOFs-NZVI (B) reacted with As(in) after 60 min. Inset: the spectra from 395-1200 cm ™~ is enlarged (Muors-
nzvi = 0.15 g, mass fraction of NZVI = 16.7%, Casuy = 20 Mg L™, Vagyy = 100 mL, pH = 7.0, T = 25 °C).
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Fig. 7 High-resolution XPS survey of (A) Fe 2pz and (B) As 3d for MOFs-NZVI reaction with As(in) after 60 min (mmors-nzvi = 0.15 g, mass fraction
of NZVI = 16.7%, Casuy = 20 mg L% Vaguy = 100 mL, pH = 7.0, T = 25 °C).

expression. Pseudo-second order model describe well the
adsorption system, implying that chemical sorption dominates
the removal process of As(m) by MOF-NZVI through electronic
exchange or transfer between sorbent and sorbate.*
Freundlich and Langmuir equations to As(ur) adsorption by
MOF-NZVI at different temperature are adjusted with NLLS and
the results are shown in Table 4 and Fig. 4(F). Nonlinearized
Freundlich and Langmuir equations was also used to treat the
equilibrium data in order to obtain more isotherm constants
(Table 4), which could characterize the nature of As(m)
adsorption onto MOF-NZVI. By comparing the correlation
coefficients between the isotherm models, As(ur) adsorption on
MOF-NZVI better followed Freundlich isotherm (Table 4). The
strong correlation (R* > 0.98) with Freundlich isotherm (Table 4)
meant that As(m) adsorption on MOF-NZVI was via a heteroge-
neous system, which might contain physical adsorption of
As(mr) by MOFs and NZVI, quick oxidization of As() to As(v) by
NZVI and its corrosion products (iron oxyhydroxides), and then
physical adsorption of As(v) by MOFs, NZVI and iron

oxyhydroxides. All of the exponent n was larger than 3.6 (Table
4), indicating that the adsorption of As(ur) on MOF-NZVI was
a favorable adsorption process.*® The increasing K values as an
increase in temperatures predicated that the higher tempera-
ture was more favorable to As(m) adsorption. Nearly similar
result has been reported for Langmuir and Freundlich models
in other literature.® It was obvious that g. of As(u1) adsorption by
MOF-NZVI increased with an increase of C.. Moreover,
Freundlich adsorption isotherm of As(u) onto MOF-NZVI
showed a proper fit with the non-linear regression model
(Fig. 4(F)), indicating that As(m) adsorption on MOF-NZVI
occurred in a heterogeneous system. The phenomenon is in
accordance with the kinetics behavior previously (Fig. 4(B) and
(E)). The similar phenomenon was also reported in other
research.” The analyses hence suggested that MOF-NZVI with
a heterogeneous surface was rapid and effective to remove
As(m), which might also help us explain the removal behavior
previously shown in Fig. 4(A) and (B).

Fig. 8 Schematic diagram showing the removal mechanism of As(i) using MOFs-NZVI.
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At the reaction temperature of 288-303 K, Gibbs free energy
change (AG®) was negative and decreased with an increase in
temperature (Table 5), indicating that the process of As(um)
removal by MOF-NZVI was spontaneous and more favorable at
higher temperature. Enthalpy change (AH®) was positive (Table
5), suggesting that As(m) removal by MOF-NZVI was an endo-
thermic process. Entropy change (AS®) was positive (Table 5),
which reflected the good affinity between As(m) and MOF-NZVI.
The similar phenomena were also found in the other NZVI
system.®

In order to reveal the removal mechanism of As(ur) by MOF-
NZVI, XRD patterns of MOF-NZVI were investigated (Fig. 5).
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According to Valenzano et al.,* the characteristic peaks of MOFs
centered at 7.2° and 8.4°, which did not disappear or diminish
in intensity in Fig. 5, indicating that MOFs structure was very
stable as the support to enhance the dispersity and stability of
NZVI. Three NZVI characteristic peaks of fresh MOF-NZVI
centered at 45.06°, 65.0° and 82.62° according to Fe’* indi-
cating that the Fe® was the main structural composition of NZVI
samples in fresh MOF-NZVI (Fig. 5). As the reaction between
MOF-NZVI and As(m) proceeded, NZVI characteristic peaks at
45.06° and 65.0° gradually disappeared and new peaks
appeared at 35.6° assigned to y-Fe,03, 43.6° and 56.8° to Fe30y,,
and 14.9°, 26.7°, 31.2°, 50.7° and 63.6° to y-FeOOH (Fig. 5).%
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(A) As(n) removal efficiency in each cycle after regeneration using MOFs-NZVI, high-resolution XPS survey of As 3d for MOFs-NZzZVI

reaction with As(ii) after 60 min at the first time (B), the second time (C), the third time (D), the fourth time (E) and the fifth time (F) (mMmors-nzvi =
0.15 g, mass fraction of NZVI = 16.7%, Casu) = 20 mg L Vasay = 100 mL, pH =7.0, T = 25°C).
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Consequently, iron oxyhydroxides (y-Fe,Os;, Fe;O, and -
FeOOH) were formed on the surface of NZVI, indicating that
iron oxyhydroxides played a critical role in As(ur) removal using
MOF-NZVI through multiple mechanisms containing oxidation,
adsorption, precipitation and coprecipitation.”” Similar corro-
sion products were found by other researchers using NZVI to
remove As(im).?

The FTIR spectra between 4000 to 390 cm ™' of fresh MOF-
NZVI and MOF-NZVI reacted with As(m) after 60 min are
shown in Fig. 6. The peak at 3428 cm™" and the new one at
1633 cm ™! after the reaction with As(ir) was ascribed to the O-H
stretching vibration of surface-adsorbed water (Fig. 6), partly
due to the O-H stretching vibration of y-FeOOH,*® indicating
that y-FeOOH was formed as one the corrosion products play-
ing an important role in the removal of As(ir). The peaks at 1165
and 1060 cm ™" according to y-FeOOH weakened (Fig. 6), clearly
stating the binding of arsenic onto y-FeOOH. Because of the
bands at 3000 and 885 cm ™' assigned to hydroxyl groups in the
goethite structure,” the rising peaks at 3000 and 885 cm ™"
proved the binding of arsenic onto a-FeOOH (Fig. 6). Bands at
570 cm " and 630 cm ™" assigned to the Fe-O stretching models
on magnetite (Fe;0,4) and maghemite (y-Fe,03),* respectively,
are also found in Fig. 6 and inset. Moreover, the peak values at
455 and 589 cm ™' represented the Fe-O bonds.* As a result,
magnetite (Fe;0,) and maghemite (y-Fe,O3) were also involved
in the removal of As(m). The peak at 812 em™" corresponds to
the Zr-O-As band,** identifying the binding of arsenic onto
MOFs. This is in agree with the results of Fig. 5. As(u1) could be
effectively removed by adsorption on CS-P-NZVI in a very short
time through quick adsorption and oxidation.® Through the
electrostatic attraction between the negatively charged As-OH

View Article Online
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and the positively charged Zr-OH, monodentate and bidentate
complexes were formed on GO-ZrO(OH),.*

Photoelectron peaks centered at 707.8 and 725.1 eV
(Fig. 7(A)) to the binding energies of 2p3 of oxidized iron [Fe(u)/
Fe(m)]. The peak at 706.6 eV to Fe’ did not appear in this study,®
which indicated that NZVI was extensively oxidized and little Fe’
remained on the surface of MOF-NZVI. Detailed XPS scans on
the region of As 3d show that the photoelectron peak centers at
45.2 eV which corresponds to As(v) and 43.4 eV which corre-
sponds to As(m)° (Fig. 7(B)). About 58% As(ur) was oxidized to
As(v) and 42% As(m) was therefore physically adsorbed on MOF-
NZVI. The removal of As(m) by MOF-NZVI included both oxi-
dization and physical adsorption. The iron oxyhydroxides con-
taining y-FeOOH, a-FeOOH, Fe;O, and vy-Fe,O; were
responsible for removing As(m) and its oxidation product
(As(v)). The removal mechanism of As(ur) by MOF-NZVI can be
proposed that the quick capture of As(u) by MOFs and NZVI on
the surface of MOF-NZVI facilitates the reaction between NZVI
and As(m). As a result, As(m) was quickly oxidized to As(v) by
NZVI and its corrosion products (iron oxyhydroxides), which
were also responsible for physically adsorbing As(m) and its
oxidation product (As(v)). Therefore, the removal mechanism of
As(m) by the dual processes of chemical oxidation and physical
adsorption is shown schematically in Fig. 8, which is consistent
with other research on As(mr) removal in the Fenton reaction.®
The inner sphere complex was formed through As-O linkages in
the process of the As(m) adsorption on COIMA.*® The outer-
sphere complexes containing As(v) was formed through
surface anion exchange and As(m) was adsorbed in the inter-
sphere complexes through physisorption by Si-O and Al-O
groups bonded to the surfactant-modified bentonite.** The
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Fig. 10 The concentration of Fe ions in the leaching solution after each recycle (mmors-nzvi = 0.15 g, mass fraction of NZVI = 16.7%, Casu) =

20 mg LY, Vaguy = 100 mL, pH = 7.0, T = 25 °C, t = 60 min).
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As(m) removal mechanism by Fe-exchanged natural zeolite
contained oxidation of As(m) to As(v) and adsorption of As()
and As(v) on the surface of the adsorbent.®

The regeneration efficiency of MOF-NZVI is presented in
Fig. 9(A). The removal (%) of As(ur) decrease markedly at the
beginning of each cycle. After several cycles, NZVI might be
generally dwindled away. Furthermore, some of active sites of
MOF-NZVI would be generally occupied by As(m) and As(v)
through physical and chemical adsorption. As a result, the
decay appeared in the recyclability after the 5th cycles. However,
a high removal (%) > 95.4% after 60 min could still be achieved
on the fifth run (Fig. 9(A)), indicating good reusability of MOF-
NZVI. Washing MOF-NZVI before each reuse by dilute HCI to
dissolve corrosion products of NZVI (iron oxyhydroxides) on the
surface of MOF-NZVI appeared to be an effective at expose fresh
Fe® to As(m).® The results suggest that MOF-NZVI is reusable.
Furthermore, the proportion of As(v) adsorbed on MOF-NZVI
was gradually reduced from 58% to 39% and the proportion
of As(m) adsorbed on MOF-NZVI was gradually increased from
42% to 56.4% as MOF-NZVI was recycled for 5 times (Fig. 9(B)-
(F)), indicating that oxidation capability of As(i) by MOF-NZVI
slowly decreased as regeneration of MOF-NZVI for several
times. Due to the exhaustion of NZVI step by step, the concen-
tration of Fe ions in the leaching solution after each recycle was
gradually decreased (Fig. 10). However, according to the results
of TEM, XRD and FTIR (Fig. 2, 5 and 6), the educated guess can
be made that the adsorption capacity of As(ur) by MOF-NZVI will
be gradually diminished due to the oxidation and exhaustion of
NZVI. MOF-MIL-101 modified by iron nanoparticles also
showed excellent reusability.®® The recirculation could improve
the efficiency of NZVI and enhance the removal of heavy metals
by reacted NZVI.

Conclusions

MOFs (UiO-66) was successfully used as a support model to
improve the distribution and activity of NZVI. As(m) could be
quickly and effectively removed by MOF-NZVI in a very short
time (minute scale) over a wide range of pH (3.0-12.0) and
concentration (20-100 mg L") with co-existing cations (Ca*",
Mn*" and Cu**), anions (H,PO,~ and SO,>") and organic acids
(oxalic acid and citric acid). Furthermore, the experimental data
of As(umr) adsorption onto MOF-NZVI could be well fitted to
a pseudo first and second order kinetic expression by the non-
linear least-squares (NLLS) adjustment. As(m) adsorption on
MOF-NZVI was heterogeneous adsorption, which could be well
described by Freundlich isotherm. SEM characterization indi-
cated that MOFs could prevent NZVI from aggregating in MOF-
NZVI. TEM characterization showed clearly structural trans-
formation of NZVI on the surface of MOF-NZVI. FTIR and XRD
results indicated that NZVI and the iron oxyhydroxides con-
taining y-FeOOH, a-FeOOH, Fe;0, and y-Fe,O; might play the
major role (>91%) in the effective and quick removal of As(m)
through oxidation and its oxide As(v) through complexation/
precipitation. At the same time, MOFs also take part in the
removal of As(i) (<9%) through physical adsorption. XPS result
stated that about 58% As(un) was oxidized to As(v) and 42% As(1u)

39486 | RSC Adv., 2019, 9, 39475-39487
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was therefore physically adsorbed on MOF-NZVI. However,
oxidation capability of As(m) by MOF-NZVI slowly decreased as
regeneration of MOF-NZVI for several times and the oxidation
and chemical adsorption play the leading role. By now, it can be
concluded that MOF-NZVI with good reusability and high effi-
ciency is a suitable candidate for the remediation of arsenic.
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