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OBTAINING OF IRON-CONTAINING
SILICATE COMPOSITES FOR
CONTAMINATED WATER PURIFICATION
FROM ARSENIC COMPOUNDS

O6’exmom docrioncenns € NAIUzZOPCOKIM — NPUPOOHUU AUHUCTRUTL MIHEPAL WaPYEamo-cmpiukosoi cmpyx-
mypu. /I Hb020 XAPAKMEPHOIO € BUCOKA NUMOMA NOBEPXHSL, GMOPUNNHA NOPYSAMICT® Ma cOpOuitina 30amuicmo
w0do kamionie memanis. [pome, 3a paxynox Hezamuenozo 3apsady noGepxHi, NALUZOPCOKIM € HeepheKmusHUM npu
ouumenni 600 610 3a6pyoHens, w0 3HAX00AMbC 8 anionnitl popmi, 30kpema, 610 cnoayx apceny. Cymmesum He-
Q0NIKOM BUKOPUCTRANHSA OUCTLEPCHUX ATIOMOCULIKAMIE 8 SKocmi copbenmis ¢ cxkiaduicmo ix eidodinenns 6io piokoi
asu nicis npouecy copbuitinozo ouvuenis. Tomy asmopamu 01 nidsuweHIs COPOUTTIHUX 6AACTMUBOCEN NALU-
20pcvrimy wodo 3a0pyonI08ayis, SKi 3HAX00AMbCS Y 600HOMY cepedosuyi 6 Qopmi anionis, 6yio BUKOPUCTRANO
Memod MoOupiKyeans 1020 N0GEPXHI PePYMEMICHUMU CROIYKAMU, W0 6KII0UAE 8 cebe 00poOKY Nidz0mosenozo
nanuzopcokimy consmu 3anisa(Ill) 6 crabro ayscnomy cepedosuiyi. B pobomi euxopucmosysarucs pisuxo-xi-
Miui memoou 00CHiOACeHH CMPYKMYPU MOOUPDIKOBAHUX Ma GUXIOHUX 3PA3KIE NAIUZOPCHKIMY, 30KpemMa, Memoo
ingpauepsonoi cnexmpocxonii (I9-cnexmpockonii) ma memood nusvkomemnepamypnoi adcopouii-oecopbuii azomy.
Ompumani pe3yrvmamu 8KaA3y0OMsb HA Me, U0 NOBEPXHS NAIUZOPCcvKimY exkpuma cnoaykamu saniza(Illl), wo npu-
6en0 0o nideuwenns numomoi nosepxui 3 213 m?/z do 275 m?/2 ma posmipy nop 3 1,9 um 0o 2,25 um. Odepcani
3pasku GiOpisHaIOMbes 610 6UXION020 MiHEPALY NIOBUULEHOI0 COPOUTIN0I0 30AMMICTNIO 1O GIOHOWLEHHIO 00 COIYK
apceny (V). Beauuuna maxcumanvnoi copouyii apceny mooudpixoeanum 3pasxom cmanosumn 7,8 mz/2, wo 3navmo
nepesuuye maxy 0as npupooinozo naiuzopcvkimy — 0,2 me/z. Illokazano, wo suiyuenns apceny Gepymemicuum
cunixamom 6i06yeacmvcs. docmamuvbo weuoko i ne sarexrcums 6i0 eeauvunu pH eodnozo cepedosuwa ¢ diana-
soni 3—8. Ile nog’sazano 3 mum, wo npu 06podUi NOGEPXHI NANUZOPCHKIMY OKCUZIOPOKCUIAMU 3aTi3a, OCMANHI
nabyesae nidsuwenoi peaxyitinoi 30amuocmi 3a paxynox 30iIvuenns KitoKocmi axkmueHux copoyiiunux uenmpis.
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1. Introduction

Protection of the natural aquatic environment from
pollution with dangerous inorganic toxicants, including
arsenic compounds, is an important environmental chal-
lenge of our time. Arsenic belongs to the chemical ele-
ments that exhibit carcinogenic and mutagenic effects on
living organisms. According to the directive documents of
the World Health Organization and the countries of the
European Union (EU), the permissible concentration of
arsenic in drinking water should exceed 10 pg/dm? [1].
According to Ukrainian regulatory documents, the con-
tent of arsenic in drinking water is also regulated at the
level of 10 pg/dm?®, in the wastewater — 20 pg/dm? [2].

Pollution of water bodies with arsenic compounds is
caused by both natural factors (the passing of geochemical
leaching processes from arsenic rocks) and man-made (sewage
from mining enterprises, nonferrous metallurgy, oil refineries,
coal-fired power plants). A potential source of water pol-
lution is the use of arsenic in the production of pigments,
paints, ceramics and substances to prevent bio-growing.

In natural surface waters, the degree of arsenic oxida-
tion depends on the concentration of dissolved oxygen
in them, the redox potential and the pH of the aquatic
environment. Among the inorganic forms of arsenic, ar-
senites (oxidation degree +3) and arsenates (oxidation
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degree +5) are most common. The former dominate in
water bodies with anaerobic conditions, the latter in water,
saturated with oxygen. In uncontaminated natural waters,
the concentration of arsenic does not exceed 1-10 pg/dm?.
However, in the water bodies of the regions exposed to
the waste waters of metal-mining enterprises, its content
reaches tens and hundreds of micrograms per 1 dm?. The
groundwater of these regions is particularly polluted with
arsenic compounds. This problem is very important for
countries where groundwater is used as a source of drinking
water supply for the population [2].

Various chemical and physico-chemical methods are
used to purify water from metal ion pollution. However,
the existing traditional water purification technologies do
not always provide the normative quality of purified water.

Today, one of the most promising and effective methods
for purifying large volumes of water from metal ions con-
tained in very small concentrations compared with other
compounds is sorption. It is their use in the purification
of water allows to achieve a high degree of extraction of
metal ions. Now there are a large number of synthetic
sorption materials. However, along with high efficiency,
they have a significant drawback — they require complex
synthesis schemes and are relatively expensive. Therefore,
the preparation of sorbents based on cheap natural layered
silicates for water purification from inorganic toxicants is
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promising. The structural features of clay minerals make it
possible to modify their surface with various compounds and
to obtain new functional materials with unique properties.

One of the methods to increase the adsorption capacity
of aluminosilicates with respect to metal ions is to treat
their surface with metal oxides and hydroxides. It is known
that composite sorbents based on clay minerals and iron
oxides have an increased adsorption capacity compared to
the original aluminosilicates and acquire anion-exchange
properties, while maintaining the cation-exchange ability.

In this regard, the relevance of the work is due to
the need to develop highly efficient composite materials
based on natural clay minerals for purifying water from
As(V) compounds.

2. The ohject of research
and its technological audit

The object of research is palygorskite — a natural clay
mineral with a layered ribbon structure. At the heart of
its structure is twinned infinite silicate ribbon of pyroxene
type. Two oppositely returned to each other vertices of
the tetrahedra of silicon-oxide elements are connected
into ribbons with Mg?*, AI** and Fe®* ions in octahedral
coordination. Since ribbons of the tetrahedra are com-
bined in staggered order among themselves, rigid inter-
nal «zeolite» channels with a size of 0.37 nm by 1.2 nm
and a developed secondary porous structure appear. The
structural formula of this mineral has the following form:
Mgs(HQO)4(OH)2[Si4O10]-4HQO [3]

It is known that sorption materials based on natural
clays, including palygorskite, are widely used in water puri-
fication processes from ion-black earth compounds. However,
a technological audit suggests that cleaning water from
metal anions, for example, arsenic compounds, with natural
silicates is a difficult task, because their surface is mainly
negatively charged. In addition, a significant drawback of
the use of highly dispersed clay minerals is the difficulty
of separating the solid and liquid phases during sorption
purification of water from metal ions in a static mode.

3. The aim and ohjectives of research

The aim of research is obtaining iron-containing silicate
composites based on palygorskite to protect the environment.

Objectives of research:

1. To investigate the parameters of the synthesis of
palygorskite-based iron-containing silicate composites and
determine the structural sorption properties of the obtained
composites.

2. To study the physico-chemical characteristics of the
purification of aqueous solutions from metal ions on the
example of arsenic(V) compounds using the obtained samples.

4. Research of existing solutions
of the prohlem

A number of methods are used to extract arsenic com-
pounds from polluted waters: oxidation of As(IIT) to As(V)
with various reagents, coagulation and flocculation, fil-
tration, methods of membrane separation and sorption
methods [4, 5]. Sorption methods are among the most
effective, due to the ability to achieve a high degree of
purification at relatively low costs. The ideal method for

removing small amounts of arsenic impurities from diluted
polluted water is ion exchange [6].

To date, a large number of various sorbents have been
developed for extracting arsenic compounds from polluted
waters [7, 8]. At the same time, oxides of metals have
high efficiency, in particular:

— titanium [9];

— zirconium [10];

— copper [11];

— iron [12].

When developing cheap sorption materials, particu-
lar attention is paid to various iron compounds (oxides,
hydroxides and oxyhydroxides) [13, 14], which is caused
by the high adsorption tendency of the latter to remove
arsenic. However, along with their efficiency and cheapness,
they have a significant drawback — high dispersion, which
complicates the separation of solid and liquid phases when
used in water purification sorption technologies [15, 16].
Therefore, it is advisable to ferment the iron-containing
compounds on different substrates, which significantly
improves the processability of sorption processes. As the
substrate it is possible to use:

— ion exchange resins [17, 18];

— activated carbon [19];

— organic porous materials [20];

— diatomite [21];

— nanotubes based on boron nitride [22];

— polymeric materials [23].

Natural clay minerals are not very effective in purifying
arsenic anion water. However, the existing technologies
for modifying their surface make it possible to develop
composite sorption materials based on them. Thus, iron
oxides are applied to pillared clay [24], as a result, it is
possible to obtain materials with increased porosity and
sorption capacity. The use of surfactants and polycationic
iron in the synthesis of silicate sorption materials also
makes it possible to significantly improve the selectivity
of montmorillonite for arsenic compounds [25]. And deposi-
tion of nano-sized iron on the surface of layered minerals
results in a highly efficient reactive material [26].

Thus, the results of literary analysis allow to conclude
that the preparation of sorption materials based on natural
clay minerals and iron-containing compounds will allow
the creation of effective, more technological and economi-
cally feasible schemes for purifying water from arsenic
contamination.

5. Methods of research

The synthesis of iron(III) oxyhydroxide — ferrihyd-
rite (Fh) was carried out according to a modified proce-
dure [27]. To this end, in 200 cm?® of a 0.2 M solution of
Fe(NOj3)3-9H,0, with constant stirring, a certain volume
of 1 M solution of KOH was added to a pH of 7-8. The
precipitate was washed with distilled water, defended and
the dark brown precipitate was separated by filtration un-
der vacuum. The sample was dried at 80 °C, triturated in
a porcelain mortar, sieved to obtain a fraction of <0.2 mm
and stored in a container without air access.

The surface treatment of the natural form of palygor-
skite (PG) was done by iron-containing compounds using
iron salts (IIT). To do this, a solution of Fe(NO3)3-9H,0
was added with a weight of silicate in various mass ra-
tios of Fe(g):clay mineral (g) — 0.01:1, 0.025:1, 0.05:1,
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0.075:1, 0.1:1, 0.25:1, 0.5:1, 0.75:1 and 1:1. The suspension
was stirred for 1 hour. And then 1 M KOH solution
was added to a pH of 7-8 for the formation of silicate
composites PG-Fh. The precipitate was washed several
times with distilled water from excess salts and settled
for a certain time. Then the suspension was filtered under
vacuum. The obtained samples were dried at 80 °C in
a drying cabinet, triturated and sieved to obtain a fraction
of £0.2 mm and stored in a container without air access.

The infrared (IR) spectra of the natural palygorskite and
its ferihydrite-modified sample were obtained on a Spec-
trum Two FT-IR spectrometer (Perkin Elmer, USA) in
the configuration of total internal reflection (ATR-IR)
on a ZnSe crystal in the range of 4000-4500 cm™' at
4 times scanning (Absorption mode).

To determine the parameters of the porous structure
of natural clay minerals and ferrous silicates, the method
of low-temperature nitrogen adsorption-desorption was
used (Quantachrome Nova 2200e Surface Area and Pore
Size Analyzer, USA). Samples were evacuated at room
temperature for 30 minutes and kept for 5 minutes after
establishing equilibrium at each point of the isotherm. The
specific surface area and total pore volume were deter-
mined by the Brunauer, Emmett and Teller method (BET),
and the pore size distribution was determined by the Bar-
rett-Joyner-Halenda method (BJH) [28].

Water purification from contamination with As(V) com-
pounds using natural clay minerals and iron-containing
composites was studied in a wide range of concentrations.
For the preparation of aqueous solutions of As(V), a stan-
dard solution of H3AsO4 (concentration 1000 mg/dm?)
was used. All samples were prepared in distilled water
with the addition of 1 M NaCl solution to create ionic
strength (/=0.01). The pH of the aqueous systems was
adjusted with a 0.1 M NaOH solution and the ionomers
were monitored.

Sorption of As (V) by natural palygorskite and com-
posite materials based on it was carried out under static
conditions at room temperature. The volume of the aque-
ous phase was 50 cm?®, the sorbent sample was 0.1 g. To
establish the adsorption equilibrium, the samples were
continuously shaken for 1 hour. After that, the aqueous
phase was separated by centrifugation and the equilibrium
metal concentration in it was determined by inductively
coupled plasma atomic adsorption spectrometry (Thermo
Scientific iCAP 7400 ICP-OES, USA).

The value of the sorption a (mg/g) was calculated
by the formula:

0= Cry

m
where Cy, C, — initial and equilibrium metal concentra-
tion, mg/dm?; V — volume of solution, dm?3 m — sorbent
sample weight.

6. Research resulis

Fig. 1 shows the IR spectra of the iron-containing
silicate composite (PG-Fh) and natural palygorskite (PG).
In the IR spectrum of the clay mineral, the main charac-
teristic absorption bands of palygorskite are observed, cm™:
990 — oscillations of the Si-O-Si group and 910 — oscil-
lations of the Si-O group [29]. After the modification
with iron compounds in the IR spectra, bands are clearly

pronounced at 883 cm™! and 1619 cm™!, which correspond
to asymmetric and symmetric stretching vibrations of Fe-O
and OH groups to ferrihydrite, which are sorbed on the
surface of the mineral [30].

Absorption
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Fig. 1. Infrared spectra of the natural (PG) and
modified palygorskite (PG-Fh)

Nitrogen adsorption-desorption isotherms (Fig. 2) for
both modified and natural palygorskite have a waveform that
is inherent in layered silicates, and belong to type II iso-
therms in accordance with the TUPAC classification [31].

In the range of values p/pp>0.4, distinct hysteresis
loops are observed, which indicates the presence of a well-
developed meso- and macropore structure characteristic of
such samples. Table 1 shows the parameters of the porous
structure of the samples (specific surface S, m?/g, total pore
volume Vs, cm?3/h, micropore volume Vi, cm?®/g, and pore
size distribution 7, 75, nm). So, after carrying out the pro-
cess of modifying palygorskite with ferrihydrite, the value
of the specific surface increases and amounts to 275 m?/g,
and the pore volume increased from 1.9 nm to 2.25 nm.
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Fig. 2. Isotherms of sorption-desorption of nitrogen at the natural (PG)
and modified palygorskite (PG-Fh)

Tahle 1
Characteristics of the porous structure of the samples
Pore size distribution, nm
Sample | 5 m%g | Vg, cm%g | V, cm%/g BIH dV (r)
r ry
Pg 213 0.512 0.084 1.80 6.26
Fh-Pg 275 0.327 0.088 2.25 6.2
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The process of extracting arsenic from water is affected
by the shape of its location. In natural waters, As is mainly
found in the form of inorganic forms As*" and As®', the
ratio between which is determined by the redox potential
of the medium and its pH value. As®" is the dominant
form of arsenic in water, under oxidative conditions, and
As?" is thermodynamically stable in a reducing environ-
ment. It is known that As®" is in the form of arsenate
acid H3AsO4 and its anions HyAsO; and HAsOjz . The
distribution of forms of arsenic(V) in waters depending
on pH is shown in Fig. 3. The data presented indicate
that, in a wide range of pH values, the solution of the
compound As®" is predominantly negatively charged [32].

AsO,(OH)*

AsO,(OH),’

pH

Fig. 3. The distribution of the forms of arsenic(V) in the aguatic
environment, depending on pH

When studying the optimal conditions for carrying out
sorption experiments, the establishment of the time of sorp-
tion equilibrium is of paramount importance. Therefore, the
kinetics of As(V) sorption processes was studied by natu-
ral palygorskite, ferrihydrite, and iron-containing material.
Fig. 4 shows the kinetic dependencies obtained at pH 6.
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=
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Fig. 4. Kinetic dependences of As(V) sorption on natural palygorskite (PG),
ferrihydrite (Fh) and iron-containing material (PG-Fh)

Presented in Fig. 4 experimental data indicate that the
process of removal of arsenic by sorption materials proceeds
fairly quickly. In the first few minutes, most of the arsenates
are sorbed, and after 1 hour of contact, the amount of
adsorption remains almost unchanged. Therefore, in further
studies, the duration of the sorption process was 1 h.

To determine the optimal conditions for the production
of iron-containing silicate composites, the effect of the

mass ratio of ferrihydrite (in terms of iron) to palygor-
skite on arsenic sorption from water was studied. Fig. 5
is a diagram of the dependence of As(V) sorption on
the content of Fe(IIT) on the surface of a clay mineral.
The data obtained indicate that with an increase in the
content of (oxy)hydroxides iron hydroxides (III) in the
composition of the composite, the arsenic sorption first
increases, and after reaching the maximum value does not
change. This is due to the full coverage of the surface of
palygorskite with ferrihydrite.
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2.0 0.5:1
o oL 0.25:1
Y L1
gLl5 0.075:1
< 0.05:1
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0.01:1
0.5
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0.0y ‘
1 2 3 4 5 6 7 8 9 10 1l

mass ratio Fh : PG

Fig. 5. Diagram of the dependence of the sorption of As(V) on the content
of Fe(lll) on the surface of a clay mineral

So, the optimal ratio of ferrihydrite: clay mineral, at
which there is a maximum sorption capacity under the
given conditions of the experiment, is 0.1:1.

It is known that the pH of the aquatic environment affects
the process of extracting metal ions by sorption materials.
Fig. 6 shows the dependence of the amount of As(V) sorption
by a ferrous silicate material on the pH of an aqueous solu-
tion. For comparison, the dependences on natural palygorskite
and ferrihydrite are given. The obtained experimental data
indicate that for composite sorbent and ferrihydrite the pH
value does not affect the process of As(V) sorption in the
range of 3-8, which is due to the physicochemical features
of the surface of the obtained sorbent. Thus, during the
treatment of iron-containing compounds with palygorskite
surface compounds, a composite of reactivity is formed due
to OH groups to ferrihydrite, with which arsenates can be
bound both by ion exchange and complex formation.

2.52
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2.50 - . —_—
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o 248
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0.04 —
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4 L ]
0.00 \ \ T \ \ \ \ \

pH
Fig. 6. Effect of pH on As(V) sorption by natural palygorskite (PG),
ferrihydrite (Fh), and iron-containing material (PG-Fh)

For the natural palygorskite, an extreme dependence
of As(V) sorption on the pH of an aqueous solution is
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observed. In an acidic environment, the sorption of arsenic
is insignificant (up to 0.02 mg/g), and with increasing pH
it increases, reaches its maximum at pH 6£0.5 (0.05 mg/g)
and then decreases in a slightly alkaline medium. This is
due both to the distribution of the forms of arsenates in
the aquatic environment, and the chemistry of the surface
of palygorskite.

Fig. 7 shows the sorption isotherms of As(V) by a iron-
containing composite material and natural palygorskite. The
obtained data indicate that, when modifying the surface of
the palygorskite, the iron oxyhydroxides sorption capacity
of the obtained samples with respect to As(V) increases
significantly. The maximum sorption rate of arsenic for
a iron-containing sorbent is 7.8 mg/g, and for a natural
mineral it is 0.2 mg/g. This is due to an increase in the
number of active sites and the surface of the iron-containing
composite after modification.

8 PG-Fh
6 —
w
)
g 4+
<&
2 —
PG -
0 > T i T
0.0 0.1 0.2 0.3
Ceq, mg/l

Fig. 7. Sorption isotherms of As(V) by natural palygorskite (PG)
and modified sample (PG-Fh)

To assess the adsorption capacity of sorbents by ar-
senic compounds, the coefficients of the Langmuir and
Freindlich equations are calculated (Table 2).

Tahle 2

The parameters of the empirical Langmuir and Freundlich equations for
arsenic sorption (V) are modified and the natural palygorskite

Langmuir Freundlich
Metal | Sample
ama, Mg/g | By, dm®/g| B | 1/n | By, dm%/g| A2
Pg 0.25 1.6 0.97 | 1.08 0.63 092
As(V)
Pg-Fh 8.3 24 0.99 | 0.36 123 | 0.95

The obtained data indicate that the sorption of arsenic
by both natural palygorskite and iron-containing silicate
is better described by the Langmuir equation — the cor-
relation coefficient R? is 0.97-0.99.

7. SWOT analysis of research resulis

Strengths. The main advantage of using iron-containing
silicate materials based on natural clay minerals for purifying
water from arsenic contamination is their environmental
friendliness, low cost, accessibility and processability. Similar
sorption materials are obtained using complex synthesis
schemes and expensive chemical reagents, which signifi-
cantly increases their cost.

Weaknesses. The use of high purity iron salts (IIT) as
reagents in the process of obtaining a composite sorbent
increases its cost.

Opportunities. A promising direction for further re-
search is the development of granulation technology for
the iron-containing silicate sorbent using and studying
the possibility of replacing iron compounds (IIT) with
cheaper analogues.

Threats. The presence on the world market of highly
effective sorption materials based on expensive, but wide-
ly used ion exchange resins, activated carbon, inorganic
synthetic metal oxides creates a fairly strong competitive
environment.

1. By treating the surface of the palygorskite oxyhydro-
xides of iron (III), iron-containing silicate materials are
obtained and their structural sorption and properties are
studied. It is shown that after applying the ferrihydrite
layer on surface of the clay mineral, the specific surface of
the modified sample increases from 213 m?/g to 275 m?/g
and the pore size from 1.9 nm to 2.25 nm. The presence
of iron oxyhydroxide (III) on the surface of palygorskite
is confirmed by IR spectroscopy.

2. The physicochemical features of the removal of arse-
nic compounds from water using obtained iron-containing
silicates are investigated. It has been established that the
sorption capacity of the sorption materials obtained sig-
nificantly exceeds that for the natural palygorskite. So, for
arsenates, the maximum sorption rate of arsenic compounds by
composite sorbents is 7.8 mg/g, and at the natural palygor-
skite — 0.2 mg/g, respectively. It is shown that the pH of
the aqueous medium does not affect the process of sorption
by iron-containing silicate sorbents in a wide range.

References

1. Environmental Health Criteria 224 Arsenic and Arsenic Compounds
(2011). Geneva: World Health Organization, 521.

2. Linnik, P. N. (2015). Myshiak v prirodnykh vodakh: formy
nakhozhdeniia, osobennosti migratsii, toksichnost (obzor). Gi-
drobiologicheskii zhurnal, 51 (4), 91-116.

3. Tarasevich, Tu. I. (1981). Prirodnye sorbenty v protsessakh ochistki
vody. Kyiv: Naukova dumka, 208.

4. Nicomel, N, Leus, K., Folens, K., Van Der Voort, P, Du Laing, G.
(2015). Technologies for Arsenic Removal from Water: Current
Status and Future Perspectives. International Journal of Envi-
ronmental Research and Public Health, 13 (1), 62. doi: http://
doi.org/10.3390/ijerph13010062

5. Ctrelko, V. V., Chubar, N. 1. (2000). Myshiak i osnovnye metody
ego udaleniia pri vodopodgotovke. Khimiia i tekhnologiia vody,
22 (1), 74-90.

6. Awual, M. R., Hossain, M. A., Shenashen, M. A., Yaita, T,
Suzuki, S., Jyo, A. (2012). Evaluating of arsenic(V) removal from
water by weak-base anion exchange adsorbents. Environmental
Science and Pollution Research, 20 (1), 421-430. doi: http://
doi.org/10.1007 /s11356-012-0936-7

7. Mohan, D., Pittman, C. U. (2007). Arsenic removal from wa-
ter/wastewater using adsorbents — A critical review. Journal
of Hazardous Materials, 142 (1-2), 1-53. doi: http://doi.org/
10.1016/j.jhazmat.2007.01.006

8. Verma, P, Agarwal, A., Singh, V. K. (2014). Arsenic removal
from water through adsorption — A Rewiew. Recent Research
in Science and Technology, 6 (1), 219-226.

9. Pena, M. E,, Korfiatis, G. P, Patel, M., Lippincott, L., Meng, X.
(2005). Adsorption of As(V) and As(IIT) by nanocrystalline tita-
nium dioxide. Water Research, 39 (11), 2327-2337. doi: http://
doi.org/10.1016/j.watres.2005.04.006

;18

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 3/3(47), 2019



I55N 2226-3780

CHEMICAL ENGINEERING:
ECOLOGY AND ENVIRONMENTAL TECHNOLOGY )

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Hristovski, K. D., Westerhoff, P. K., Crittenden, J. C., Olson, L. W.

(2008). Arsenate Removal by Nanostructured ZrO, Spheres.
Environmental Science & Technology, 42 (10), 3786-3790.
doi: http://doi.org/10.1021/es702952p

Martinson, C. A., Reddy, K. J. (2009). Adsorption of arsenic(I1I)
and arsenic(V) by cupric oxide nanoparticles. Journal of Col-
loid and Interface Science, 336 (2), 406—411. doi: http://
doi.org/10.1016/].jcis.2009.04.075

Tuutijrvi, T, Lu, J., Sillanpdd, M., Chen, G. (2009). As(V)
adsorption on maghemite nanoparticles. Journal of Hazardous
Materials, 166 (2-3), 1415-1420. doi: http://doi.org/10.1016/
i jhazmat.2008.12.069

Perez, J. P. H., Freeman, H. M., Schuessler, J. A., Benning, L. G.
(2019). The interfacial reactivity of arsenic species with green
rust sulfate (GRSO4). Science of The Total Environment, 648,
1161-1170. doi: http://doi.org/10.1016 /j.scitotenv.2018.08.163
Pintor, A. M. A., Vieira, B. R. C., Santos, S. C. R., Boaven-
tura, R. A. R., Botelho, C. M. S. (2018). Arsenate and arsenite
adsorption onto iron-coated cork granulates. Science of The
Total Environment, 642, 1075-1089. doi: http://doi.org/10.1016/
j.scitotenv.2018.06.170

Hristovski, K. D., Markovski, J. (2017). Engineering metal
(hydr)oxide sorbents for removal of arsenate and similar weak-
acid oxyanion contaminants: A critical review with emphasis
on factors governing sorption processes. Science of The To-
tal Environment, 598, 258-271. doi: http://doi.org/10.1016/
j.scitotenv.2017.04.108

Siddiqui, S. I., Chaudhry, S. A. (2017). Iron oxide and its
modified forms as an adsorbent for arsenic removal: A com-
prehensive recent advancement. Process Safety and Environ-
mental Protection, 111, 592—626. doi: http://doi.org/10.1016/
j-psep.2017.08.009

Wang, J., Zhang, S., Pan, B., Zhang, W., Ly, L. (2011). Hyd-
rous ferric oxide-resin nanocomposites of tunable structure for
arsenite removal: Effect of the host pore structure. Journal
of Hazardous Materials, 198, 241-246. doi: http://doi.org/
10.1016/j.jhazmat.2011.10.036

Tandorn, S., Arqueropanyo, O.-A., Naksata, W., Sooksamiti, P.
(2017). Preparation of Anion Exchange Resin Loaded with
Ferric Oxide for Arsenic (V) Removal from Aqueous Solution.
International Journal of Environmental Science and Development,
8 (6), 399-403. doi: http://doi.org/10.18178 /ijesd.2017.8.6.985
Chen, W.,, Parette, R., Zou, J., Cannon, F. S., Dempsey, B. A.
(2007). Arsenic removal by iron-modified activated carbon.
Water Research, 41 (9), 1851—1858. doi: http://doi.org/10.1016/
j-watres.2007.01.052

Nguyen, T. V., Vigneswaran, S., Ngo, H. H., Kandasamy, J. (2010).
Arsenic removal by iron oxide coated sponge: Experimental
performance and mathematical models. Journal of Hazardous
Materials, 182 (1-3), 723-729. doi: http://doi.org/10.1016/
j.jhazmat.2010.06.094

Jang, M., Min, S.-H., Kim, T.-H., Park, J. K. (2006). Removal
of Arsenite and Arsenate Using Hydrous Ferric Oxide Incor-
porated into Naturally Occurring Porous Diatomite. Environ-
mental Science & Technology, 40 (5), 1636—1643. doi: http://
doi.org/10.1021,/es051501t

Chen, R., Zhi, C, Yang, H., Bando, Y., Zhang, Z., Sugiur, N.,
Golberg, D. (2011). Arsenic (V) adsorption on FesO,4 nanopar-
ticle-coated boron nitride nanotubes. Journal of Colloid and
Interface Science, 359 (1), 261-268. doi: http://doi.org/10.1016/
7cis.2011.02.071

Zhang, Q., Pan, B., Zhang, W.,, Pan, B., Zhang, Q., Ren, H.
(2008). Arsenate Removal from Aqueous Media by Nanosized
Hydrated Ferric Oxide (HFO)-Loaded Polymeric Sorbents: Effect
of HFO Loadings. Industrial & Engineering Chemistry Research,
47 (11), 3957-3962. doi: http://doi.org/10.1021/ie800275k

24. Lenoble, V., Bouras, O., Deluchat, V., Serpaud, B., Bollin-
ger, J.-C. (2002). Arsenic Adsorption onto Pillared Clays and
Iron Oxides. Journal of Colloid and Interface Science, 255 (1),
52-58. doi: http://doi.org/10.1006/jcis.2002.8646

25. Ren, X., Zhang, Z., Luo, H., Hu, B, Dang, Z., Yang, C., Li, L.
(2014). Adsorption of arsenic on modified montmorillonite.
Applied Clay Science, 97-98, 17-23. doi: http://doi.org/10.1016/
j.clay.2014.05.028

26. Bhowmick, S., Chakraborty, S., Mondal, P., Van Renterghem, W.,
Van den Berghe, S., Roman-Ross, G. et. al. (2014). Mont-
morillonite-supported nanoscale zero-valent iron for removal
of arsenic from aqueous solution: Kinetics and mechanism.
Chemical Engineering Journal, 243, 14-23. doi: http://doi.org/
10.1016//j.cj.2013.12.049

27. Schwertman, U., Cornell, R. M. (2000). Iron Oxides in the
Laboratory. Weinheim: WILEY-VCH Verlag GmbH, 188.

28. Rouquerol, F, Rouquerol, J., Sing, K. S., Llewellyn, P, Maurin, G.
(2014). Adsorption by Powders and Porous Solids. Amsterdam:
Academic Press, 646.

29. Sudrez, M., Garcia-Romero, E. (2006). FTIR spectroscopic study
of palygorskite: Influence of the composition of the octahedral
sheet. Applied Clay Science, 31 (1-2), 154—163. doi: http://
doi.org/10.1016/j.clay.2005.10.005

30. Chang, R. R, Wang, S. L, Liy, Y. T, Chan, Y. T,, Hung, J. T,
Tzou, Y. M., Tseng, K. J. (2016). Interactions of the products
of oxidative polymerization of hydroquinone as catalyzed by
birnessite with Fe (hydr)oxides — an implication of the reac-
tive pathway for humic substance formation. RSC Advances,
6 (25), 20750-20760. doi: http://doi.org/10.1039/c5ra19734a

31. Sing, K. S. W,, Everett, D. H., Haul, R. A. W., Moscou, L.,
Pierotti, R. A., Rouquerol, J. et. al. (1985). Reporting physi-
sorption data for gas/solid systems with special reference to
the determination of surface area and porosity (Recommen-
dations 1984). Pure and Applied Chemistry, 57 (4), 603—-619.
doi: http://doi.org/10.1351/pac198557040603

32. Smedley, P, Nicolli, H., Macdonald, D. M., Barros, A., Tullio, J.
(2002). Hydrogeochemistry of arsenic and other inorganic con-
stituents in groundwaters from La Pampa, Argentina. Applied
Geochemistry, 17 (3), 259-284. doi: http://doi.org/10.1016/
s0883-2927(01)00082-8

Bondarieva Antonina, Department of Chemical Technology of
Ceramics and Glass, National Technical University of Ukraine <Igor
Sikorsky Kyiv Polytechnic Institute>, Ukraine, ORCID: hittp://
orcid.org/0000-0003-3064-1725, e-mail: bondareva9>@gmail.com
Tobilko Viktoriia, PhD, Senior Lecturer, Department of Chemical
Technology of Ceramics and Glass, National Technical University of
Ukraine <Igor Sikorsky Kyiv Polytechnic Institutes, Ukraine, ORCID:
http://orcid.org/0000-0002-1800-948X, e-mail: vtobilko @gmail.com
Kholodko Yurii, Postgraduate Student, Department of Chemical
Technology of Ceramics and Glass, National Technical Univer-
sity of Ukraine <Igor Sikorsky Kyiv Polytechnic Institutes, Uk-
raine, ORCID: http://orcid.org/0000-0002-2514-767X, e-mail:
kholodko.yu@gmail.com

Kornilovych Borys, Doctor of Chemical Sciences, Professor, Cor-
responding Member of NAS Ukraine, Head of Department of
Chemical Technology of Ceramics and Glass, National Technical
University of Ukraine <Igor Sikorsky Kyiv Polytechnic Institutes,
Ukraine, ORCID: http://orcid.org/0000-0002-6393-6880, e-mail:
b_kornilovych@kpi.ua

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 3/3(47), 2019

19—)



