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The conducted research established the porous structure of the materials through low-
temperature nitrogen adsorption. It was demonstrated that the nitrogen sorption isotherms
for the investigated samples belong to Type 1V with H4 hysteresis associated with bottle-
like pores. The specific surface area of the granulated composite samples was determined,
ranging from 99 to 111 m?/g. Additionally, it was shown that an increase in iron content
in the samples leads to a reduction in micropore content. Active centers on the material’s
surface, primarily composed of hydroxyl groups, were investigated using infrared
spectroscopy. The kinetics of chromium (VI) adsorption were explored, and it was
established that the iron-to-zirconium ratio in the reinforcement solutions hardly affects
the duration of establishing adsorption equilibrium, which is approximately 60 minutes.
Pseudo-first-order and pseudo-second-order models were applied to describe the kinetics
of the adsorption process. The dependence of the chromium (VI) removal efficiency on
the solution pH was determined. It was demonstrated that the synthesized samples
exhibited high adsorption in acidic conditions with a sharp decline when transitioning to
neutral and alkaline environments. It was shown that the maximum sorption capacities
of the synthesized granulated composite samples significantly depend on the ratio of
iron and zirconium ions. One of the most efficient samples is that with 50% Fe and 50%
Zr, exhibiting a maximum sorption capacity of 13.29 umol/g at pH 6. The use of Langmuir
and Freundlich models allowed establishing the fundamental adsorption properties of
the materials.
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Introduction

Chromium(VI) contamination in water sources
has become a significant environmental concern due
to its toxic effects on human health and ecosystems.
Exposure to high concentrations of chromium (VI)
can lead to severe health issues, including cancer and
various other detrimental effects. Thus, the
development of efficient and cost-effective methods
for removing chromium (VI) from aqueous solutions
is of paramount importance [1].

In recent years, composite materials have gained
considerable attention for their potential applications
in water treatment processes [2]. The synergistic
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combination of different materials results in enhanced
adsorption properties, thereby facilitating the removal
of contaminants from water. Laponite, a synthetic
layered silicate clay, and alginate, a biopolymer derived
from algae, have individually demonstrated promising
adsorption capabilities for various pollutants [3—6].
This research presents a novel approach to remove
chromium (VI) from aqueous solutions using granular
composites based on laponite and alginate. The granular
composites are ionotropically cross-linked by iron
and zirconium ions, which provide additional binding
sites for chromium (VI) adsorption. The incorporation
of these metal ions into the composite structure aims
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to enhance the overall adsorption capacity and selectivity
towards chromium (VI) ions.

The use of laponite and alginate as base materials
offers several advantages. Laponite possesses a high
surface area and a unique layered structure, providing
ample sites for adsorption. Alginate, on the other
hand, offers excellent gel-forming properties and
biocompatibility, making it an ideal candidate for
composite fabrication. The combination of these
materials presents a synergistic effect that enhances
the composite’s adsorption performance. The objectives
of this study are threefold: (1) to investigate the
synthesis and characterization of the granular
composites based on laponite and alginate cross-linked
by iron and zirconium ions, (2) to evaluate the
adsorption efficiency of the composites towards
chromium (VI) ions, and (3) to explore the underlying
mechanisms governing the adsorption process.

The findings of this study are expected to
contribute to the development of efficient and
sustainable solutions for chromium (VI) removal from
aqueous solutions. Moreover, the insights gained from
the study will aid in further optimizing composite
materials and their potential application in other water
treatment scenarios.

Experimental

Materials

In the study, hexahydrate of iron(I1I) chloride
(FeCl;-6H,0), octahydrate of zirconium oxychloride
(ZrOCl,-8H,0), Laponite RD (cation exchange
capacity (CEC) of 0.7 mmol/g), and sodium alginate
(Sigma-Aldrich, Germany) were used. Potassium
bichromate (K,Cr,0;,, Sigma-Aldrich, Germany) was
used to prepare solutions of different concentrations
of chromium (VI), and HCI and NaOH solutions
were used for pH adjustment.

Methods

The following procedure was used for the
synthesis of granulated composites [7]. A 1.5% (w/w)
sodium alginate solution was mixed with a
1.5% (w/w) Laponite suspension and stirred for 3
hours. The resulting suspension was added dropwise
to strengthening solutions based on 0.1 M solutions
of iron chloride, zirconium oxychloride, and their
mixture at molar ratios of ions (Fe 75%:Zr 25%;
Fe 50%:Zr 50%; and Fe 25%:Zr 75%). The samples
were left in the strengthening solutions for 24 hours,
rinsed several times with distilled water, and stored in
distilled water until further use. The synthesized
samples were labeled as Fe,Zr,, where «x» represents
the amount of iron (I1T) and «y» represents the amount
of zirconium in the strengthening solutions.

The physicochemical properties of the samples
were examined using various methods. The data on
the pore structure of the samples were determined

based on low-temperature nitrogen adsorption using a
NOVA-2200 instrument (Quantachrome, USA).
Before the measurements, the samples underwent a
degassing stage at a temperature of 100°C (0.0134 Pa)
for 20 hours. The specific surface area (Sggr) of the
samples was calculated using the Brunauer-Emmett-
Teller (BET) method. The pore size distribution was
determined using the Barrett-Joyner-Halenda (BJH)
method. The t-Plot method was used to estimate the
micropore volume (V). The total pore volume (Vy)
was calculated at the maximum volume of nitrogen
adsorbed at a relative pressure of p/py=0.99, in the
volume of liquid nitrogen. The micropore content
(V,, %) was calculated using the formula
V,=(V,../V:)-100%.

ATR-FTIR spectra of samples were obtained by
using QATAR-10 single reflectance FTIR (Shimadzu,
Kyoto, Japan) in the wavelength range from 400 to
4000 cm™.

The adsorption properties of the materials were
determined by bringing 0.25 g of the material into
contact with 50 cm? of chromium (VI) solution with
corresponding concentrations and pH of the solution.
The contact time between the solid and liquid phases
was 300 min with continuous shaking on an orbital
shaker. The pH of the solutions was adjusted by adding
solutions of HCI or NaOH of varying concentrations.
To investigate the dependence of the sorption capacity
on the pH of the solution, an initial chromium (VI)
concentration of 100 umol/dm? was used. After
reaching the adsorption equilibrium, the residual
content of chromium (VI) was determined
spectrophotometrically using a UNICO-UV 2100
spectrophotometer (United Products & Instruments,
USA) and the diphenylcarbazide method at a
wavelength of 540 nm [8].

Results and discussion

Low-temperature nitrogen adsorption is an
important method for evaluating the porous structure
of materials. For the investigated samples (Fig. 1), a
rather complex nature of nitrogen sorption isotherms
is observed. According to the IUPAC classification,
the obtained isotherms can be attributed to Type 1V,
and the presence of hysteresis loops can also be
classified as Type IV (H4) [9].

The desorption branches do not connect with
the adsorption branches in the region of medium and
low pressures. Such behavior is typical for microporous
samples with a complex structure of bottle-like pores,
where the desorption of nitrogen molecules is
complicated. This may indicate the presence of narrow
sections in the pore channels. The application of
adsorption models (BJH, DFT, etc.) allows for the
calculation of the porous structure parameters. The
calculated values are presented in Table 1.
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Table 1
Characteristics of the porous structure of the samples
Sample SBETa mz/g SBJH; mz/g Smicro t-methods mz/g SDR; mz/g SDFT; mz/g VE, Cm3/g Vmicro t-methods Cm3/g Tay, HM
Zr100 104.5 8.65 74.8 112.7 122.5 0.055 0.033 1.05
Fe257r75 100.0 6.7 73.3 108.7 123.0 0.053 0.032 1.05
Fe50Zr50 99.3 11.5 61.6 107.0 114.7 0.056 0.027 1.13
Fe757r25 111.8 13.7 59.3 127.0 121.1 0.065 0.026 1.17
Fel00 4.0 2.6 — 10.4 5.1 0.006 — 2.90
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Fig. 1. Adsorption-desorption isotherms of nitrogen on
composite samples

The results of nitrogen sorption isotherm
calculations using different models indicate a relatively
similar pore structure of the investigated samples. The
specific surface area, determined by the BET method,
varies within the range of 99—111 m?/g, except for
the Fe100 sample, which exhibits a value of 4 m?/g.
A slightly larger difference is observed in the calculated
specific surface area values obtained using the Dubinin-
Radushkevich (DR) method, ranging from 108 to
127 m?/g. The specific surface area calculated by the
Barrett-Joyner-Halenda (BJH) method shows a greater
variation, ranging from 6.7 to 13 m?/g. The calculated
total pore volume (V;) for the composite samples
ranges from 0.026 to 0.033 cm?/g. The Zr100 sample
exhibits a higher total volume of micropores with a
value of 0.033 cm?3/g, and average pore radius (r,,) of
1.05 nm.

The calculation of the micropore content
(Vmicro t-method/ V- 100) allows for determining the
percentage of micropores in the samples. In the
composite samples, a decrease in micropore content
is observed with increasing iron content: Zr100 (60%),

Fe257Zr75 (61%), Fe50Zr50 (48%), and Fe75Zr25
(40%). This change may be attributed to a more
intensive interaction between Fe** ions and alginate
molecules, improved diffusion within the granule
volume, and the formation of a denser composite
structure, unlike Zr** ions, which are more prone to
hydrolysis and the formation of large-sized polynuclear
complexes. It is likely that such zirconium complexes
react predominantly with alginate molecules in the
surface layers of the granules, leading to the formation
of a dense structure and hindering further ion diffusion
within the granule volume [10].

The application of IR spectroscopy enables the
determination of the structural features of the
synthesized material at the molecular level and, to
some extent, its chemical composition. ATR-FTIR
spectrum indicates the presence of various types of
active centers on the material’s surface in the form of
hydroxyl and carboxyl groups (Fig. 2). In the high
wavenumber region, two prominent bands are observed
at 3739 cm™! and 3611 cm™'. These bands indicate
the presence of hydroxyl groups (—OH), suggesting
the existence of water molecules and hydroxyl groups
associated with the material matrix. Transitioning to
the mid-wavenumber region, several important bands
are observed. The band at 2358 cm™', along with the
band at 2325 cm™', can be attributed to the stretching
vibrations of adsorbed water molecules. These bands
confirm the presence of water in the material and its
involvement in the overall structure and behavior of
the material. Another noticeable band in the mid-
wavenumber region is observed at 1635 cm™',
corresponding to the deformation vibrations of water
molecules. This further confirms the presence of water
and its contribution to the material’s properties. The
bands at 1587 and 1417 cm™' indicate the stretching
vibrations of the C=0 bond in alginate. In addition,
the band at 1022 cm™! corresponds to the stretching
vibrations of siloxane bonds Si—O—Si, which belong
to Laponite. At the low wavenumber region, the bands
at 656 cm™! and 632 cm™! are likely associated with
the deformation vibrations of metal-oxygen (M—O)
bonds, possibly related to the presence of Fe(IIl) and
Zr(IV) ions in the composite, which are partially
hydrolyzed. These metal ions provide unique chemical
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properties to the hydrogel, such as enhanced stability
or adsorption capacity. Finally, the band at
418 cm™!' corresponds to the deformation vibrations
of siloxane bonds Si—O—Si [11,12].

For granulated samples of any adsorbents, the
adsorption kinetics is one of the important parameters.
The granule size, porosity, and structure of the sample
significantly affect the rate of adsorbate penetration
into the granule volume. Diffusion processes depend
to a large extent on both the state of the adsorbent
and the physicochemical properties of the adsorbate.
The obtained results indicate a slight difference in
establishing adsorption equilibrium for granular
composite samples (Fig. 3) during the removal of
chromium (VI) by composite samples. For chromium
(VI), the characteristic time of establishing adsorption
equilibrium is approximately 60 minutes.

The kinetic dependences (Fig. 3) are described
using two kinetic models: pseudo-first-order

Qt:Qe(l—efk‘t) and pseudo-second-order

kQ:t
1+k,Q.t

for the pseudo-first-order model; Q. and Q, are the
sorption capacity at equilibrium and at time t,
respectively; and k, is the rate constant for the pseudo-
second-order model. The calculated model coefficients
are presented in Table 2.

It has been established that the experimental
data are equally well described by the presented models,
as evidenced by the close values of the correlation
coefficients R2. This allows the use of pseudo-first-
order and pseudo-second-order models to describe
the chemical stage of the sorption process. Within
the pseudo-second-order kinetic model, the rate
constants of the process were calculated (Table 2).
The rate constants for the pseudo-first-order kinetics
are higher. This may be attributed to the significant
time required to establish equilibrium in the system
(approximately 1 hour). In the pseudo-second-order

Qt:

models. Here, k, is the rate constant

model, the rate of the adsorption process is determined
by the rate of the chemical interaction stage between
the sorbate and the sorbent.
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Fig. 2. ATR-FTIR spectra of composite samples
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Fig. 3. Kinetics of chromium (VI) sorption by granulated
composite samples

Table 2

Parameters of the pseudo-first-order and pseudo-second-order kinetic models for Cr(VI) sorption by granulated
composite samples

Sample Pseudo—ﬁrst—o%rdir model ; Pseudo-second-order model ;
Q., umol/g | k;, min R Q., umol/g | k,, g/umol/g, min R
Zr100 11.1 0.041 0.9808 12.1 5.91.10° 0.9773
Fe257r75 12.3 0.042 0.9822 13.3 5.43-10° 0.9947
Fe50Zr50 13.2 0.045 0.9836 14.3 5.41-10° 0.9972
Fe757r25 9.5 0.028 0.9891 10.7 3.72:107° 0.9986
Fel00 104 0.042 0.9957 11.2 6.49-10° 0.9773
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The chromate ions possess a relatively small chromium are HCrO, anions up to a pH of 6.5, and
ionic radius (2.56 A) and readily diffuse into the in a more alkaline environment, CrO,*~ predominates

sample structure, predominantly adsorbing at the active
centers of Fe(II1)/Zr(IV). These centers could be ions
of iron or zirconium, including partially hydrolyzed
forms (e.g., OH—Fe= or OH—Zr=). Such hydroxyl
groups are capable of forming surface complexes like
Fe—OHCrO,  or other compositions [13].
Additionally, one should not dismiss the reactions
forming iron chromates like Fe,(CrO,); [14,15], or
zirconium chromates.

The pH of a solution significantly affects the
sorption-based removal processes of heavy metals from
aqueous solutions. Through conducted experimental
investigations, the influence of pH on the efficiency
of chromium (VI) removal from aqueous solutions
has been established. For chromium (VI), the curve’s
shape (Fig. 4a) is characteristic of anions exhibiting
higher sorption levels in acidic environments and a
sharp decline in sorption within neutral and alkaline
environments. This dependence, as known, is
associated with the surface chemistry of the adsorbent
samples. In an acidic environment, surface hydroxyl
and carboxyl groups have the capacity for proton
attachment, acquiring a positive charge accordingly.
Such positively charged groups (e.g. =S—OH,")
electrostatically interact with chromium (VI) anions,
forming so-called surface complexes of diverse
composition [13].

Upon transitioning to a neutral or alkaline
environment, the concentration of positively charged
groups markedly decreases, resulting in a reduction in
the adsorption magnitude correspondingly. Conversely,
the alteration in the distribution of chromium (VI)
forms in the solution may also contribute to the
efficiency of removal. The primary forms of hexavalent

10-
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84 —eo— Fe75Z125
A—Fe50Zr50
L0 64 —v— Fe257r75
S —&— Zr100
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(Fig. 4b).

The sorption isotherms highlight the significant
influence of the chemical composition of the
composite samples on the sorption magnitude
(Fig. 5). Analysis of the obtained results indicates
that the sorption properties of the samples vary with
changes in the Zr:Fe ratio in the reinforcement
solutions. This dependence can be explained by the
peculiarities of the hydrolysis processes of iron and
zirconium ions during ionotropic reinforcement and
their interaction with the OH- and COOH-groups of
alginate. The Fe or Zr ions present in the material
structure, capable of hydrolysis to form active hydroxyl
groups, can complex with chromate anions. Hence,
the sorption levels of chromium (VI) will primarily
depend on the content and ratio of Fe and Zr in the
samples [13].

a = KLaooCe
The application of Langmuir “s 1+K,C,

1
and Freundlich 5 — KFCH models to the obtained

sorption isotherms allows for the determination of
the coefficient values corresponding to the respective
equations, as presented in Table 3.

Correlation coefficients R? within the range of
0.95—1.00 suggest the applicability of the proposed
models in describing the sorption processes of
chromium (VI) by granulated composite samples. In
most cases, the Langmuir model better describes the
experimental data, supported by higher correlation
coefficient values compared to the Freundlich model.

1.0+

Fraction of species

g. 4. Chromium (VI) sorption dependence on the pH of the solution for granulated composite samples (a),

and the distribution diagram of chromium (VI) forms based on the pH of the aqueous solution (b)
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Table 3

Equation coefficients of the chromium (VI) adsorption by granulated composite samples at pH 6

Sample Freundlich model ] Langmuir model ]
K¢, (umol/g)(umol/L)" n R K;, L/umol | a,, umol/g R
Fel00 2.73 9.2 0.9616 0.0176 6.15 0.9557
Fe757r25 1.13 4.6 0.8741 0.0088 5.78 0.9475
Fe50Zr50 1.75 3.8 0.9396 0.0048 13.29 0.9704
Fe257175 0.65 2.6 0.9608 0.0025 13.16 0.9853
Zr100 2.29 59 0.9607 0.0092 8.38 0.9859

Fel00 e
A  Fe50Zr50 v

Fe75Zr25 & Zr100

Fe257r75

Langmuir model

Freundlich model
1000

C,, umol/L

0 500 1500 2000
Fig. 5. Sorption isotherms of chromium (VI) on granulated
composite samples (pH 6)

For the investigated composite samples, a
reduction in the values of the maximum sorption
capacity (a,, umol/g) and affinity is observed with
changing Zr:Fe ratio, as evidenced by variations in
the adsorption equilibrium constant (K,). The
Freundlich model slightly less effectively describes
the sorption isotherms. The K value is associated
with the energy of interaction between the adsorbent
and adsorbate, and higher values suggest a stronger
interaction, indicating higher affinity or, to some extent,
selectivity. On the other hand, the coefficient n, known
as the Freundlich exponent or the intensity of
adsorption, typically ranges from 1 to 10, representing
the extent of adsorption intensity.

Based on the analysis of the obtained data, the
most efficient sample for chromium (VI) removal
can be determined. Specifically, the sample Fe50Zr50
exhibits the highest maximum sorption capacity (a,)
at 13.29 umol/g. Furthermore, considering the
magnitude of the adsorption equilibrium constant (K, ),
one can infer the efficiency of the adsorbent for
chromium (VI) removal from solutions of low

concentration since this constant reflects the level of
affinity and, to some extent, the binding energy.
Following this principle, the most efficient sample
for chromium (VI) removal is Fe100 (0.0176 L/umol).

Conclusions

It has been determined that the synthesized
granulated composite samples effectively remove
chromium (VI) from aqueous solutions at pH 6 (up
to 13.3 umol/g). The analysis demonstrates that the
composite samples possess a sufficiently developed
specific surface area (up to 111 m?/g); however, their
predominant microporosity negatively affects the
surface accessibility for chromium (VI) adsorption
from aqueous solutions. Further investigations should
be focused on enhancing the pore structure of similar
materials to increase the content of meso- and
macropores, which play a fundamental role in the
sorption removal processes of heavy metals from aquatic
environments.
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BUJIYYEHHA XPOMY(VI) 3 BOJHUX PO3YMNHIB
I'PAHYJIbOBAHUMU KOMIIO3UTAMU HA OCHOBI
JIATIOHITY TA AJIBI'THATY, IOHOTPOIIHO
SMIINHEHUX IOHAMM 3AJII3A TA IIUPKOHIIO

IL.B. IMuaunenxo

3a I0MOMOrol0 MeToay HU3bKOTEMIIEPaTypHOI aacopoLii
a30Ty BCTAHOBJIEHO MOPUCTY CTPYKTYpy MaTepiaiiB. [TokazaHo,
1o i3oTepMu copdiii azory BimHOCATbCs no IV Tumy Ta ricre-
pesucom H4 3 ruisiukononioHumMu nopamu. Busznauena nuro-
Ma TIIola MOBEPXHi 3pa3KiB TPaHYJIbOBAHMX KOMITO3UTIB, SIKa
KosmBaeThes Bim 99 no 111 M?/r. [loBeneHo, 1o i3 30iUIblIeH-
HSIM BMICTY 3aJ1i3a B 3pa3Kax CIOCTePira€ThCsl SMEHILIEHHST BMICTY
Mikporiop. 3a momomorot [Y-crekrpockorii TOCTiIKEHO aK-
TUBHI LIGHTPU Ha MOBEPXHi Marepiaiy, sIKi CKJIa1aloThCsl, repe-
BaXKHO, 3 TiAPOKCHIBHUX IPyT. JLOCHiIKEHO KiHETUKY acopOLii
xpomy(VI) Ta BcTaHOBJNIEHO, L0 CHIBBIIHOLUIEHHS 3aji3a Ta
LIMUPKOHII0 y PO3YMHAX 3MIllHEHHSI MPAKTUYHO HE BIUIMBAE Ha
TPUBAJIICTh BCTAHOBJIEHHSI a[ICOPOLiiTHOT piBHOBArH, SIKUil CKJla-
nae npubim3Ho 60 xBWwiIMH. Mogeli TICeBIOMepIoro Ta MceB-
JOJPYroro MOpSsIIKY 3aCTOCOBAHO /ISl OMUCY KiHETUKMU IpoLie-
cy cop6uii. BcraHoB/eHO 3aexHICTh eHeKTUBHOCTI BUITyYEH-
Hs1 xpomy (VI) Binm pH posuuny. [TokazaHo, 110 cMHTe30BaHi
3pa3Kyd MaloTh BUCOKi BEJIMYUMHU COPOLii B KUCIOMY Cepelo-
BHUIIi 3 JIOCTATHBO Pi3KUM 3HIKCHHSIM TIPU TIEPEXOMi 10 Heli-
TPaJbHOTO Ta JIy>kHOro cepenosuiua. [TokasaHo, 1o BesIn4Yu-
HU TPaHWUYHOI aJcopOIlii CMHTE30BaHUX 3pa3KiB TpaHYIbOBa-
HUX KOMITO3UTIB CYTTEBO 3aJIeXaTh Bill CIiBBiAHOLUEHHS iOHIB
3ajiza Ta LMPKOHil0. OnHKUM 3 HalleeKTUBHIlIMX € 3pa3oK 3
50% Fe ta 50% Zr 3 BeJIMYWHOKW T'PAHUYHOI amcopOIrii
13,29 mxmonb/tr ipu pH 6. 3actocyBaHHsT Mofeneii JIeHrMIo-
pa Ta DpeiiHmTixa 10 oIepKaHUX TaHUX TO3BOJWIO BCTAHOBHU-
T OCHOBHI a/ICOPOILiiiHi BIACTUBOCTI MaTepiasiB.

Kmouosi caosa: xpom(VI), rpaHyniboBaHI KOMITO3UTH,
JIATIOHIT, aJbriHaT, iIOHOTPOITHO 3MIillHEHi, IOHM 3ajli3a, iOHU
IIUPKOHI0, ancopoILrisl.
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The conducted research established the porous structure of
the materials through low-temperature nitrogen adsorption. It
was demonstrated that the nitrogen sorption isotherms for the
investigated samples belong to Type IV with H4 hysteresis
associated with bottle-like pores. The specific surface area of the
granulated composite samples was determined, ranging from 99
to 111 m?/g. Additionally, it was shown that an increase in iron
content in the samples leads to a reduction in micropore content.
Active centers on the material’s surface, primarily composed of
hydroxyl groups, were investigated using infrared spectroscopy.
The kinetics of chromium (VI) adsorption were explored, and it
was established that the iron-to-zirconium ratio in the
reinforcement solutions hardly affects the duration of establishing
adsorption equilibrium, which is approximately 60 minutes.
Pseudo-first-order and pseudo-second-order models were applied
to describe the kinetics of the adsorption process. The dependence
of the chromium (VI) removal efficiency on the solution pH was
determined. It was demonstrated that the synthesized samples
exhibited high adsorption in acidic conditions with a sharp decline
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when transitioning to neutral and alkaline environments. It was
shown that the maximum sorption capacities of the synthesized
granulated composite samples significantly depend on the ratio
of iron and zirconium ions. One of the most efficient samples is
that with 50% Fe and 50% Zr, exhibiting a maximum sorption
capacity of 13.29 umol/g at pH 6. The use of Langmuir and
Freundlich models allowed establishing the fundamental adsorption
properties of the materials.

Keywords: chromium (VI); granular composites; laponite;
alginate; ionotropically cross-linked; iron ions; zirconium ions;
adsorption.
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