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Soil contamination with chromium poses a serious threat to the environment and human health due to
its toxicity and persistence. This study evaluates the effectiveness of iron-containing nanoparticles for the
remediation of chromium-contaminated soils. Two types of iron nanoparticles synthesized and investigated:
nanosized zero-valent iron (nZVI) and nano-magnetite (nFes0,). Soil samples were mixed with nanoparticles
at different doses, homogenized and incubated under controlled conditions for 10, 20, 30, 60 and 90 days. For
each sampling time, chromium concentration and its leachability were analyzed. Chemical and phase com-
position analysis investigated by X-ray diffraction spectroscopy, atomic absorption spectroscopy and X-ray
fluorescence analysis. Treatment with both types of iron nanoparticles showed a significant decrease in Cr
concentration in aqueous extracts compared to the control samples. The leachability of Cr in the treated soil
samples also decreased significantly and remained stable throughout the experiment. The results indicate
that nZVI immobilized Cr by adsorption of Cr(VI) on the shell with its reduction to Cr(III). The interaction
mechanism between nFesO4 and Cr(VI) involved both adsorption [1], and reduction, although its reduction
capacity was lower than that of nZVI. Analytical methods confirmed the change in soil chemical composition
after treatment and separation of iron nanoparticles. This study demonstrates that iron-containing nano-
particles can effectively remediate chromium-contaminated soils under different environmental conditions.
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1. INTRODUCTION

Soil pollution is a significant global problem due to
its detrimental effects on the ecosystem, threatening
food security and human health. Among the various soil
pollutants [2], heavy metals are of particular concern
due to their extremely long-term biodegradability, per-
sistence and toxicity. Chromium (Cr) is widely used in
industrial processes including metallurgy, leather tan-
ning, wood processing, electroplating and oil refining,
leading to its widespread presence in the environment.

Chromium in soil exists primarily in two oxidation
states: Cr(III) and Cr(VI). While Cr(III) occurs in rela-
tively insoluble oxides and hydroxides of cations, Cr(VI)
exists as oxoanions that are repelled by negatively
charged soil particles, remaining mobile in the soil solu-
tion and readily available to plants and soil organisms.
As a result, Cr(VI) is highly bioavailable and is consid-
ered hundreds of times more toxic than Cr(III). [3]

Traditional technologies for remediation of chro-
mium-contaminated soils include electrokinetic remedi-
ation, soil washing, phytoremediation, and chemical sta-
bilization. [4] However, these methods often have limi-
tations in terms of efficiency, cost-effectiveness and en-
vironmental impact. [5] Recently, nanotechnology has
emerged as a promising approach to soil remediation, of-
fering advantages such as high reactivity, large surface
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area, and the possibility of targeted treatment.

Iron-based nanoparticles are particularly effective
for chromium reduction due to their ability to reduce
toxic Cr(VI) to less toxic Cr(IIl) and their ability to ad-
sorb metal pollutants [6]. This study discusses two types
of iron nanoparticles that have shown promise for chro-
mium reduction: nanosized zero-valent iron (nZVI) and
magnetite nanoparticles (nFesOs). Nanosized zero-va-
lent iron (nZVI) has a core-shell structure consisting of
metallic iron (FeY) in the core surrounded by a shell of
iron oxide/hydroxide. The core is responsible for the re-
duction processes, while the shell facilitates the adsorp-
tion and electron transfer. [7] This dual functionality
makes nZVI effective for both Cr(VI) reduction and Cr
immobilization. [8]. Magnetite nanoparticles (nFe3Oq)
have a high adsorption capacity for heavy metals and
have the advantage of magnetic properties. [9] This
makes them easy to separate after use.

This study aims to evaluate and compare the effec-
tiveness of nZVI and nFe304 for the remediation of chro-
mium-contaminated soils, with a focus on their ability to
reduce the mobility and bioavailability of chromium.

2. MATERIALS AND METHODS

2.1 Synthesis and Characterization Techniques
of nFe304 and nZVI
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Analytical pure materials were used to synthesize
the nanoparticles described in this study. Zero-valent
iron nanoparticles were synthesized by chemical reduc-
tion of iron(III) ions using sodium borohydride.

The reaction proceeded according to the following
scheme:

4Fe®* + 3BH4 + 9H20 —
— 4Fe® + 3H2BOs + 12H* + 6Hz

The nZVI particles were separated using a perma-
nent neodymium magnet, washed three times with de-
oxygenated deionized water and once with ethanol, and
then dried under vacuum at room temperature for 24
hours. The dried nZVI particles were stored in sealed
containers under nitrogen until use.

Magnetite nanoparticles were synthesized by the co-
precipitation method. [10]

Magnetite nanoparticles were created according to
the reaction:

FeZ+ + 2Fe3* 4+ 8OH™ — Fes04 + 4H20

The particles were dried under vacuum at 60 °C for
12 hours and stored in sealed containers. The synthe-
sized nanoparticles were characterized using various an-
alytical methods to determine their size, structure, and
composition [11].

2.2 Characterization Techniques

X-ray diffraction (XRD) spectra were obtained on a
Shimadzu XRD-7000 diffractometer using Cu Ka radia-
tion in the diffraction angle range (26) from 5° to 90°
with a step of 0.04° to identify the crystalline phases of
the nanoparticles.

X-ray fluorescence analysis (XRF) was performed us-
ing a wave-dispersive X-ray fluorescence spectrometer
X-ray fluorescence analyzer EXPERT 3L [12] to deter-
mine the elemental composition of nanoparticles. The re-
search was conducted in an atmosphere of ultra-pure he-
lium. The research error was 10 ppm [13].

Flame atomic absorption spectrometry (FAAS) was
performed on an Avio 550/560 instrument.

Soil samples were collected from an industrial area
in Kalush with a history of chromium contamination.
The samples were taken from the surface layer (0-30
cm), air-dried, and sieved through a 2 mm mesh sieve to
remove coarse particles. The soil was characterized for
various physicochemical properties according to stand-
ard methods. [14]

The total concentration of chromium and other heavy
metals (Cd, Cu, Ni, Pb, Zn, etc.) in the soil was deter-
mined by acid-base analysis followed by FAAS analysis
on an Avio 550/5660 instrument. Additionally, the soil
was analyzed by X-ray fluorescence and X-ray diffrac-
tion analysis to determine its elemental composition and
phase composition before and after treatment with iron
nanoparticles.

The specific surface area of the synthesized nanopar-
ticles was determined with the low-temperature nitro-
gen adsorption-desorption method by Quantachrome
NOVA 2200e two-station gas analyzer. Measurements
performed at liquid nitrogen temperature (77 K). Before
analysis, samples weighing 0.15-0.20 g degassed at
120 °C for 4 hours in a helium stream to remove
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adsorbed moisture and gases. The specific surface area
was calculated by the Brunauer-Emmett-Teller (BET)
method in the range of relative pressures P/Po = 0.05-
0.30. The total pore volume was determined at P/Po =
0.99. The pore size distribution was calculated by the
BJH (Barrett-Joyner-Halenda) method using the de-
sorption branch of the isotherm.

2.3 Experiments under Static Conditions

Soil samples (15 g) were placed in plastic tubes (50 ml)
and mixed with iron nanoparticles (nZVI or nFes304) at dif-
ferent doses. The nZVI nanoparticles were added at 20 g
Fe/kg soil, while the nFe3O4 was added at 36.2 g Fe/kg
soil, based on previous tests. Control samples without the
addition of nanoparticles were also prepared.

35 ml of deionized water was added to each tube to
create pseudoanaerobic conditions and minimize oxida-
tion of the nanoparticles, after thoroughly mixing the soil
with the nanoparticles. The tubes were capped and incu-
bated at 28 °C in a controlled environment chamber (ther-
mostat) in the dark for 10, 20, 30, 60 and 90 days. During
the first 24 hours, the tubes were periodically depressur-
ized to release gas evolved during the reactions of the na-
noparticles.

For each sampling time (10, 20, 30, 60 and 90 days),
the tubes were centrifuged at 3000 rpm for 10 minutes to
separate the aqueous phase from the soil. The liquid
phase collected, filtered through a 0.45 um membrane fil-
ter and analyzed for chromium content. The soil samples
were air-dried and used to determine Cr(VI) concentra-
tion and chromium leachability. All experiments were
performed in triplicate [15].

2.4 Analytical Methods for the Chromium Deter-
mination

The total chromium concentration in the aqueous
phase determined by flame atomic absorption spectrom-
etry (FAAS) on an Avio 550/560 instrument with an air-
acetylene flame at a wavelength of 357.9 nm. Calibra-
tion standards were prepared from 1000 mg/L chromium
standard solution.

The concentration of Cr(VI) in soil samples was de-
termined by ion chromatography with UV-visible detec-
tion. Soil samples (0.1 g) were mixed with 5 mL of 50 mM
nitric acid, 10 mL of eluent (containing 2 mM pyridine-
2,6-dicarboxylic acid, 2 mM sodium dihydrogen phos-
phate, 10 mM sodium iodide, 50 mM ammonium acetate,
and 2.8 mM lithium hydroxide) and 10 pL of concen-
trated nitric acid. The mixture heated for 30 min, cooled
to room temperature, filtered, and analyzed by ion chro-
matography.

The leachability of chromium in soil samples as-
sessed using the Toxic Characterization Leaching Proce-
dure (TCLP) according to USEPA Method 1311. Soil
samples (1 g) extracted with 20 mL of sodium acetate
buffer (pH 4.93 + 0.05) by shaking for 18 hours. The ex-
tracts filtered and analyzed for chromium concentration
by FAAS.

To determine the bioavailable forms of chromium,
the TCLP method was used according to the EPA 1311
protocol, which simulates leaching conditions in an
acidic environment and allows to estimate the potential
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mobility of chromium in the soil. Additionally, the deter-
mination of Cr(VI) was carried out by alkaline extraction
using 0.1M Na2C03/0.1M NaOH followed by colorimetric
analysis with diphenylcarbazide, which allows to selec-
tively determine the most toxic form of chromium.

X-ray fluorescence (XRF) analysis of the soil per-
formed before and after treatment and separation of iron
nanoparticles to assess changes in chemical composition.
The soil samples dried, ground to a powder state, and
analyzed using an XRF spectrometer.

Statistical analysis performed using Statistica 12.
Data tested for normality using the Kolmogorov-
Smirnov test. Differences between treatments were de-
termined using one-way analysis of variance (ANOVA)
at a significance level of p < 0.05, followed by Tukey's
post-hoc test for multiple comparisons.

3. RESULTS AND DISCUSSION

3.1 Textural Characteristics
Nanoparticles

of Synthesized

The results of BET analysis of the synthesized nano-
particles are given in Table 1. The nFesO4 nanoparticles
were characterized by a significantly higher specific sur-
face area (78.4 + 2.3 m2/g) compared to nZVI (32.6 + 1.8
m?2/g). This pattern is consistent with the X-ray diffraction
results, according to which the average crystallite size of
nFe304 (20-30 nm) is smaller than that of nZVI (25-35
nm). Both types of nanoparticles exhibited a mesoporous
structure with an average pore diameter of 8.2 = 0.5 nm
for nZVI and 5.7 + 0.4 nm for nFe3O4.

The results of BET analysis of the synthesized nano-
particles are given in Table 1. The nFesO4 nanoparticles
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show a significantly higher specific surface area (78.4 +
2.3 m?%/g) compared to nZVI (32.6 + 1.8 m2/g). This pattern
correlates with the X-ray diffraction results, according to
which the average crystallite size of nFe304 (20-30 nm) is
smaller than that of nZVI (25-35 nm). Both types of nano-
particles exhibited a mesoporous structure with an aver-
age pore diameter of 8.2 + 0.5 nm for nZVI and 5.7 + 0.4
nm for nFesOs4.

Nitrogen adsorption-desorption isotherms for both
types of nanoparticles (Fig. 1) belong to type IV according
to the IUPAC classification, which is typical for mesopo-
rous materials. The hysteresis loop of type H3 indicates
the presence of particle aggregates with slit-like pores
formed as a result of agglomeration of nanoparticles. The
pore size distribution curves (Fig. 6) demonstrate a uni-
modal distribution with a maximum at 8 nm for nZVI and
5-6 nm for nFes04. Despite the larger specific surface area
of nFes04, the experimentally established higher effi-
ciency of chromium removal by nZVI nanoparticles is ex-
plained by their significantly stronger reducing ability,
due to the presence of the Fe® metal core. Thus, for the
chromium remediation process, the chemical activity of
nanoparticles is a more determining factor than their sur-
face area.

3.2 Characterization of Iron Nanoparticles by XRD

XRD analysis allowed us to determine the average
crystallite size of the synthesized nanoparticles using the
peak width at half-maximum intensity (FWHM) calcu-
lated using the Scherrer formula. For nZVI nanoparticles,
the average crystallite size was 25-35 nm, while for nano-
magnetite (nFe30y4 this figure was 20-30 nm).

Table 1 — Textural characteristics of synthesized nanoparticles according to BET analysis (Quantachrome NOVA 2200e)

Parameter nZVI nFes304
Specific surface area, S_BET (m?/g) 32.6+1.8 78.4+2.3
Total pore volume, V_total (sm?3/g) 0.067 = 0.004 0.112 +0.006
Micropore volume, V_micro (sm?3/g) 0.003 +0.001 0.008 = 0.001
Average pore diameter according to BJH, Dpore (nm) 8.2+0.5 5.7+£0.4
Crystallite size, XRD (nm) 25-35 15-25
Isotherm type (IUPAC) IV IV
Hysteresis loop type H3 H3

BET constant, C 86 124
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Fig. 1 - N2 adsorption-desorption isotherm for nZVI and nFe3O4 nanoparticles
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Fig. 2 — X-ray diffraction spectrum of synthesized nZVI (a) and
nFes304 (b) nanoparticles

The X-ray diffraction spectra of the synthesized nano-
particles shown in Figure 2. The XRD spectrum of nZVI

Table 2 — Physicochemical properties of the experimental soil
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showed characteristic peaks at 26 values of 44.7°, 65.0°
and 82.3° corresponding to the (110), (200) and (211)
planes of a-Fe® (ICDD 04-013-5208), respectively. The
weaker peak at 35.5° attributed to iron oxide
(Fes04/Fe203) on the surface of the nanoparticles, con-
firming the core-shell structure of nZVI.

The nFes04 nanoparticles showed characteristic dif-
fraction peaks at 26 values of 30.3°, 35.7°, 43.3°, 53.8°,
57.3°, 63.1° and 74.3°, which are consistent with standard
data for magnetite (ICDD 04-013-9808).

3.3 Characterization of Iron Nanoparticles by
XRF Method

XRF analysis confirmed the elemental composition of
the nanoparticles. The nZVI particles contained 94.2 % Fe
with trace amounts of other elements, while the nFesO4
particles contained 72.3 % Fe and 27.1 % O, which is close
to the theoretical composition of magnetite (72.4 % of Fe
and 27.6 % of O).

3.4 Soil Characteristics

The physical and chemical properties of the experi-
mental soil summarized in Table 2. The soil had a sandy
loam texture with a pH of 6.29 and an electrical conduc-
tivity of 2.7 dS/m. The organic matter content was rela-
tively low (0.81 %), and the soil contained moderate
amounts of exchangeable cations. The total chromium
concentration in the soil was 214 mg/kg, Cr(VI) was 65
mg/kg. According to regional screening levels, this soil
considered contaminated and requires remediation.

XRF analysis of the soil before treatment showed that
the soil contained chromium (0.021 %) and other ele-
ments: silicon (56.3 %), aluminum (14.2 %), calcium
(9.8 %), iron (2.3 %), potassium (1.9 %), magnesium
(1.5 %), sodium (0.8%), titanium (0.6 %) and trace
amounts of other elements.

H Ca Mg Na K Cr Cr(VI) Cu Pb 7n Sand Silt Clay
P mg/kg | mg/kg | mg/kg | mg/kg | mgkg | mgkg | mgkg | mgkg | mgkg % % %
6.29 594 90 31 155 214 9.1 10 30 64 25 11

Methods: Standard protocols applied. Texture: Sandy clay loam [16]

3.5 The Effect of Iron Nanoparticles on Chro-
mium in Aqueous Soil Extract

In the control samples, chromium concentrations re-
mained relatively high and stable throughout the exper-
iment, averaging about 19.5 mg/L. This indicates that a
significant portion of the soil chromium was mobile and
potentially bioavailable. The addition of iron nanoparti-
cles significantly reduced the chromium concentration in
the aqueous extract at all sampling times. After 10 days
of treatment, the chromium concentration in the nZVI-
treated samples decreased by 75.4 %, and in the nFes04-
treated samples by 68.2 % respectively. Chromium re-
moval efficiency increased over time for both types of na-
noparticles.

According to atomic absorption spectrometry, after 90
days of treatment, the chromium removal efficiency
reached 96.4% for nZVI and 94.2% for nFe3O4

respectively. X-ray fluorescence analysis, which reflects
the total element content in the solid phase, showed a re-
duction in chromium content of 63.6 % for nZVI and
47.6 % for nFe304 after 90 days.

The difference in effectiveness between the two types
of nanoparticles was statistically significant (p < 0.05),
indicating a higher effectiveness of nZVI compared to
nFe304 in reducing the mobility of chromium in the soil.
This can be explained by the stronger reducing capacity
of zero-valent iron compared to magnetite, which leads to
a more efficient reduction of Cr(VI) to Cr(IIl), which is
less mobile and less toxic. The results indicate that the
main mechanism of action of iron nanoparticles is not the
physical removal of chromium from the soil, but the con-
version of toxic soluble Cr(VI) to insoluble Cr(III), which
remains in the soil in a form inaccessible to living organ-
isms. The interaction occurred according to the reaction:
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CrO42 -+ 3Fe’ + 8H* — Cr3 * + 3Fe2 * + 4H20

This mechanism ensures stable immobilization of
chromium throughout the entire experiment.

3.6 The Effect of Iron Nanoparticles on Chro-
mium Leachability

The leachability of chromium in soil determined by the
TCLP test is shown in Figure 3. The TCLP leachable chro-
mium in the control samples ranged from 5.9 to 7.5 mg/kg,
indicating a potential environmental risk. Treatment
with iron nanoparticles significantly reduced the leacha-
bility of chromium to levels between 1.1 and 1.7 mg/kg,
representing a reduction of 71-82 %. No significant differ-
ences in chromium leachability were observed between
the two types of iron nanoparticles, and there was no sig-
nificant change in leachability over time for either treat-
ment. This indicates that the immobilization of chromium
by iron nanoparticles was stable over the 90-day experi-
mental period.

Reduction of chromium leachability is an important
indicator of treatment effectiveness because it reflects the
potential for chromium release into the environment un-
der acidic conditions that may occur in landfills or
through acid rain.

20 - - 20
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Fig. 3 — Average Cr concentration (mg/L) in aqueous extracts
and in TCLP extracts after treatment with iron nanoparticles
at different sampling times

3.7 The Effect of Iron Nanoparticles on the Con-
centration of Cr(VI) in Soil

The Cr(VI) concentration in soil samples after treat-
ment with iron nanoparticles is presented in Figure 4.
The initial Cr(VI) concentration in the soil was 65 mg/kg.
In the control samples, the Cr(VI) concentration de-
creased slightly over time to approximately 50 mg/kg af-
ter 90 days, possibly due to natural reduction processes in
the soil.

The nZVI treatment resulted in a significant reduction
in Cr(VI) concentration to approximately 6-7 mg/kg, rep-
resenting a reduction of approximately 90 %. This level
remained stable throughout the 90-day experimental pe-
riod. Soil samples treated with nFe3Os showed a more
moderate reduction in Cr(VI) concentration, reaching
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levels of 8.5-10.5 mg/kg (approximately 85 % reduction).

The higher efficiency of nZVI in Cr(VI) reduction com-
pared to nFe3O4 can be explained by the stronger reducing
ability of zero-valent iron. The core of nZVI particles con-
sists of Fe, which can directly reduce Cr(VI) to Cr(III) ac-
cording to the reaction:

Cr2072~ + 6Fe’ + 14H* — 2Cr3* + 6Fe2+ + 7TH20

In the case of nFe304, the reduction of Cr(VI) is pro-
vided by Fe(Il) present in the magnetite structure
(Fe(I)Fe(Il1)204). However, the reduction capacity of
Fe(I) is lower than that of Fe?, resulting in less efficient
reduction of Cr(VI). The results indicate that nZVI is par-
ticularly effective for the remediation of soils contami-
nated with Cr(VI), while nFesO4 offers a moderate level of
reduction with the added advantage of magnetic separa-
tion capability.
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Fig. 4 — Average Cr(VI) concentration (mg/l) in soil samples after
treatment with iron nanoparticles at different sampling times

3.8 Comparative Analysis of FAAS and XRF
Results

X-ray fluorescence analysis of soil samples before and
after treatment with iron nanoparticles provided addi-
tional information about changes in soil chemical composi-
tion. After 90 days of nanoparticle treatment, soil iron con-
tent increased from an initial level of 2.3 % to 9.8 % in sam-
ples treated with nZVI and to 7.2 % in samples treated
with nFesOs.

Comparison of the results of atomic absorption spec-
trometry (FAAS) and X-ray fluorescence analysis (XRF) al-
lows to obtain a comprehensive understanding of the pro-
cesses of chromium immobilization in soil. The FAAS tech-
nique, which involves acid digestion of samples, demon-
strates a significantly higher efficiency of chromium re-
moval (68-96 %) compared to XRF (9-64 %). This difference
is explained by the fact that FAAS measures mainly bioa-
vailable forms of chromium after extraction, while XRF re-
flects the total content of elements in the solid phase of the
sample without prior chemical treatment. This difference
confirms that the main mechanism of action of iron nano-
particles is not the physical removal of chromium from the
soil, but the conversion of toxic soluble Cr(VI) into insoluble
Cr(III), which remains in the soil in a form inaccessible to
living organisms.

The results of both analytical methods are consistent
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in observing a higher efficiency of nZVI compared to
nFe304, as well as in revealing a dependence of the effi-
ciency on the interaction time. The comparison of FAAS
and XRF data is of particular importance for the practical
application of the method, since in the context of soil reme-
diation the critical factor is not so much the complete

Table 3 — Results of FAAS analysis of soil samples before and after treatment with iron nanoparticles
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removal of chromium, but the reduction of its bioavailabil-
ity and toxicity. In this respect, the FAAS results, which
show a significant reduction in the extracted chromium,
are more relevant for assessing the success of the remedi-
ation than the absolute reduction in the total element con-
tent reflected in the XRF results.

No Type of nano- Inte?factlon Cr concentration before Cr concentration after Removal effi-
. time .
sample particles (days) treatment (mg/kg) treatment (mg/kg) ciency (%)
1 nZVI 10 214.3 52.8 75.4
2 nZVI 20 215.7 34.2 84.1
3 nZVI 30 213.8 21.5 89.9
4 nZVI 60 214.5 14.3 93.3
5 nZVI 90 216.1 7.8 96.4
6 nFe304 10 215.2 68.4 68.2
7 nFe304 20 213.6 48.1 77.5
8 nFe304 30 214.9 31.7 85.2
9 nFe304 60 215.3 19.2 91.1
10 nFe304 90 214.0 12.5 94.2
Table 4 — Results of XRF analysis of soil samples before and after treatment with iron nanoparticles
Inter- Change
No Type of action Elemental composition Elemental composition in Fe Cr cont.ent
nanopar- . . . reduction
sample . time before processing (wt%) after processing (wt%) content
ticles (%)
(days) (%)
Fe: 2.34; Cr: 0.021; Si: Fe: 7.82; Cr: 0.018; Si:
1 nZVI1 10 56.2; Al: 14.3; Ca: 9.7; 53.4; Al: 13.9; Ca: 9.5; +234.2 14.3
K:1.9; Mg: 1.5 K:1.8;Mg: 1.4
Fe: 2.31; Cr: 0.022; Si: Fe: 8.45; Cr: 0.017; Si:
2 nZVI1 20 56.4; Al: 14.1; Ca: 9.8; 53.1; Al: 13.8; Ca: 9.6; +265.8 22.7
K:1.8; Mg: 1.6 K: 1.7, Mg: 1.5
Fe: 2.28; Cr: 0.021; Si: Fe: 9.13; Cr: 0.014; Si:
3 nZVI1 30 56.5; Al: 14.2; Ca: 9.6; 52.8; Al: 13.7; Ca: 9.4; +300.4 33.3
K:1.9; Mg: 1.5 K: 1.8, Mg: 1.4
Fe: 2.33; Cr: 0.021; Si: Fe: 9.58; Cr: 0.010; Si:
4 nZVI 60 56.3; Al: 14.0; Ca: 9.9; 52.5; Al: 13.6; Ca: 9.3; +311.2 52.4
K: 1.8, Mg: 1.4 K: 1.7, Mg: 1.3
Fe: 2.35; Cr: 0.022; Si: Fe: 9.82; Cr: 0.008; Si:
5 nZVI1 90 56.2; Al: 14.3; Ca: 9.7, 52.2; Al: 13.5; Ca: 9.2; +317.9 63.6
K:1.9; Mg: 1.5 K:1.8;Mg: 1.4
Fe: 2.30; Cr: 0.021; Si: Fe: 5.45; Cr: 0.019; Si:
6 nFe304 10 56.3; Al: 14.2; Ca: 9.8; 54.1; Al: 14.0; Ca: 9.6; +137.0 9.5
K:1.8; Mg: 1.6 K: 1.7, Mg: 1.5
Fe: 2.32; Cr: 0.021; Si: Fe: 6.18; Cr: 0.018; Si:
7 nFes304 20 56.2; Al: 14.1; Ca: 9.7; 53.8; Al: 13.9; Ca: 9.5; +166.4 14.3
K:1.9; Mg: 1.5 K: 1.8, Mg: 1.4
Fe: 2.29; Cr: 0.022; Si: Fe: 6.74; Cr: 0.016; Si:
8 nFe304 30 56.4; Al: 14.3; Ca: 9.6; 53.5; Al: 13.8; Ca: 9.5; +194.3 27.3
K:2.0; Mg: 1.4 K:1.9; Mg: 1.3
Fe: 2.31; Cr: 0.021; Si: Fe: 7.01; Cr: 0.013; Si:
9 nFe304 60 56.3; Al: 14.2; Ca: 9.7, 53.3; Al: 13.7; Ca: 9.4; +203.5 38.1
K:1.9; Mg: 1.5 K:1.8; Mg: 1.4
Fe: 2.33; Cr: 0.021; Si: Fe: 7.23; Cr: 0.011; Si:
10 nFesO. 90 56.1; Al: 14.0; Ca: 9.8; 53.0; Al: 13.6; Ca: 9.3; +210.3 47.6
K: 1.8, Mg: 1.6 K: 1.7, Mg: 1.5

Note: XRF analysis was performed using an X-ray fluorescence spectrometer. Only major elements are shown. The detection limit
for most elements is 0.001 %. The change in Fe content reflects the percentage increase in iron concentration after nanoparticle treat-
ment. The decrease in Cr content is calculated as the percentage decrease in total chromium concentration in the samples after

treatment.
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APPLICATION OF IRON NANOPARTICLES...

3.9 Mechanisms of Chromium Immobilization by
Iron Nanoparticles

Based on experimental results and previous studies,
we propose that chromium immobilization by iron nano-
particles involves several mechanisms, primarily ad-
sorption and reduction.

In the case of nZVI, Cr(VI) is first adsorbed on the
oxide/hydroxide shell of the nanoparticles through elec-
trostatic attraction and ligand exchange. The adsorbed
Cr(VI) is then gradually reduced to Cr(II) by electron
transfer from the Fe® core.

The reduced Cr(III) can form insoluble Cr(III) hy-
droxides or be incorporated into the structure of the na-
noparticle shell to form mixed Cr-Fe (oxy)hydroxides ac-
cording to the reaction:

(1 —x)Fe3* + (x)Cr3* + 2H20 — Feq-»CriOOH + 3H*

This process effectively immobilizes chromium, re-
ducing its bioavailability and leaching potential.

Chromium immobilization for nFe30O4 occurs primar-
ily by adsorption on the surface of the nanoparticles,
with some reduction of Cr(VI) to Cr(III) by Fe(Il) present
in the magnetite structure. Adsorption is influenced by
electrostatic interactions, as the negatively charged
Cr(VI) oxoanions are attracted to the positively charged
sites on the magnetite surface at acidic pH. The long-
term stability of immobilized chromium is supported by
the formation of stable Cr-Fe precipitates and the incor-
poration of Cr(III) into the iron oxide structure, which is
less prone to dissolution and re-oxidation compared to
pure Cr(IIl) hydroxides. Figure 5 shows the X-ray dif-
fraction spectra of separated nZVI and nFe3O4 nanopar-
ticles after 90 days of treatment.
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3acTocyBaHHSI HAHOYACTUHOK 3aJIi3a IJId BiTHOBIEHHS XPOMY

Andrew Kotsyubynsky!

, Halyna Hrytsuliak!, Mariia Liaskovskal:2, Vasyl Vytvytskyil,

Oleg Turchyn?, Yulia Kotsyubynska?, Natalia Kozan2, Hanna Ersteniuk?

1 Ivano-Frankivsk National Technical University of Oil and Gas, Ivano-Frankivsk, Ukraine
2 Jvano-Frankivsk National Medical University, Ivano-Frankivsk, Ukraine

3a0pyIHeHHS 'PYHTY XPOMOM CTAHOBUTE CEPIO3HY 3arpo3y JJIs HABKOJUIIHBOTO CEPEIOBUINA TA 3I0POB'A
JTIONMHA Yepe3 Horo TOKCHYHICTE Ta CTIAKICTD. [le JocimipreHHs OmMiHoe epeKTUBHICTD 3aJI30BMICHUX HAHO-
YACTUHOK JJIs peMeialiil IpyHTiB, 3abpyaaennx xpomom. CHHTE30BaHO TA JOCJIIIZKEHO 1Ba TUIIN HAHOYACTH-
HOK 3aJ1i3a: HaHOPO3MipHe HyJsbBaseHTHe 3ami30 (nZVI) ta mamomaruerur (nFes0s). 3pasku rpyaTy 3Mmimnry-
BAJIM 3 HAHOYACTUHKAMU B PI3HUX J103aX, TOMOI'eHI3yBaJIX Ta IHKYOyBaIU B KOHTPOJIBOBAHMX YMOBAX IIPOTSI-
rom 10, 20, 30, 60 ta 90 nuiB. J{is roskHOTO Yacy BigOOpy mpob aHAIII3yBAJIH KOHIIEHTPAIIII0 XPOMY Ta HOTo
BHJIyTOBYBaHHs. XiMIUHM Ta (a30BUI aHAII3 CKIALY JOC/ILIKYBAIH 3a JOIIOMOI0I0 PeHTTeHIBChbKOI qudpa-
KITIMHOI CIIEKTPOCKOIIII, aTOMHO-a6COpOITIHOI CIIEKTPOCKOITII Ta peHTreHodIyopeciieHTHOro aHaray. O0pooka
oboMa THUIIAMH HAHOYACTMHOK 3aJIi3a II0KA3ajia 3HAYHe 3HM:KeHHs KoHleHTpaiil Cr y BOIHHMX eKCTPaKTax
HOPIBHSIHO 3 KOHTPOJIBHUMU 3pa3kaMu. Buiryrosysautsi Cr B 06po0IeHUX 3paskax IPYHTY TAKOMXK 3HAYHO 3HU-
3WJIOCS Ta 3AJIMINAJIOCS CTA0IIBHUM IPOTSITOM YChOTO eKcIepuMenTy. Pesybraru Bka3yoTs Ha Te, 1m0 nZVI
iMmmobimizyBas Cr muraxom amcop6irii Cr(VI) ma o6omonti 3 #ioro Bimaosaenaam g0 Cr(II). Mexaniam B3aemo-
i1 misk nFesO4 ta Cr(VI) Brimouas ax amgcop6iriro [1], Tak 1 BigHOBIEHHS, X04Ya HOro BIIHOBHA 34ATHICTE Oyj1a
HIDKYOI0, HIsK v nZVI. AHATITHYHI MeTOIN MATBEPIUIA 3MIHY XIMIYHOTO CKJIALy IPYHTY IIiCJIs 00poOKH Ta
BIUTUJIEHHST HAHOYACTHHOK 3astida. [le JocipreHHs JeMOHCTPYe, 10 HAHOYACTUHKH, 10 MICTATH 3aJ1130, MO-
JKyTh e(DeKTUBHO BITHOBJIIOBATH 3a0py/IHEHI XPOMOM IPYHTH 34 PI3HUX YMOB HABKOJIMIIIHBOTO CEPE/IOBHINA.

Knrouori ciosa: Maruerur, BinsoBienus xpomy, 3abpyauenss rpyury, Hyassanentre 3amizo, HarosigwHo-

BJICHHA.
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