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The provisional contamination level of arsenic in drinking water is 10 pg L™, For decreasing this value to
a safer level, a more precise method for analyzing dissolved arsenic is required. With this aim, we
synthesized zeolitic imidazolate framework-8 (ZIF-8) in the aqueous phase and characterized its
potential application for monitoring the trace arsenic in fresh water. In this regard, we report following
three notable outcomes. First, we demonstrate the excellent performance of ZIF-8 nanoparticles (nZIF-
8) for the adsorption of ng Lt levels of AsO4>~. nZIF-8 is able to adsorb over 99% of arsenic from as low
as 10 ng L™ AsO,*~ solutions. This performance was maintained even in the presence of commonly
coexisting anions, for example, >90% adsorption from a 0.1 pg L™* arsenic solution was observed in the
presence of 10 mg L™t of CI7, NOs~, COs?~, or SO4%~, or 1 mg L™t of PO,>~. Second, we clarified that
the mechanism of arsenic adsorption by ZIF-8 is simply a ligand exchange process, in which the As(v)
oxide anion replaces the imidazolate unit in the framework. Third, we propose a handy scheme for the
analysis of ng L™ levels of arsenic in drinking water, in which nZIF-8 is used for the concentration of
trace level AsO,>. By doing this, as low as 100 ng L™! arsenate in drinking water can be quantified by
colorimetric analysis, the detection limit of which is 5 ng L™! in pure water. The application of this

Received 19th September 2018 scheme is expected to highly enhance AsO4*~ detection first by concentrating it to an easily detectable
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range, and second by excluding the majority of interfering ions present in the system. Therefore,
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1 Introduction

Arsenic in drinking water has become widespread in recent
decades.”™ Owing to its toxicity in otherwise undetectable
levels, the world health organization (WHO) has set a provi-
sional limit of 10 ug L™" in drinking water. This 10 pg L™" limit
is set based on the detection limit of on-site analytical methods
such as colorimetry and on the lowest limit for conventional
decontamination techniques.® Concerning the determination
by inductively coupled plasma-mass spectroscopy (ICP-MS) or
graphite-furnace atomic absorption spectroscopy (AAS), for

“Nanomaterials Research Institute, National Institute of Advanced Industrial Science
and Technology (AIST), 1-1-1 Higashi, Tsukuba, 305-8565, Japan. E-mail: parajuli.
durga@aist.go.jp; tohru.kawaoto@aist.go.jp

*Research Institute for Chemical Process Technology, National Institute of Advanced
Industrial Science and Technology (AIST), 1-1-1 Higashi, Tsukuba, 305-8565, Japan
t Electronic supplementary information (ESI) available: Table S1: List of
interfering ions for arsenic analysis using the MQuant™ Kkit. Fig. S1:t
Schematic diagram of the in-flow synthesis of nZIF-8. Fig. S2:f TG-DTA profiles
of nZIF-8 and bZIF-8. Fig. S3:t Ion speciation diagram of arsenate and
phosphate. Fig. S4.1 Adsorption isotherm. Fig. S5:f Calibration curve for arsenic
analysis using the MQuant™ kit. See DOI: 10.1039/c8ra07776b

36360 | RSC Adv., 2018, 8, 36360-36368

a reduction in the minimum quantifying limit of arsenic in fresh water to as low as 1 ng L™t can be
expected if the method is coupled with ICP-MS.

example, it is possible to detect <1 ug L' as long as the
concentration of other elements remains below interference
levels. However, such equipment is not available to all drinking
water reservoirs. Moreover, since the concentration of any
element in natural water is seldom fixed, periodic analysis is
necessary. Under such circumstances, practical analytical
methods are required to monitor the arsenic concentration in
a given system at any time.

A number of colorimetric methods are currently in use for
the estimation of arsenic at the ug L™" level.® These are usually
good tools for semi-quantitative estimation as the concentra-
tion of other elements is within the interference level. For
example, many colorimetric methods targeted for pg L™ " levels
cannot detect arsenic in seawater or sewage water. Under such
conditions, ICP-MS or graphite-furnace AAS can be good
options. However, the detection limit of these instruments is
also in the sub-ppb range and difficult to replicate in solutions
containing several other elements. The same issue is true for
other high-precision methods such as anodic or cathodic
stripping voltammetry.”

In particular, the evaluation of As(v) is crucial. In general,
inorganic arsenic in natural water exists in protonated oxide

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic illustration of the monitoring method of trace arsenic

forms: As(m) as H3AsO3, As(v) as H3AsO,, or both. Among these
forms, As(v) forms anionic oxides in the wide pH range of 2-14.
Assuming that the pH of natural water ranges between neutral
to slightly acidic, the majority of As(v) exists as H,AsO, or
HAsO,>". As(m) is known to form neutral H3AsO; up to pH 9,
and gradual ionization to H,AsO;~, HAsO;> ", and AsO;>~ takes
place with the increasing pH."" In this sense, the removal and
analysis of As(v) are considered comparatively as important as
those of As(ui). For this reason, the quantitative estimation of
total arsenic in water is carried out first by oxidizing the As(u)
species.'?

In recent years, zeolitic imidazolate framework 8 (ZIF-8,
Zn(2-methylimidazole),), a metal organic framework, has been
reported to be able to uptake anionic arsenic oxide from
water.”*™ Such studies focused on demonstrating the signifi-
cantly higher adsorption capacity of ZIF-8 and its capability of
lowering arsenic levels to <10 ug L™ '. Regarding the removal of
arsenic, several cost-effective adsorbents and methods such as
electrocoagulation have been widely reported.**-**> Therefore, we
have focused on the adsorption of arsenic at trace level from
systems containing several other ions.

The mechanism of arsenic adsorption by ZIF-8 remains
controversial, although some hypotheses have been
proposed.**” Liu et al. proposed a mechanism involving Zn-N
bond-cleavage and subsequent adsorption of arsenic oxide on
Zn. They also reported that the reduction of the adsorption load
during cycle adsorption-desorption tests was due to Zn
leakage.™ Li et al. proposed another mechanism: the generation
of a large amount of external active sites (Zn-OH) through the
dissociative adsorption of water and subsequent formation of
an inner-sphere complex.”

Considering the current status, we set ourselves three aims
for this work: one was to identify the lowest arsenic concen-
tration that can be detected. As described above, although the
administrative level has been set to 10 ug L™, a more accurate
method for monitoring and decontamination is highly desir-
able. The second one was to clarify the arsenic adsorption
mechanism by ZIF-8. Finally, we propose a new application
where ZIF-8 is used for the pre-concentration of arsenic for
determination at the 0.01 ug L™ (=10 ng L") level.

Concerning the analysis of arsenic by ICP-MS or colorimetry,
interference by coexisting ions remains the main issue. There-
fore, high-selectivity materials that are effective even at trace
concentrations can not only lead to the enrichment of elements
on the adsorbent but also help separate many of the interfering

This journal is © The Royal Society of Chemistry 2018

by selective pre-concentration using ZIF-8.

ions in the system from the target analOyte. Therefore,
adsorption on ZIF-8, followed by dissolution, may provide
a solution providing enriched levels of arsenic and relatively
negligible concentrations of most of the other elements present
in the feed system (Fig. 1). This specific ability of ZIF-8, in
combination with a colorimetric method, for example, has great
potential for the monitoring of trace levels of arsenic in a wide
variety of water systems, including drinking water and seawater.
The final aim of this study was to reduce the measurable arsenic
level from 10 pg L to at least below 0.1 pg L™ ", hence reducing
the detection limit to 1/100 of the current provisional value.

2 Experimental

2.1 Materials and instrumentation

2-Methyl imidazole (2Mim) and zinc nitrate (Wako Chemicals)
were used for the aqueous synthesis of ZIF-8. Potassium dihy-
drogen arsenate (KH,AsO,) (Wako Chemicals) was used for the
preparation of an AsO,>~ solution. All the reagents used were of
analytical grade. Commercially available ZIF-8, Basolite Z1200,
was purchased from Sigma Aldrich, Japan, denoted hereafter as
bZIF-8. It was used without further treatment for the charac-
terization of the arsenic adsorption from pure water solutions.

The arsenic concentration was mainly analyzed using a Per-
kin Elmer NexION 300 inductively coupled plasma mass spec-
trometer. For the estimation of enriched arsenic by
a colorimetric method, the MQuant™ 117927 arsenic test kit
from Merck KGaA, Germany, was used, with a measurement
range of 0.005 to 0.5 mg L™'. The concentration of potassium
was analyzed using an Agilent4100 microwave plasma atomic
emission spectrometer. A Beckman Coulter Delsa™ Nano
instrument was used for zeta potential measurement. A Bruker
D2 Phaser was used to obtain the XRD profiles. FT-IR spectra
were recorded on a Thermo Scientific Nicolet iS5 spectropho-
tometer and SEM images were taken using a Hitachi High
Technology S-4800 FE-SEM microscope. Thermogravimetric
analysis was performed using a Rigaku Thermoplus Evo TG8120
instrument. The total organic carbon (TOC) and total nitrogen
(TN) contents were analyzed using an Analytik Jena Multi N/C
3100 TOC/TN analyzer.

2.2 Synthesis of ZIF-8 nanoparticles (nZIF-8) in aqueous
phase

The room temperature synthesis®* of nZIF-8 was carried out in
the flow using a micromixing system, as shown in Fig. S1. For
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this, 3.33 mol L™' 2Mim prepared in pure water was mixed in
flow with a 0.05 mol L™ zinc nitrate solution in pure water. The
2Mim solution rate was 6 mL min~ " while that of zinc nitrate
was 2 mL min~'. The concentration difference and flow rate
overall afforded a mixing ratio of 2Mim-to-zinc nitrate of 200 : 1.
T-shaped micromixer with a 0.5 mm internal diameter was
connected to two inlets of the feed solutions and an outlet. The
outlet was connected to a 3 m long microreactor with a 0.5 mm
internal diameter and an additional 60 m long reactor with
a 1.59 mm internal diameter. The residence times in these
reactors were 4.4 s and 15 min, respectively. Finally, the mixture
was collected in a beaker with continuous stirring (750 rpm) to
obtain particles with a small size range. The nZIF-8 obtained in
this way was collected by centrifugation at 14 000 rpm for 1 h,
followed by washing the residue with methanol. The ZIF-8
nanoparticles obtained after washing were denoted nZIF-8
and evaluated for their potential application in trace-level
arsenic monitoring.

2.3 Characterization of ZIF-8

The composition of both ZIF-8 samples (nZIF-8 and bZIF-8) was
determined by measuring the concentration of Zn, C, N, and the
water content. The water content was estimated based on the
TG-DTA profiles obtained in air at a 5 °C min~" heating rate.
The XRD profiles of the residues after total oxidation were
recorded to identify the oxides formed. Elemental analysis was
carried out to measure the total C and N contents incorporated
in ZIF-8. The concentration of Zn and any other foreign element
in the material was estimated by dissolving ZIF-8 in 1 mol L™"
nitric acid solution, followed by ICP-MS analysis. Based on the
water content and total Zn, C, and N in the material, the
compositions of nZIF-8 and bZIF-8 were determined.

So as to compare the size of nZIF-8 prepared in the aqueous
phase to that of the commercial sample, FE-SEM images and
XRD profiles were obtained. In addition, since the current study
aims at the adsorption of trace-level arsenic in water, the zeta
potential of the materials was measured to evaluate their
dispersion properties.

2.4 Adsorption of arsenate onto ZIF-8

Adsorption tests with AsO,*~ on nZIF-8 and bZIF-8 were
carried out to compare the adsorption capacities of these
materials and elucidate the mechanism of adsorption. For
this, solutions of 0.1 to 100 mg L™ AsO,>~ were prepared by
dissolving KH,AsO, in pure water. Each solution (20 mL) was
added to 10 mg of the respective adsorbents and mixed at
600 rpm for 1 h at 25 °C unless stated otherwise. The mixture
was separated by centrifugation for 10 min at 16 000 rpm,
followed by filtration through a 0.2 pm membrane filter
(Millipore). The concentration of arsenic before and after
adsorption was analyzed by ICP-MS using a calibration curve
between 0.1 and 25 pg L™ " arsenic prepared in a 2% nitric
acid solution.

Since the purpose of the current work is the demonstration
of the potential application of ZIF-8 for monitoring trace-level
arsenic in environmental water, the adsorption of 0.01-10 pg
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L™' AsO,>” on nZIF-8 was evaluated. In this case, the
adsorbent-to-solution ratio was varied from 1000 to 2000 g
mL~". To determine the effect of coexisting anions, a 0.1 pg
L' AsO,*" solution was prepared with 1, 10, and 100 mg L'
solutions of ClI~, CO5*~, NO5;~, SO,>”, and PO,*>” from the
respective potassium salts. Each solution (20 mL) was added to
10 mg of nZIF-8 and mixed at 600 rpm and 25 °C for 1 h. After
separation using a 0.45 um filter, the concentration of arsenic
was analyzed by ICP-MS. Similarly, adsorption tests at 5, 15,
25, and 45 °C were carried out to identify any effect of the
mixing temperature.

To clarify the potential application of nZIF-8 for arsenic
monitoring in seawater, adsorption tests at 0.1, 1, and
10 mg L' AsO,’” in simulated seawater were carried out.
Since at least 100-fold dilution of seawater is necessary to
avoid matrix effects, the starting arsenic concentration
should be at least 0.1 mg L™ ".

2.5 Monitoring trace levels of arsenate using nZIF-8

Monitoring experiments were carried out for the on-site deter-
mination of soluble arsenic. For this, 100 mg nZIF-8 was added
to 1L of 1, 0.1, and 0.01 pg L~ AsO,>" solutions. The mixtures
were shaken at 130 rpm for 1 h at room temperature (22 °C).
After filtration, the residue was recovered and dissolved in
a 1 mol L' nitric acid solution to measure the enriched
concentration. Based on the initial and final concentrations of
the solution, and the concentration recovered in the residue,
the mass balance was evaluated. In addition to the ICP-MS
analysis, the enriched concentration range was estimated
using a colorimetric method. In this case, however, since the
interference limit of nitrate is quite low (<100 mg L),
a mixture of hydrochloric acid and sulfuric acid was used to
dissolve ZIF-8 while keeping the concentration of interfering
ions within the measurable range.

Simulated monitoring experiments were carried out by
mixing 3 L of 0.1 ug L™ " of an AsO4*~ solution with 100 mg nZIF-
8. After hand mixing for a minute, the mixture was left to stand
for 1 h with occasional hand mixing. Then, nZIF-8 was recov-
ered by suction filtration. For the colorimetric estimation of
arsenic using MQuant™ 117927, 60 mL of the sample solution
was used; interference due to foreign substances was found to
be quite limiting (as shown in Table S1t). For this reason, the
nZIF-8 residue after adsorption was dissolved in a mixture of
3 mL HCl and 1 mL H,SO, (0.5 mol L™* each). By doing so, nZIF-
8 could be completely dissolved and the concentrations of Cl
and SO,>~ could be maintained below 1000 mg L™" (the inter-
fering level).

In order for quantitatively estimate arsenic, UV-VIS
measurement of the MQuant™ test stripes was carried out in
reflection mode. A calibration curve from 0.005 to 0.15 mg L™
of arsenic was constructed by plotting the concentration against
the peak area of the absorbance between 420 and 800 nm
(Fig. S31). Then, the enriched arsenic level was estimated
tentatively from the color of the test stripe. As such, nearly
quantitative determination became possible using the calibra-
tion curve.

This journal is © The Royal Society of Chemistry 2018
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3 Results and discussion
3.1 Characterization of nZIF-8

The composition of nZIF-8 prepared in an aqueous system was
evaluated in comparison with the commercial bZIF-8. The
thermogravimetric analysis confirmed that both materials were
nearly free of water (Fig. S21). The weight loss was about 63% for
bZIF-8 and 65% for nZIF-8 and the XRD profiles of the oxidized
material confirmed both to contain ZnO. Based on the water
content and concentration of Zn analyzed by total dissolution
and C, H, N analysis, the compositions of bZIF-8 and nZIF-8
were determined as Zn(2Mim); o5 and Zn(2Mim), ;3, respec-
tively. This difference suggests that nZIF-8 is a 2Mim rich
material in comparison to the standard formula Zn(2Mim), of
ZIF-8. The excess 2Mim molecules are likely attached to the
Zn(2Mim) particles, as in the case of other water dispersible
porous coordination polymers.** In fact, nZIF-8 shows rapid
dispersion in the aqueous phase, while bZIF-8 remained
floating on the surface when not stirred. The zeta potential of
these two ZIF-8 materials was also found to be remarkably
different. bZIF-8 displays a positive value of about +21 mV, in
contrast to the zeta potential of about —30 mV of nZIF-8. This
difference can be largely correlated to the Zn-rich and 2Mim-
rich compositions of the materials. Different zeta potential
values could be responsible for the observed dispersion
behavior in water.

The SEM images of nZIF-8 (Fig. 2) show homogeneously
distributed hexagonal particles, much finer than those of bZIF-
8. In addition, from the XRD profiles of nZIF-8, the crystallite
size was found to be ~43 nm, while that of bZIF-8 was ~65 nm.
In the SEM images, the size of nZIF-8 is much finer, indicating
the dense aggregation of the nanocrystals of bZIF-8.

3.2 Adsorption performance with ng L' concentration
AsO,*~

Since our focus was on the lower concentration limit of ZIF-8
adsorption, we performed experiments using initial arsenic
solutions with 0.01, 0.1, 1, and 10 ug L' in pure water mixed
with nZIF-8 at the liquid to solid ratio (v/m) of 10 000 mL g~ "
Before that the kinetics of adsorption of low concentration As(v)
onto nZIF-8 was studied. For this, a relatively higher starting
concentration of about 120 pg L™ " was used so that the residual
concentration can still be quantitatively measured. This exper-
iment was carried out in v/m of 10 000. The adsorption took
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Fig. 3 Kinetics of adsorption of arsenic onto nZIF-8. Initial concen-
tration = 117 ug L%, 80 mg nZIF-8, 800 mL solution, sampling volume
= 0.1 mL, replicates = 3, mixing temperature = 25 °C, mixing rate =
130 rpm.

place smoothly and the residual concentration reached 1/1000
of the starting concentration in 1 h, Fig. 3. Irrespective of the
high solution volume, achieving near total adsorption demon-
strates the high potential of nZIF-8 for the adsorption of arsenic
in drinking water.

After observing the kinetics result, 1 h mixing time was set
for all the trace concentration tests. The adsorption rate was
investigated by evaluating the equilibrium arsenic concentra-
tion in the solution. As shown in Fig. 4(a), almost total
adsorption was observed, with less than 1% standard deviation
(5 data points) at 0.1 pg L™ " and higher concentrations. We next
evaluated the amount of arsenic in nZIF-8 after adsorption.
Since ZIF-8 is soluble in acid, it was dissolved in a 5% nitric acid
solution to recover the residue and the enriched concentration
of arsenic in said solution was analyzed by ICP-MS. For the
concentration >0.1 ug L™, the mass balance, which is the ratio
of the amount of arsenic in the nZIF-8 dissolved solution and
the amount of arsenic adsorbed (calculated by the difference
between the initial and final arsenic concentrations in the
solution phase), was found to be nearly 100%.

Because the final concentration is below the quantifying
lower limit of ICP-MS in the case of the initial concentration
0.01 ng L, both the adsorption and mass balance results show

Fig. 2 SEM images showing the finer and homogeneously distributed (a and b) nZIF-8 particles in comparison with those of (c) bZIF-8.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Enrichment of 0.01-10 pg L™ arsenic in pure water using nZIF-8 and estimation of the enrichment ratio by analyzing the concen-
tration of arsenic in the solid phase upon dissolution followed by ICP-MS analysis. v/m = 10 000, 100 mg nZIF-8in 1L AsO,4*~ solution, 1 h mixing
at room temperature, 130 rpm. (b) Effect of coexisting ions on the adsorption of arsenic on nZIF-8 for 0.1 pg Lt arsenic in pure water with 1, 10,
100 mg L~* respective anion in pure water. (c) Arsenic adsorption on nZIF-8 from seawater. (d) Adsorption of 0.1 ug L™* arsenic on nZIF-8 at

various temperatures. (b—d) v/m = 2000, 600 rpm at 25 °C for 1 h.

large deviations. Therefore, for initial 0.01 ug L™" or less, the
method can be used only for semi-quantitative estimation.

We also demonstrate that trace arsenic adsorption by nZIF-8
is maintained even in the presence of high-concentrated coex-
isting anions. The effect of coexisting anions was studied by
adding 0.1 ug L™ " of an arsenic solution to 1,10, and 100 mg L ™"
solutions of CI~, CO5*7, SO,>~, PO,*", and NO, ™. As shown in
Fig. 4(b), even at 0.1 ug L™ " arsenic, the effect of abundant co-
ions was not that disturbing, except for PO, which displays
almost the same aqueous chemistry as AsO,>” (Fig. S37).
Compared to commonly used materials, the adsorption of more
than 90% AsO,’>” from a 0.1 pg L' solution itself is an
impressive outcome. In addition to that, the significantly higher
adsorption from solutions containing other anions suggests
nZIF-8 as a material with great potential as an arsenic
adsorbent.

The experiments with commonly coexisting anions (Fig. 4(b))
suggest the highly selective performance of nZIF-8 for trace-
level arsenic. We then turned our attention to seawater
matrices. As such, 0.1 to 10 mg L™' arsenic solutions were
prepared in artificial seawater (Daigo's Artificial Seawater 395-

36364 | RSC Adv., 2018, 8, 36360-36368

01343, sold by Wako Chemicals, Japan). In this case, the initial
concentration of arsenic could not be set to less than 10 ug L™*
owing to the limitations of ICP-MS analysis. At least 1000 time
dilution of seawater is necessary to obtain data free of deviation
due to matrix effects of the Na ions. Thus, the starting
concentration of arsenic was set at 0.1 mg L' and the results
were compared to those obtained for a pure water solution
(Fig. 4(c)). The outcome is of high application importance as the
material selectively recovered a major fraction of AsO,*". In
general, the analysis of low concentration ions in seawater is
very difficult owing to its high salinity. However, with the use of
nZIF-8, arsenic can be selectively separated from saline water
and re-dissolved or extracted affording a concentrated solution
with little to no salinity.

For the evaluation of trace arsenic adsorption at different
temperatures, the effect of the solution temperature was
studied. Adsorption of 0.1 ug L' AsO,>~ from 5 to 45 °C was
studied at a v/m of 2000 mL g~ *. Since the nZIF-8 powder gets
dispersed in water forming fine and translucent microbead-like
structures, the effect of the temperature is almost negligible
(Fig. 4(d)). At mixing temperatures of 5, 15, 25, and 45 °C,

This journal is © The Royal Society of Chemistry 2018
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recoveries of 93% to 95% of arsenic were obtained. In other
words, under the given conditions, more than 90% of arsenic in
AsO,*~ form, at a concentration level that is otherwise consid-
ered undetectable, can be collected and measured after
adsorption on nZIF-8.

3.3 Adsorption mechanism: a ligand exchange process

For our second aim, the elucidation of the mechanism, a typical
adsorption experiment was carried out taking 100 mg L "
arsenic in the form of KH,AsO, in pure water at varying pH
values. The pH was adjusted using HCI or NaOH solutions. As
shown in the inset of Fig. 5(a), for 10 mg ZIF-8 with 20 mL of the
solution, the amount of arsenic adsorbed was higher for nZIF-8.
An interesting observation in this experiment is the final solu-
tion pH. At acidic to neutral starting pH values, the value at
equilibrium was increased to 8.5-8.9. It was thus interesting to
investigate the relation between the solution pH and the total
amount of arsenic adsorbed. For both bZIF-8 and nZIF-8,
despite their different respective adsorption loadings,
a gradual decrease in the capacity was observed with the
increasing initial pH.

Assuming that the increase in the solution pH is the result of
the material dissolution, it would be interesting to observe the
changes in the material morphology. The XRD profiles and FT-
IR spectra (Fig. 5), however, do not show any sharp variations in
the structure or functionality after adsorption of a significant
amount of AsO,*". In addition, only a negligible amount of Zn
(less than 5 pg L™') was detected in the solution after adsorp-
tion, suggesting that almost no Zn in ZIF-8 was released into the
solution. A point to note here is that the concentration of K in
the solution from KH,AsO, also remained nearly unchanged.
Therefore, neither Zn leaves the ZIF-8 structure nor K is
encapsulated in it. In other words, the adsorption can be
considered as either the result of the encapsulation of AsO,*~ or
its exchange with the 2Mim ligand. The increase of the solution
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pH after ZIF-8 addition was the same irrespective of the amount
of KH,AsO, in the solution or the initial pH. Therefore, it can be
concluded that this phenomenon is not necessarily correlated
with the adsorption of arsenic.

In order to clarify the adsorption mechanism, an elaborated
study using different starting concentrations of AsO,*~ was
carried out. Together with the solution pH as well as the
concentration of K and Zn in the solution before and after
adsorption, the TOC and TN contents of the solution were also
determined. For this, AsO,*~ solutions at 1-100 mg L' were
mixed with nZIF-8 at 2000 mL g~ of solid-to-solution ratio. A
typical variation in the amount of adsorption (Fig. S5+) with the
initial concentration suggests that the process mainly follows
single mechanism. Since the solution pH varies with the
concentration of KH,AsO,, at 1 mg L titis nearly neutral while
the pH of the 100 mg L™" solution was ~4.2. Two sets of solu-
tions, one without pH adjustment and the other with the pH
adjusted to 6 were used. In both cases, the pH was found to
increase to 8.6 £ 0.2.

Although pH shifts and unchanged concentrations of K and
Zn were observed as in the previous cases, large variations in
the TOC and TN values were measured. As shown in Fig. 6,
a minimum value was obtained, ~0.9 mol kg™ ! TOC (and the
corresponding amount of TN, not shown in the figure), which
was the same for nZIF-8 and bZIF-8. This concentration most
likely represents the amount of 2Mim required to increase the
solution pH to the favored weakly alkaline value of 8.6 £ 0.2.
However, when the concentration of arsenic was over
1 mg L', a linear increase in the TOC and TN values was
observed, corresponding to the amount of 2Mim dissolved in
the solution phase. This trend was also observed for the
commercial bZIF-8 sample. Since the solution pH remains at
about 8.6, the majority of AsO,*>  is expected to exist as
HAsO,>". Therefore, the expected exchange takes place
according to eqn (1), releasing two moles of 2Mim per mole of
adsorbed arsenic.
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Fig. 5

(a) XRD profiles and (b) FT-IR spectra of bZIF-8 and nZIF-8 confirming that the ZIF-8 structure has been maintained after adsorption of

high-concentration arsenic under different pH conditions. Legend: (1) nZIF-8 pH 9; (2) nZIF-8 pH 6.5; (3) nZIF-8 pH 4.8; (4) Pure nZIF-8; (5) bZIF-
8 pH 9; (6) bZIF-8 pH 6.5; (7) bZIF-8 pH 4.8; (8) Pure bZIF-8. The inset in (a) shows the decrease in the arsenic adsorption capacity of ZIF-8 with
the increasing solution pH. Conditions: 20 mL of a 100 mg L~ solution, 10 mg ZIF-8, 1 h, 25 °C.
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Fig. 6 Dissolved 2Mim (TOC-based) showing the mole to mole
exchange of HAsO42~ with 2Mim.

Zn(C4Hs5N,), + HAsO,2™ — ZnHAsO4 + 2C,HsN,™ (1)

This outcome suggests that the increased solution pH and
adsorption of AsO,*”, respectively, occurs at the cost of 2Mim
molecules from ZIF-8. Also, as explained in the previous section,
the XRD profile of the AsO,* -adsorbed material was, in
general, consistent with that of pristine ZIF-8. Overall, the
uptake of AsO,’~ takes place basically by replacing the 2Mim-
anions in the ZIF-8 framework with H,AsO,””, maintaining
the structure up to at least 90 mg of adsorbed arsenic per gram
of material. However, if the adsorbate is arsenite, As(u), since
its oxide remains in neutral form in the pH range of drinking
water, a different mechanism is expected. Relatively lower
capacity for As(m) and the deformation of the crystal structure
after its adsorption, which was not observed in the present
study suggest the possibility of a different driving
mechanism.'**?

3.4 Application for the analysis of arsenic levels below the
WHO-recommended level

As described above, nZIF-8 exhibits high adsorption perfor-
mance toward arsenic even at the ng L' level in aqueous
solution. However, its repeated utilization for decontamination
would be unfeasible, because a certain level of 2Mim is eluted
every time arsenic is adsorbed. However, its use for the pre-
concentration of arsenic before conventional analysis is prom-
ising. If a 100-fold concentrated arsenic solution could be ob-
tained wusing nZIF-8, the limit of quantification of
a conventional method could be lowered by that magnitude. In
principle, for example in combination with ICP-MS or color-
imetry methods, the minimum limits of 0.1 and 10 pg L™,
respectively, would be reduced to 0.001 and 0.1 ug L™ arsenic
by means of a pre-concentration step by nZIF-8.

It is well known that the concentration of arsenic itself in
flowing waters varies with the location. For example, in Japa-
nese rivers, the arsenic concentration is below 2 pg L™" with an
average of 0.57 ug L™ '. However, the average concentrations of
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Cl~,NO; ™, and SO,>~ are 4.6, 1.6, and 7.4 mg L™, respectively.
The average concentration of phosphorus, which includes the
highly competing PO,*" ion, is 12.1 pg L™, a value which
presents almost no effect on the adsorption of trace-level
AsO,*>” on nZIF-8.

The provisional value by the WHO is below 10 pg L™ " and it is
the same in many countries. The term provisional suggests that
the value has not been proved yet as safe; moreover, it will need
updating once more suitable methodologies are developed.
Under such circumstances, nZIF-8, which offers highly selective
uptake of soluble arsenic oxyanions (except in the presence of
100 mg L' PO4*7), could be used for concentration followed by
quantitative estimation. The high selectivity of nZIF-8 for
arsenic adsorption is a key factor for systems such as seawater
or industrial water consisting of other elements. When counter
ions hamper the reliable analysis by ICP-MS for high precision
determination, this scheme of selective uptake on nZIF-8, fol-
lowed by dissolution to afford a solution with a higher arsenic
concentration and manageable matrix effects, offers clear
advantages. For practical analysis, adsorption followed by
colorimetric analysis is preferred. However, one should keep in
mind the limitations of the test kits themselves. The only
limitation to consider when using MQuant™, the kit employed
in the current study, is the use of an acidic solution to dissolve
nZIF-8.

Upon achieving the successful concentration of as low as
0.01 pg L' arsenic using nZIF-8, realistic experiments using
0.5-300 ng L™ solutions in pure water, nZIF-8, a 5 L bottle for
the adsorption process, a filtration system with a 0.45 um
membrane filter, and the MQuant™ colorimetric kit were
carried out. In order to ascertain the degree of enrichment not
only by visual comparison of the colored stripes with the
MQuant™'s standard color/concentration spectrum, a calibra-
tion curve using UV-Vis spectroscopy in reflection mode at
concentrations of 0.005-0.15 mg L™ " arsenic was constructed by
plotting the peak area between 420 and 750 nm (Fig. S51). This
plot, which passes through the origin, presents an R* value of
0.998 and a slope of 1397.2. Using this plot, quantitative esti-
mation of the arsenic content in the color stripe was achieved.
For solutions in fresh water, the kit could estimate traces of
arsenic with 90-106% accuracy (Table 1). However, only 42%
accuracy was obtained for 100 ng L™ " arsenic in seawater.

In fresh water, this preliminary work aimed for the moni-
toring of trace concentration arsenic has shown the highly
positive result. The next step in this regard would be making the
process more feasible for the field tests. For this, the process
will be repeated taking the simulated or real contaminated
water. Also, because the size of nZIF-8 is <50 nm, work on
making nZIF-8 film or membrane will be carried out so that the
filtration step in the presented scheme can be avoided. In
addition, the discussion on arsenite, As(m), is intentionally
avoided in this work. The primary reason is to focus on
explaining the so far vague mechanism of arsenic oxide anion
adsorption by ZIF-8. Regarding the application, because several
works have demonstrated the adsorption of substantial
concentration of the arsenite by ZIF-8, we expect that the results
discussed in this work can be replicated for the arsenite as well.

n
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Table 1 Results showing the concentration followed by detection of ng L™ level arsenic in freshwater and seawater using nZIF-8 and MQuant
kit. Solution volume: initial = 3000 mL, final = 60 mL. nZIF-8 = 100 mg

Final conc. (mg L")

The 3 L solution in Initial conc. (ng L") Estimated MQuant analysis % accuracy
Pure water 50 2.5 2.67 106.8

100 5.0 4.54 90.8

300 15 15.12 100.8
Seawater 100 5.0 2.08 42

4 Conclusion

nZIF-8 prepared in the aqueous phase with negative zeta
potential is found to be highly dispersible in water. This prop-
erty is expected to ease the adsorption of trace concentration
arsenate in a large solution to material ratio. Almost complete
adsorption of 10 ng L~" arsenate onto nZIF-8 is an encouraging
outcome for the monitoring purpose. However, because the
arsenate adsorption is confirmed to be a ligand exchange
process, ZIF-8 cannot be recommended for the decontamina-
tion application, even though the material offers a very high
adsorption capacity. The monitoring-oriented experiment
coupled with the handy colorimetric tool showed a high preci-
sion result. This outcome can certainly be implemented in the
regions where the analysis of below mg L™" arsenic is still a big
deal. Because nZIF-8 is obtained in <50 nm size, it can be
fabricated into membrane or film form so that the process
becomes even handier. Real application oriented work taking
arsenate contaminated water and the nZIF-8 film is going on.
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