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Perchlorate anion is dangerous to human and able to affect the brain functions. Ion
exchange is one of the main approaches, which allows separating C10,~ anion and controlling
its concentration in water solutions. In this work, we evaluated the ability of Mg—Al—CO,
layered double hydroxides (LDHs) to remove perchlorate ions at various, yet relevant to
drinking water treatment conditions, pH values: 5, 7 and 8. LDHs were prepared via an
original fine inorganic synthesis which includes sol—gel routes. It was shown that Mg—
Al—CO, LDHs can effectively sorb perchlorate even at pH 8, whereas most inorganic
anion exchangers exhibited much lower adsorptive potential to anions. Experimental
adsorption isotherms obeyed the Freundlich model and the Linear equation which confirmed
favorable sorption. The process proceeds according to the mechanism of physical sorption
based on an electrostatic interaction of an adsorbent and an adsorbate. Although these
Mg—Al—CO, LDHs demonstrated high adsorptive capacity to perchlorate (as compared
with the literature) which is equal to 37 mg of C10,™ per 1 gram of dry adsorbent at pH 5,
an improvement in their adsorptive affinity can be achieved by the optimization of the
material chemical composition and/or its calcination. To improve the removal properties
of the anion exchanger toward Cl0,, several pathways have been suggested. One of them
is a thermal treatment of these unique LDHs, which maintain their layered structure even
after calcination at 300—600°C. The paper also presents an overview of the literature data
on perchlorate sorption by various materials.
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Introduction

Perchlorate is one of the ions which maximum
permissible concentration is strictly controlled by
World Health Organization and local authorities. For
instance, Environmental Protection Agency of the
United States set a limit for perchlorate at 24.6 ppm,;
however, several states of this country adopted much
lower maximum permissible concentration for this
anion. California, in particular, accepted even 6 ppb
after they detected high levels of this anion in drinking
water (up to 100 ppb) [1]. Biochemical studies
revealed that perchlorate physiologically mimics
iodine and can be absorbed by the thyroid gland
which consequently interferes with the endocrine
systems of the brain.

Perchlorate anion is stable enough and cannot
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be easily destroyed in natural waters, which requires
advanced technologies for its removal during drinking
water treatment. Anion exchange is one of the most
promising water purification approaches to remove
ClO,~. However, ion exchange resins are rarely
selective to lowering the concentrations of aqueous
ions till ppb levels as often requested by World Health
Organization. Inorganic anion exchangers are the
best alternative to anion exchange resins within the
task of the removal of inorganic anions. Layered
structure double hydroxides are the most advanced
class of inorganic adsorptive material due to their
capability to take an additional amount of aqueous
anions by their interlayer space.

Most layered double hydroxides (LDHs), often
called hydrotalcites, being an ideal anion exchanger,
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can be produced by the most popular conventional
precipitation synthetic approach. However, it has
been recently demonstrated that they are incapable
to directly exchange their interlayer carbonate (or
other anions) with aqueous anions [2]. In other
words, they do not use their advantageous interlayer
space acting at the interface with aqueous phase as
bulk structure materials. An exception from this list
is the Mg—Al—CO, LDHs developed by original fine
inorganic synthesis with a stage of purely inorganic
sol—gel routes [3]. This material exhibited an
exceptional or competitive adsorptive capability to
many anions among which are arsenate, selenite,
selenate, and phosphate (on the one hand) and
arsenite, fluoride, bromate, and bromide (on the
other hand). It was reasonable to test the adsorptive
characteristics of these Mg—AI—CO, LDHs towards
ClO, anions. Thus, the key task of this work was to
assess the Mg—AI—CO, LDHs, synthesized by an
original fine inorganic sol—gel method, in the process
of the removal of perchlorate.

Experimental

Materials

A strategy for the synthesis of the Mg—Al—
CO; LDHs, which are tested in the present study,
was initially developed to remove toxic anions from
water, first of all, arsenate. The preparation of this
material was described in detail elsewhere [3], and
its adsorptive performance toward several anions was
presented in work [4]. Briefly, several requirements
were set by the researchers when developing the
synthetic methodology for this anion exchanger. First
of all, they wanted to use advantages of sol—gel routes
that give a chance to maximize an access surface
energy of the final product (since sol is the most
heterogeneous system known till now). Secondly,
they tried to provide an abundance of surface OH~
groups by preserving hydration of both interlayer
space and physically sorbed water in the structure of
these LDHs. And, finally, the above requirements
should be satisfied simultaneously with making this
material strong and stable enough in water solutions
which is usually done by thermal or hydrothermal
treatments. The development of the synthetic strategy
for advanced anion exchanger was successful and
the best ways of treatments of hydrogel or xerogel
were chosen. The method yields Mg—AI—CO, LDHs
with exceptionally high removal capabilities to many
anions [3,4].

Comparison of the three samples of layered
double hydroxides, Mg—AI—CO,, produced by the
three different advanced synthetic methods revealed
the reasons for such exceptional properties of these
alkoxide-free sol-gel generated LDHs [5]. It was

demonstrated that this material differed from the
other ones by its rich speciation of the main chemical
elements (Mg, Al), interlayer carbonate, surface
chemistry and hydration. Comparison with the
literature conducted few years afterwards showed that
it is the only hydrotalcite which is capable to directly
exchange its interlayer carbonate with the aqueous
anions [2]. Other LDHs are mainly used via a stage
of calcination (resulted in ruining the layered
structure) and their further reconstruction during the
contact with water phase combined with anion
removal function which is known as «memory effect».
Having such a promising material, it was reasonable
to study its adsorptive properties also to Cl1O,” which
is done in this paper.

Methods

Adsorption isotherms were obtained at three
pH values, all of which are close to pH of purifying
drinking water which varies from 5.5 to 8.5.
Investigations were conducted with an adsorbent dose
of 2 g (dry weight) per liter (g,4,/L) using 0.01 N
NaCl as a supporting electrolyte. The ambient
temperature was 20+2°C and the speed of shaker
rotation was 200 rpm. The values of pH 5; 7 and 8
(£0.2) were adjusted using 0.1 M HCI and 0.1 M
NaOH. The initial concentration of perchlorate was
in the range of 25—350 mg[Cl]/L. Adsorption
capacity was calculated using the following empirical
formula:

g CmCIV

m

; (1)

where q (mg/g,,) is the amount of anion sorbed per
gram of adsorbent (dry weight); C, (mg/L) is the
initial concentration of ClO,~; C, (mg/L) is the
final (or equilibrium) concentration of the anion in
solution; V (mL) is the volume of the solution; and
m (mg) is the dry weight of the adsorbent.

The concentration of C10,~ ions was measured
by ion chromatography method. Adsorption data
were fitted by using three known models (Linear
sorption, Freundlich and Langmuir theories).

Results and discussion

Experimental equilibrium adsorption isotherms at
pH 5, 7and &

Fig. 1 presents experimental data on the
adsorptive capabilities of the investigated Mg—Al—
CO, LDHs to ClIO,” at pH 5, 7 and 8, the data are
given in the form of equilibrium adsorption isotherms.

The curves in Fig. 1 show adsorptive capacities
using classical units of measurements of complex
anion sorption (mg[Cl]/g,,). However, in order to
be consistent with the most literature articles, we
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also present these results in mg[ClO,]/g,4, Which
are written in the graph as maximum adsorption
(capacity). Quick glance at the curves (Fig. 1) allows
concluding that adsorptive capacities of this anion
exchanger are among the highest, however, its affinity
to perchlorate can be improved.
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Fig. 1. Isotherms of CIO,™ sorption on Mg—Al—CO,; LDHs

at pH 5, 7 and 8. Experimental conditions: adsorbent dose is

2g/L; supporting electrolyte is 0.01 N NaCl; temperature is
20+2°C

The shape of the obtained adsorption isotherms
is not steep-like to expect an outstanding removal
performance in dynamic adsorption conditions (in
columns). A high affinity of adsorbent to adsorbate
is usually recognized (and reflected) from steep
isotherms of adsorption.

Fitting the experimental data according to three
models: Linear, Freundlich and Langmuir

The experimental curves cannot be described
by Langmuir model which commonly better fits the
data involved chemisorption mechanism of cation/
anion removal. We tried to describe the experimental
data by Linear and Freundlich theories. Fig. 2 shows
the results of fitting the experimental data to the
Linear adsorption model based on the following
simple equation:
qequlin'Ceqa (2)7
where q., is the equilibrium value of adsorption
(mg/g); K,, is the coefficient of linear adsorption
(L/g); and C,, is the equilibrium concentration of
adsorbate (mg/L).

Freundlich equation is based on two parameters,
Freundlich constant (K;), which shows the affinity
of an adsorbent for an adsorbate, and parameter n,
which is characteristic of the system and indicates

the strength of adsorption:

qeq=1<f(:eql/n (3)
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Fig. 2. Fitting the experimental data given in Fig. 1 according
to Linear adsorption model

Logarithmic form of Eq. (3) was used to
determine the coefficients K; (Freundlich constant)
and n (adsorption strength) by plotting dependency
of log q., vs. C:

logq,,

=logKf+llogCeq (4)
n

Fig. 3 demonstrates the results of Freundlich
equation fitting using Eq. (4).
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Fig. 3. Fitting the experimental data given in Fig. 1 according
to Freundlich adsorption model

The data resulted from the fitting the
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experimental data by Linear and Freundlich
adsorption models are summarized in Table 1.
Table 1
Parameters obtained from fitting the data by Linear and
Freundlich adsorption models

Sample | Linear model Freundlich theory
pH Klin (L/g) Kf n

5 0.044 0.211 1.395

7 0.031 0.046 1.060

8 0.018 0.036 1.167

It can be concluded from Table 1 that while
the coefficient of Linear model gradually increases
(from 0.018 to 0.044) as pH decreases (from § to 5),
Freundlich fitting results demonstrate that the
sorption of perchlorate is stronger at pH 5 than at
pH 7 and 8. However, the values of the intensity of
adoption calculated from Freundlich model (n) is
higher than 1 at all investigated pH values which
indicates a favorable adsorption. At the same time,

Freundlich coefficient is low enough which suggests
that further improvements (modifications or
treatments) of this material might be useful to increase
its affinity to CIO,". Fitting the experimental data
according to these three models (Freundlich, Linear
and Langmuir theories) demonstrated that
perchlorate is sorbed by these Mg—Al—CO, LDHs
via physical sorption mechanism (electrostatic
interaction). However, high affinity of adsorbent to
adsorbate is mostly resulted from chemi-sorption
mechanism which obviously did not involve the
removal of ClO,” by this anion exchanger.

Adsorptive performance of Mg—Al—CO; LDHs
in comparison with the literature data

Table 2 shows the data on adsorptive removal
capabilities of various materials toward perchlorate
given in literature.

Perchlorate belongs to those inorganic anions
which are difficult to remove by adsorption method.
Consequently, literature data on its adsorptive
performance on various adsorbents and anion

Table 2

Adsorptive performance of various adsorbents towards ClO,~

q, (mg/g) Ads.
Adsorbent mg[CIO. ]/ pH dose Ref. Comments
37 5 . . L s
AL this | Provides realistic data at pH of purifying
Mg-Al-CO; LDHs %3 ; work | drinking water and an adsorbent dose of >1 g/L
pH is very low which suggests low adsorption at
. higher pH values. Dose is higher than 1 g/L
Granular activated carbon 30 3 0.5 1 [6] which indicates much lower adsorption at dose
of >1 g/L
Modified inorganic-bentonites ~10 — [7] —
Granular ferric hydroxide, Fe,04 ~20 6.0-6.5 [8] |Data are comparable to this work
Aluminum-based drinking-water No data on adsqrp tOIVC capacity in mg/g.
. - - [9] [presented, only in % with hidden experimental
treatment residual .
conditions
At initial perchlorate concentration of 2 mg/L.
Graphene 0.024 - [10] | Very different experimental conditions.
Impossible to compare
Adsorbent dose was 0.1 g/L which results in
Granular activated carbon artificially high adsorptive capacity. These data
modified with cetyltrimethyl ~20 — 0.1 | [11] | cannot be used for comparison. Realistic
ammonium chloride adsorption is expected to be approximately 10
times lower
Authors assumed that adsorptive capacity in
Cetyltrimethyl ammonium e alkaline solutions (typical for water treatment
chloridectivated carbon fibers 26.74 Acidic | ~0.7 | [12] conditions) is very low. Adsorbent dose is lower
than 1
Calcined Mg/(Al-Fe)
hydrotalcite > - [13] -
Single-walled carbon nanotubes
(SWCNTs) 10 - [14] -

N.I. Chubar, V.A. Kopilevych



ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 3, pp. 59-66

63

exchangers are scare. Some studies do not reveal
clearly the applied experimental conditions [8], while
other studies present unrealistic adsorptive data. The
latter mainly falls into two categories: those using
too lower adsorbent dose (<1), and those not showing
the data at full pH range. If an adsorbent dose is less
than <1 g/L, then the measured adsorptive capacity
will be always wrong (overevaluated) due to the fact
that this value is in the denominator in the formula
of adsorption calculation (see Eq. (1)). Adsorption
characterizes the capacity of one gram of an adsorbent
to remove ions/molecules from one liter of adsorbate.
10—20 years ago, a «common» adsorbent dose was
ca. 10—20 g/L: it was a period when highly selective
synthetic ion exchangers have not been developed
yet and researchers used mainly natural materials.
Over the last decades, an adsorbent dose of 2 g/L is
most acceptable as often it is a minimum amount of
the material in batch which produces a plateau on
dependences of adsorption capacity upon adsorbent
dose. However, some works repoerted an adsorbent
dose of 0.5, 0.1 or even 0.02 g/L.

As concerns pH effect, it is known that a typical
pH influence on anion sorption is characterized by
an adsorption decrease at increasing the pH which
is partially due to the competition of inorganic anions
with OH™ in solution. Very often, adsorption of
inorganic anions at pH>7 is much lower than at
pH<7 or even approaching zero in alkaline solutions.
Therefore, many studies reported the results collected
only at acid pH values. Another widely spread issue
is related to the fact that precise experimental
conditions are not shown at all; for instance, an
amount of adsorbent may be shown, but a volume
of adsorbate to which it was added is not disclosed.

The sample of Mg—Al—CO; LDHs generated
via an original alkoxide-free sol-gel method exhibited
a competitive adsorptive removal to perchlorate at
pH values close to those of purifying drinking water
(pH 5.5—8.5), at which many inorganic adsorbents
show unacceptably low sorption. Thus this material
seem to be a promising adsorbent for the removal of
ClO,~, however, its adsorptive affinity should be still
improved.

How to increase an adsorptive affinity of the Mg—
Al—CO; LDHs to perchlorate — a brief overview

We suppose that adsorptive characteristics of
the Mg—AIl—CO; LDHs to perchlorate can be

improved. This material has all basic properties
expected from high-quality anion exchangers: rich
speciation of chemical elements, phases and surface
chemistry. However, its affinity to C10," is relatively
low which can be fixed. To this end, two major
possibilities can be used: fitting the structural factors
and/or changing the chemical composition.

The first factor can be applied by using
modification (activation) of the initial Mg—Al—CO,
LDHs by thermal treatment. Analysis of adsorptive
performance of this material to different anions
(H,AsO,~, H,PO,~, SeO,, As(1ll), HSeO,", BrO;,
F~, Br) demonstrated that its adsorption capacity
and affinity to some anions (in particular, As(III)
and BrO,”) was considerably increased by the
treatment of this sample at 200—600°C [2]. Major
reason for such an improvement is the factor of
structural correspondence between an adsorbent and
aqueous anion modified by thermal treatment which
changes the interlayer space of this layered inorganic
anion exchanger [2]. The interlayer distance of the
sample is a function of the applied temperature.
Moreover, these Mg—Al—CO; LDHs are the only
layered double hydroxides which preserve their
layered structure at thermal treatment up to 600°C,
while all other hydrotalcites known from the literature
are destroyed and transformed into double oxides of
bulk structure. The future task within this strategy is
to find the right temperature of thermal treatment
(within the range of 200—600°C) of these Mg—Al—
CO; LDHs samples which increases their affinity to
Clo,".

Analysis of physical properties of various anions
revealed that the hydration energy of perchlorate
anion in water is among the lowest of «common»
inorganic anions which causes serious problems in
separation and analysis of perchlorate [15]. It is the
reason why its adsorptive affinity to these Mg—Al—
CO,; LDHs differs so dramatically from the other
tetrahedral anions (H,AsO,”, H,PO,”) which are
sorbed by this material with outstanding adsorptive
characteristics [2—5]. Table 3 shows hydration
energies of common inorganic anions and
demonstrates that ClO,” has the lowest from the
list.

Literature data (see Table 2) allows drawing
some conclusions on the best adsorbents for the
removal of perchlorate ions. The first observation is

Table 3
Hydration energies (AG,) of common inorganic anions [15]
Anion F cr | cos” | oH | Noy |H,PO, | PO, | SO | ClO,
Thermochemical radius, nm 0.125 | 0.172 | 0.178 | 0.133 | 0.196 | 0.200 | 0.238 | 0.230 | 0.240
AGy, observed, kJ/mol —465 -340 | -1315 | -430 -300 —465 | -2765 | —1295 | 205
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that even activated carbon is capable to remove this
inorganic anion, CIO,. Granular activated carbons
are usually produced at very high temperatures and
cannot be a highly hydrated materials required for
the removal of most inorganic anions. At the same
time, perchlorate is the least hydrated anion. These
samples of Mg—Al—CO, LDHs are the most hydrated
LDHs known till now. It is possible that a decrease
in hydration due to thermal treatment of the Mg—
Al—CO,; LDHs will considerably increase their
adsorptive properties towards ClO,”. The literature
data and Table 2 also indicate that carbon or
inorganic adsorbents modified with organic molecules
can serve as competitive removers of ClO,.

The second option is a change of the chemical
composition of inorganic anion exchanger
synthesized by fine inorganic sol-gel method which
is currently based on hydroxides of Mg and Al [2—
5]. Table 2 exhibits that Fe oxide-based (or modified)
materials show better adsorptive affinity than others.
This factor can be used via two possibilities: one of
which is adding Fe salts at the last stage of the
synthesis which can also increase adsorptive affinity
to CIO,. The other way is to synthesize different
layered double hydroxides of similar quality
(requested/expected from adsorptive materials), such
as rich speciation of chemical elements, phases and
surface chemistry, but with different chemical
composition (Mg—Fe, Mg—Zr, Ca—Fe, etc.).
However, this is a future research goal.

Conclusions

Mg—Al—CO, LDHs prepared via an original
fine inorganic synthesis, which includes a stage of
sol—gel routes, can serve as competitive adsorbents
for the removal of perchlorate ion from water
solutions. They are capable to sorb ClO,” even at
pH 8 when most other adsorbents exhibit very low
adsorptive properties up to zero levels compared with
acidic solutions. Their adsorptive capacity to
perchlorate at pH 5, 7 and 8 constitutes 37, 25 and
17 mg[ClO,]/g,,, respectively.

Mechanism of perchlorate uptake by these Mg—
Al—CO; LDHs involves physical sorption which is
based on electrostatic interaction and well-described
by Freundlich and Linear adsorption models.
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COPBIIA ITEPXJIOPATY HA IIIAPYBATUX
MMOABINHUX I'IPOKCUJIAX Mg—Al-CO,,
BUTI'OTOBJIEHUX ITIJIAXOM TOHKOI'O
HEOPTAHIYHOTI'O 30JIb—TEJIb ITPOIIECY:
OBPOBJEHHA BOAHMUX PO3YUHIB 3 pH 5,718
H.I. Yyéap, B.A. Koniaresuu

Ilepxaopam € Hebe3neurum 0as MOOUHU AHIOHOM, SKULL MOJiCe
enaueamu Ha yuHKyii ii 201061020 M03KY. loHHUT 00MIH € 0OHUM i3
OCHOBHUX Mem00i6 6UdiNeHHS 1b020 AHIOHA 3 600U | MAKUM YUHOM
doseonse konmponosamu emicm ClO,~ 6 600HuUx po3uunax. B yii
pobomi Mu oyiHUAU 30amMHICMb 3DA3KI6 WApyeamux NOOGIlHUX
eidpokcudie cknady Mg—Al—CO; (layered double hydroxides, LDHs)
sudanrsmu nepxaopam npu 3HauenHsx pH, sxi € munoeumu o0as
ymoe eodoouuuents: pH 5, 7ma 8. 3paszku LDHs 6ye eueomosie-
HUll MemoooM MOHK020 HEOPeaHiYHO20 CUHME3Y, W0 Micmue cma-
dito 301b-2eab nepemeopens, llokazano, wo ui Mg—AIl—CO; LDHs
egpexmuero copoyrome ClO,; Hasimb npu pH 8, npu sikomy Giaviuicms
HeopeaHiyHUX aHIOHOOOMIHHUKIG MArOMb 3HAYHO HUNCYUL COPOUILi-
Hull nomeHyian wodo aniowie. Excnepumenmanshi izomepmu copouyii
onucytomocsa modeasmu DpeldHorixa ma AHIGHUM PIGHAHHAM, WO
niomeepduno cnpusmausy copouiro. Ilpoyec eunyuenus nepxiopa-
my peanizyemocs 3a Mexanizmom Qizuuroi copouii, axui 6azyemo-
¢ Ha enekmpocmamuuHitl 83aemodii copbenmy i adcopbamy. He
duensiyucy Ha me, w0 copoOUiliHa MiCMKICMb Y4b020 Mamepianry 0o
nepxaopamy € 0ocums GUCOKO0I0 (NOPIGHAHO 3 AiMepamypHUMU 0a-
Humu) i cmanosums 37 me ClO; Ha 1 e macu cyxoeo adcopbeHmy
npu pH 5, iioeo copbuyiiina cnopionenicmo modce 6ymu nideuujera
wAsxoM onmumizauii XiMiyHoeo ckaady mamepiny ma/abo iioeo
KanbyUuHy8amts. 3anponoHo8aHo 0eKinbka wasxie NOKPAueHH s co-
pouitinux eracmugocmell GHIOHOOOMIHHUKA, OOHUM 3 AKUX € mep-
MiuHe 00pobaents yux yrikaavHux s3paskie LDHSs, ski 36epiearoms
c6oro wapysamy 0ydosy Hasime npu npoxcaprosarti npu 300—600°C.
B cmammi makoxc Hasedeno kopomkui oeasid aimepamypu cmo-
COBHO COpOUIi nepxaopamy pisHUMU COPOYIUHUMU Mamepiaramiu.

KumouoBi cioBa: repxjiopart, aHioH, copOl1list, HeopraHiuHi
aHIOHOOOMiIHHMKM, 1IapyBaTi MOABIMHI TiIPOKCUIHU, i30TepMU
azncopOitii, 3ayexxHicTb Big pH.
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Perchlorate anion is dangerous to human and able to affect
the brain functions. lon exchange is one of the main approaches,
which allows separating CIO,~ anion and controlling its concentration
in water solutions. In this work, we evaluated the ability of Mg—Al—
CO; layered double hydroxides (LDHs) to remove perchlorate ions
at various, yet relevant to drinking water treatment conditions, pH
values: 5, 7 and 8. LDHs were prepared via an original fine inorganic
synthesis which includes sol—gel routes. It was shown that Mg—Al—
CO; LDHs can effectively sorb perchlorate even at pH 8, whereas
most inorganic anion exchangers exhibited much lower adsorptive
potential to anions. Experimental adsorption isotherms obeyed the
Freundlich model and the Linear equation which confirmed favorable
sorption. The process proceeds according to the mechanism of physical
sorption based on an electrostatic interaction of an adsorbent and an
adsorbate. Although these Mg—Al—CO; LDHs demonstrated high
adsorptive capacity to perchlorate (as compared with the literature)
which is equal to 37 mg of ClIO, per 1 gram of dry adsorbent at pH
5, an improvement in their adsorptive affinity can be achieved by
the optimization of the material chemical composition and/or its
calcination. To improve the removal properties of the anion exchanger
toward ClO,, several pathways have been suggested. One of them is
a thermal treatment of these unique LDHs, which maintain their
layered structure even after calcination at 300—600°C. The paper
also presents an overview of the literature data on perchlorate sorption
by various materials.

Keywords: perchlorate anion; sorption; inorganic anion
exchangers; layered double hydroxides; sorption isotherms; pH
effect.
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