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Abstract

Purpose. Carbonate reservoirs account for more than half of global conventional oil reserves, yet their inherently oil-wet
surfaces and complex pore architecture present persistent challenges to conventional waterflooding. This study investigates the
combined application of smart water (SW) and SiO; nanoparticles as a hybrid enhanced oil recovery (EOR) strategy to
improve displacement efficiency in carbonate rock.

Methods. Four injection scenarios were evaluated at reservoir temperature (85°C) with carbonate core samples: formation
brine (FB), smart water (SW), SiO, nanofluid (NF) at 0.05 wt.%, and a hybrid NF-SW formulation. Key measurements inclu-
ded contact angle, interfacial tension (IFT), cumulative oil recovery, zeta potential, and colloidal stability over seven days.

Findings. The hybrid NF-SW system produced the most pronounced wettability alteration (contact angle reduced from
~145 to ~28°), the lowest IFT (~4.2 mN/m), and the highest cumulative oil recovery (~74% OOIP), representing a
36-percentage-point improvement over formation brine flooding. A strong linear correlation (R? = 0.92) was observed between
contact angle and recovery factor across the four scenarios.

Originality. This work presents the first systematic quantification of synergistic mechanisms between low-salinity smart
water and SiO, nanoparticles in carbonate cores, integrating electrokinetic, wettability, and IFT analyses within a single
experimental framework.

Practical implications. The hybrid NF-SW approach provides a technically viable and scalable EOR option for carbonate
reservoirs, with implications for field-scale injection design and nanofluid formulation optimization.

Keywords: enhanced oil recovery; smart water flooding; nanotechnology, carbonate reservoirs; wettability alteration;
interfacial tension; low salinity water, silica nanoparticles

1. Introduction (MIE) at the rock-brine interface [5], expansion of the elec-

Carbonate reservoirs contain approximately 60% of the  trical double layer due to reduced ionic strength [6], and
world's proven conventional oil reserves and more than 40% desorptlpn of polar organic compounds from carbonate sur-
of global natural gas resources [1]. Despite their enormous faces driven by changes in the concentrations of Ca%; Mg™,
resource potential, primary and secondary recovery from and SO4* [7). .Laboratory an@ field studies have consistently
carbonate formations is often constrained by strongly oil-wet ~ demonstrated incremental oil recovery of 5-15% OOIP at-
to mixed-wet surfaces, high heterogeneity, and complex tributable to smart water injection in carbonates [8], [9]. '
fracture-matrix interactions [2]. Conventional water flood- Nanofluid flooding is a more recent EOR paradigm in
ing, although widely deployed, typically yields recovery ~ Which engineered nanoparticles, most commonly SiOs,
factors of only 30-40% of original oil in place (OOIP) in ~ Al203, TiO2, or ZnO, are dispersed in a carrier fluid to leve-
carbonate systems, leaving substantial volumes of unrecov- ~ rage their exceptionally high surface-area-to-volume ratio
ered hydrocarbons [3]. Improving displacement efficiency in ~ and surface-active properties [10]. SiO, nanoparticles have
these reservoirs, therefore, remains one of the most conse- attracted particular attention for their chemical stability at
quential challenges in contemporary petroleum engineering. elevated temperatures, low toxicity, and demonstrated ability

Smart water flooding, also known as low-salinity water to reduce IF T. al}d alter Wettabll.lty in carbqnate systems [11],
flooding or engineered water injection, has emerged as a [12]. Mechanlstlcally, nanopamcle adsgrptlon onto carll)olne.lte
cost-effective enhanced oil recovery (EOR) technique that §urfaces displaces adsorbed oil ﬁlms via a stmctural disjoin-
alters the ionic composition of the injected brine to shift N Pressure mechanism, progressively rendering the surface
wettability toward more water-wet conditions [4]. The under- ~ more hydrophilic [13]. Reported IFT reductions of 40-80%

lying mechanisms remain widely debated in the literature. and contact angle decreases from strongly oil-wet to water-

Proposed explanations include multicomponent ion exchange wet copdltlons have been documented at nanoparticle con-
centrations as low as 0.01-0.1 wt.% [14], [15].
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A critical limitation of standalone smart water or nanofluid
flooding is that each technique addresses only a subset of
pore-scale displacement inefficiencies in carbonate reser-
voirs. Smart water primarily targets wettability via ionic
interactions but has limited capacity to reduce IFT to ul-
tralow values. Nanofluid flooding achieves significant IFT
reduction and structural disjoining pressure effects but may
suffer from nanoparticle aggregation and reduced colloidal
stability in high-salinity formation brines [16]. Therefore, a
hybrid approach combining smart water and nanoparticles
has been proposed as a synergistic strategy that simultane-
ously exploits multiple recovery mechanisms [17], [18].

Recent investigations into hybrid nanofluid — smart water
systems have yielded promising results. Hendraningrat and
Torsater [19] demonstrated that SiO, nanoparticles dispersed
in low-salinity brine produced superior wettability alteration
in sandstone cores compared with either component alone.
Sheng [20] reviewed the mechanistic interplay between low-
salinity effects and nanoparticle surface activity, highlighting
the role of the electrical double layer in stabilizing nanoparti-
cle dispersions. More recently, Olayiwola and Dejam [21]
conducted a comprehensive review of nanoparticle-enhanced
water flooding, identifying carbonate reservoirs as the most
promising application domain due to their inherent oil-
wetness. Esfandyari Bayat et al. [22] reported that hybrid
SiO,-smart water systems reduced contact angles to below
30° in Indiana limestone, consistent with strongly water-wet
conditions. Nonetheless, critical research gaps persist: the
quantitative contribution of each mechanism (wettability
alteration vs. IFT reduction vs. electrokinetic effects) to
overall recovery improvement remains poorly characterized,
and systematic comparisons of all four injection scenarios
(FB, SW, NF, hybrid) under identical reservoir conditions
are scarce in the open literature [23], [24].

The present study addresses these gaps through a con-
trolled laboratory investigation comparing four injection sce-
narios: formation brine (FB), smart water (SW), SiO;
nanofluid (NF), and hybrid NF-SW, in carbonate core samples
at reservoir temperature (85°C). The specific objectives are:

—to quantify wettability alteration and IFT reduction for
each scenario;

— to evaluate cumulative oil recovery and establish a wet-
tability — recovery correlation;

— to characterize the electrokinetic behavior and colloidal
stability of nanofluid dispersions;

—to quantify the synergistic contribution of the hybrid
system relative to individual components.

The findings contribute to the mechanistic understanding
of hybrid EOR processes and provide practical guidance for
designing nanofluid — smart water-injection programs in
carbonate reservoirs.

2. Materials and methods

2.1. Fluid preparation and characterization

Formation brine was prepared by dissolving analytical-
grade salts in deionized water to replicate the ionic composi-
tion of the target carbonate reservoir. Smart water was for-
mulated by selectively adjusting the concentrations of diva-
lent ions (Ca®", Mg?*, SO4*) relative to formation brine,
while maintaining a total dissolved solid (TDS) of approxi-
mately 10000 mg/L, consistent with established smart water
design criteria for carbonate reservoirs [25]. The exact ionic
compositions of both fluids are shown in Table 1.
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Table 1. Ionic composition of formation brine and smart water

Ton Formation brine, = Smart water,
mg/L mg/L
Na* 18500 2800
Ca** 2100 600
Mg?* 850 400
S04 320 1200
Cl- 32000 4800
HCOs3~ 180 180
TDS ~54000 ~10000

SiO; nanoparticles (purity > 99.5%, mean primary parti-
cle diameter 20 nm, Sigma-Aldrich) were dispersed in smart
water at 0.05 wt.%. This concentration was selected based on
a preliminary optimization study that evaluated 0.01, 0.05,
0.1, and 0.5 wt.% for IFT reduction and colloidal stability.
The 0.05 wt.% concentration provided the optimal balance
between IFT reduction efficacy and long-term dispersion sta-
bility, consistent with the concentration range (0.01-0.1 wt.%)
identified as optimal in the broader nanofluid EOR literature
[14], [26]. Higher concentrations (> 0.1 wt.%) showed in-
creased aggregation, as evidenced by hydrodynamic diameter
measurements, whereas lower concentrations (0.01 wt.%)
produced insufficient IFT reduction.

Nanoparticle dispersions were prepared using a two-step
ultrasonication protocol. In the first step, nanoparticles were
added to the carrier fluid and magnetically stirred at
400 min™! for 30 minutes to achieve initial dispersion. In the
second step, the suspension was ultrasonicated with a probe-
type sonicator (Hielscher UP400S, 400 W, 24 kHz) at 60%
amplitude for 45 minutes in an ice bath to prevent thermal
degradation. The ice bath kept the suspension temperature
below 15°C throughout ultrasonication. Dispersion quality
was verified by dynamic light scattering (DLS) immediately
after preparation and at 24-hour intervals over seven days.

2.2. Core flooding experimental design

Carbonate core samples were collected from outcrop
formations representative of carbonate reservoirs in northern
Iraq. Core properties are summarized in Table 2.

Table 2. Core sample properties

Property FB SW NF Hybrid
Core Core Core Core
Porosity, % 18.2 17.9 18.5 18.1
Permeability, um?>  0.0417  0.0413 0.0425 0.0421
Length, cm 7.5 7.5 7.5 7.5
Diameter, cm 3.8 3.8 3.8 3.8
Pore volume, cm? 16.1 15.8 16.4 16.2

The operating conditions applied consistently across all
core flooding experiments are summarized in Table 3.

Table 3. Experimental conditions

Parameter Value
Reservoir temperature, °C 85
Confining pressure, MPa 10.34
Back pressure, MPa 345
Injection rate, cm*/min 0.5
Total pore volumes injected, PVI 3.0
Crude oil viscosity at 85°C, mPa-s 4.2
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Before flooding experiments, cores were cleaned with
toluene and methanol using a Dean-Stark extraction appa-
ratus, then dried at 80°C for 48 hours. They were characte-
rized for porosity (helium porosimetry) and permeability
(nitrogen permeametry). Cores were then saturated with
formation brine under vacuum and aged in crude oil at 85°C
for 4 weeks to restore reservoir wettability.

Each injection scenario was conducted using a single car-
bonate core sample. This single-core design was adopted
because homogeneous outcrop material with sufficiently
similar petrophysical properties was scarce, and it is con-
sistent with exploratory laboratory EOR studies where the
primary objective is mechanistic characterization rather than
statistical inference [27]. The authors explicitly acknowledge
that using a single core per scenario is a statistical limitation
of this study: it precludes formal quantification of experi-
mental uncertainty attributable to core heterogeneity, and the
reported recovery values should be interpreted as indicative
rather than statistically representative. Future work should
employ replicate cores (minimum 7z =3 per scenario) to ena-
ble rigorous uncertainty quantification and hypothesis testing.

2.3. Wettability and interfacial characterization

Contact angle measurements were performed on polished
carbonate wafers using the sessile drop method with an optical
tensiometer at 85°C. Wafers were cleaned, dried, and aged in
crude oil (21 days at 85°C). Contact angles were measured
before and after 7 days of aging in test fluids using 5 pL oil
droplets (6 measurements per sample, 5 replicates). Interfacial
tension between the oil and water phases was measured by the
pendant drop method at 85°C was used to determine the
effect of nanoparticle concentration (0, 0.01, 0.03, 0.05, 0.07,
and 0.1 wt%). All measurements were performed in tripli-
cate. The zeta potential of crushed limestone particles
(< 63 um) in various brines was measured by electrophoretic
light scattering (ELS) at 25°C at five salinities (35000,
10000, 5000, 2000, and 1000 ppm), with and without SiO,
nanoparticles (0.05 wt%).

3. Results and discussion

3.1. Contact angle and interfacial tension

Contact angle measurements on carbonate substrates aged
in crude oil showed strongly oil-wet conditions for formation
brine (0= 145°), confirming successful wettability restora-
tion during core aging. Smart water injection reduced the
contact angle to approximately 112°, indicating a shift to-
ward intermediate-wet conditions, attributable to elevated
SO4* concentration and reduced Ca*" activity, which pro-
mote desorption of polar organic compounds from the car-
bonate surface [7]. The SiO, nanofluid further reduced the
angle to approximately 98°, consistent with structural dis-
joining pressure-driven displacement of adsorbed oil films
[13]. The hybrid NF-SW system produced the most pro-
nounced wettability alteration, reducing the contact angle to
approximately 28°, indicating a strongly water-wet condition
and demonstrating clear synergy between the ionic and na-
noparticle-mediated mechanisms (Fig. 1).

Interfacial tension measurements showed a consistent
trend. Formation brine exhibited an IFT of approximately
28 mN/m with the crude oil. Smart water reduced IFT to
approximately 18 mN/m, attributable to the altered ionic
environment at the oil-water interface.
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Figure 1. Contact angle measurements for each injection scenario
(the dashed line at 90° marks the water-wet/oil-wet
boundary)

The SiO; nanofluid exhibited an IFT of approximately
14 mN/m due to nanoparticle adsorption at the interface,
consistent with the Gibbs adsorption isotherm framework for
nanoparticle systems [28]. The hybrid NF-SW formulation
reduced IFT to approximately 4.2 mN/m, an 85% reduction
relative to formation brine, approaching the ultralow IFT
threshold (<5 mN/m) associated with significant capillary
number enhancement (Fig. 2).
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Figure 2. Interfacial tension for each injection scenario

3.2. Wettability — recovery correlation

To quantify the relationship between wettability altera-
tion and oil recovery, a linear regression was performed
with contact angle as the independent variable and recovery
factor (%OOIP) as the dependent variable. The dataset
comprised four data points, one per injection scenario (FB:
145°/38%; SW: 112°/52%; NF: 98°/58%; Hybrid:
28°/74%). The coefficient of determination, R?> = 0.92, was
calculated as the square of the Pearson correlation coeffi-
cient between the measured contact angles and the corre-
sponding recovery factors across these four scenario-level
observations. The strong negative correlation (more water-
wet — higher recovery) aligns with the theoretical expecta-
tion that shifting wettability toward water-wet conditions
improves imbibition efficiency and reduces residual oil
saturation [29]. The authors note that, with only four data
points, the R? value should be interpreted with caution; the
correlation is presented as a mechanistic indicator rather
than as a predictive model (Fig. 3).
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Figure 3. Predicted vs. measured recovery factor as a function of
contact angle (R’=0.92, n=4 data points, one per
injection scenario)

3.3. Oil recovery performance

Cumulative oil recovery profiles for all four injection
scenarios are shown in Figure 4.
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Figure 4. Cumulative oil recovery as a function of pore volumes
injected for all four scenarios

Formation brine flooding reached a plateau of approxi-
mately 38% OOIP, consistent with the strongly oil-wet base-
line conditions. Smart water flooding increased recovery to
approximately 52% OOIP, a 14-percentage-point gain attribut-
able to wettability alteration and improved microscopic dis-
placement efficiency. The SiO, nanofluid achieved approxi-
mately 58% OOIP, a further 6-percentage-point improvement
over smart water, reflecting the additional contributions of IFT
reduction and structural disjoining pressure. The hybrid NF-
SW system achieved the highest recovery of approximately
74% OOIP, a 36-percentage-point improvement over for-
mation brine and a 22-percentage-point improvement over
smart water alone, confirming the synergistic enhancement of
the combined approach. The key experimental results obtained
for the four injection scenarios are summarized in Table 4.

Table 4. Summary of key experimental results

Contact  IFT, Recovery, Zeta

Scenario angle, (°) mN/m % OOIP potential, mV

Formation brine (FB) 145 28.0 38 -8
Smart water (SW) 112 18.0 52 -18
SiO2 nanofluid (NF) 98 14.0 58 -24
Hybrid NF-SW 28 4.2 74 -31
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3.4. Electrokinetic effects and colloidal stability

Zeta potential measurements were conducted at 25°C
using a Malvern Zetasizer Nano ZS. Formation brine exhib-
ited a zeta potential of approximately -8 mV, indicating weak
electrostatic repulsion and a tendency toward particle aggre-
gation. Smart water increased the magnitude to approximate-
ly -18 mV, consistent with expansion of the electrical double
layer at reduced ionic strength. The SiO, nanofluid and hy-
brid NF-SW system achieved zeta potentials of approximate-
ly -24 and -31 mV, respectively, indicating progressively
enhanced colloidal stability.

It is acknowledged that zeta potential measurements were
performed at 25°C, whereas core flooding experiments were
conducted at reservoir temperature (85°C). The temporal
evolution of colloidal stability over the seven-day monitoring
period is presented in Figure 5, which shows the hydrody-
namic diameter (Fig. 5a) and zeta potential (Fig. 5Sb) of the
Si0; nanofluid and hybrid NF-SW dispersions.
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Figure 5. Colloidal stability of nanofluid dispersions over 7 days:
(a) hydrodynamic diameter; (b) zeta potential

This discrepancy arises from instrumental constraints: the
Zetasizer Nano ZS is rated for measurements up to 40°C, and
elevated temperatures introduce significant evaporation and
viscosity artifacts that compromise measurement accuracy.
The influence of temperature on electrokinetic behavior is
well documented in the literature. Increasing temperature
generally reduces the viscosity of the dispersion medium,
thereby increasing electrophoretic mobility and potentially
leading to an apparent increase in the magnitude of the zeta
potential [30]. Conversely, elevated temperatures may pro-
mote partial dehydration of the electrical double layer and
reduce the Debye length, potentially decreasing the magni-
tude of the zeta potential.
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For SiO, nanoparticles in low-salinity brines, Metin et
al. [31] reported that the magnitude of the zeta potential
decreased by approximately 15-20% when the temperature
increased from 25 to 80°C, suggesting that the values reported
here at 25°C may slightly overestimate the electrokinetic
repulsion during core flooding. Notwithstanding this limita-
tion, the relative ranking of the four scenarios and the
qualitative interpretation of colloidal stability trends remain
valid, as the temperature effect is expected to apply uniform-
ly across all scenarios.

Both systems exhibited only gradual increases in hydro-
dynamic diameter. They retained stable zeta potential magni-
tudes throughout this period, with the hybrid NF-SW formu-
lation showing the smallest change and thus the greatest
colloidal stability.

3.5. Synergistic mechanism quantification

To compare the effects of the injection fluids on wetta-
bility, interfacial tension, and oil recovery, three normalized
indices were calculated from the experimental data. The
Wettability Alteration Index (WAI), Interfacial Tension
Reduction Index (IRI), and Recovery Enhancement Index
(REI) range from 0 to 1, where O corresponds to the for-
mation-brine baseline, and 1 represents the best result ob-
tained among the tested scenarios. The calculated indices are
presented in Table 5.

Table 5. Normalized performance indices for the investigated
injection scenarios

Scenario WAI  IRI REI ~ OYnerey
score
Formation brine (FB) 0.00 0.00 0.00 -
Smart water (SW) 0.28 0.42 0.39 -
SiO2 nanofluid (NF) 0.40 0.58 0.56 —
Hybrid NF-SW 1.00 1.00 1.00 +0.53

The normalized indices were calculated using the follo-
wing Equations:

WAL = (O =) ; (1)
l (emax - emin )
(IF T, — IFT; )
R = 2)
l (IFTmax - IFTmin )
REL < (RE-REy, ) 3)
l (RFmax - RFmin )
where:

0, IFT;, RF; — contact angle, interfacial tension, and re-
covery factor obtained for injection scenario i, respectively.

The subscripts “max” and “min” indicate the highest and
lowest measured values among the four scenarios. In the pre-
sent experiments, Gmax = 145°, Omin = 28°, IFTinax = 28.0 mN/m,
[FTmin = 4.2 mN/m, RFyin = 38%, and RF nax = 74%.

The improvement achieved by the hybrid formulation
relative to the average performance of the individual smart-
water and nanofluid treatments was expressed using the
Synergy Score (SS):

(RElgy —REIy)

SS = REIHybrid -

3 4)
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For the investigated system, SS equals 0.53. The hybrid
NF-SW formulation achieved the maximum normalized
value for wettability alteration, interfacial tension reduction,
and oil recovery. Its Synergy Score of 0.53 indicates that the
recovery enhancement achieved with the hybrid formulation
was substantially greater than the average response of smart
water and the SiO, nanofluid applied separately. This result
demonstrates the improved performance of the combined
treatment. However, Synergy Score is a comparative indica-
tor derived from the recovery data and should not be inter-
preted as an independently measured parameter or as defini-
tive quantitative proof of mechanistic synergy.

4. Conclusions

The hybrid NF-SW system produced the most pro-
nounced wettability alteration (6~ 28°), the lowest IFT
(~4.2 mN/m), and the highest cumulative oil recovery (~74%
OOIP) across all four injection scenarios tested, confirming
the synergistic enhancement from combining smart water
with SiO; nanoparticles.

A strong linear correlation (R? = 0.92) was observed be-
tween contact angle and recovery factor across the four
scenario-level data points, supporting wettability alteration
as the primary driver of recovery improvement in this
carbonate system.

Colloidal stability measurements over seven days con-
firmed that the hybrid NF-SW formulation maintained ade-
quate dispersion stability (zeta potential <-30 mV) and ex-
hibited only minor increases in hydrodynamic diameter,
supporting its suitability for field-scale injection.

The single-core experimental design used in this study
provides mechanistic insights but limits statistical infe-
rence. Future work should use replicate cores and explore a
broader range of nanoparticle concentrations, temperatures,
and carbonate lithologies to establish the generalizability of
these findings.
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JlaGopaTopHe A0cTiIzKeHHA riOPUIHOro 3aBoAHEeHHSI HAHOQIIIA0M i MO (iKOBAHOIO BO0I0
JJIS1 MiABUIIeHHSI HAQTOBUIYy4YeHHS 3 KAPOOHATHUX KOJIEKTOPiB

P. A6nynna, X. Moxammen

Merta. KapOoHaTHI KOJEKTOPH MICTAThH IMOHAJ TOJOBHHY CBITOBHUX 3alaciB TpaAMLiiiHOI HaTH, OHAK iX HepeBaxHO HAPTOMIIBHI MO-
BEPXHi Ta CKJIaJJHa CTPYKTypa MOPOBOTO MPOCTOPY 3HIKYIOTh €(peKTUBHICTh TPAAUIIIHHOTO 3aBOIHEHHS. METOI0 AOCIiIKEHHS € OI[IHIOBaH-
HS CIILTBHOTO 3aCTOCYBAaHHS MOAM(IKOBaHOI BOJY 31 CIIENialIbHO CKOPUTOBAaHUM 10HHHM ckyazioM (Smart Water, SW) i HanogactuaOK SiO2
SIK TIOPUITHOTO METOAY IiJBUIICHHS Ha()TOBIITYYSHHS T IOKPALICHHS BUTICHEHHS HAQTH 3 KapOOHATHHX MOPIJI.

Metomuka. [Ipu mnacrosiii Temmneparypi 85°C Ha 3pa3kax KapOOHATHOTO KEPHA JOCHIPKEHO YOTHPH CIICHApIi HATHITAHHS: TJIaCTOBUI
poscin (FB), monudikosany Boay (SW), Hanoduoin i3 Bmictom SiO2 0,05 mac. % (NF) Ta ribpunny xkommnosuitito NF-SW. EdekrtusHicTh
JOCII/DKYBaHUX PiZMH OLIHIOBAIM 33 3MIHOIO KOHTAKTHOTO KyTa, MK(a3HOTO HATATY, CYyKYITHOTO HaTOBHITyYCHHsI, [3eTa-IOTeHIiany Ta

KOJIOIIHOT CTablIBHOCTI MPOTATOM CeMH Ji0.

PesyabTaTn. ['6puana cucrema NF-SW 3a0e3neunia HalOLIbII BUpaKeHy 3MiHY 3MOYYBaHOCTI KapOOHATHOI MOBEPXHI: KOHTaKTHUI
KyT 3MEHIIHUBCS TpuOIn3HO 31 145 mo 28°. Jlng miel cucTeMu Takok BCTAHOBIICHO HAWHIDKYMN MiK(pa3zHUI HaTAT, Oim3bko 4.2 MH/M, 1 Haii-
BHUIIE CYKyIHE Ha()TOBMIIy4eHHs, O1m3bK0o 74% BiX MOYATKOBHX 3amaciB HaQTH B KepHi. [IopiBHIHO 31 3aBOJHEHHSIM IIACTOBHM PO3COJIOM
MIPUPICT HAQTOBWIYYEHHS CTAaHOBUB 30 BIJACOTKOBUX IYHKTIB. [ YOTHPHOX IOCIIKEHHX CIEHApiiB yCTAHOBJICHO TICHMH TiHINHWMHA
3B’5130K MiXK KOHTAKTHUM KYTOM i Koedinientom HadToBmIydeHHs 3 Koediuientom nerepminanii R? = 0.92.
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HaykoBa HoBU3HA. YIiepliie B MeXax €JUHOI eKCIEPUMCHTAIBHOI CXEMHU KiIBKICHO OLIHEHO CIIIBHHUI BIUIMB HH3bKOMiHEPai30BaHOI
MoauGikoBaHOT BOAM Ta HAaHOYACTMHOK SiO2 Ha €JIEeKTPOKIHETHYHI BJIACTHBOCTI, 3MOYyBaHiCTh, MDK(a3HHUI HATAr 1 HAQTOBHIYYCHHS 3
KapOOHATHOrO KepHA. BCTaHOBIICHO, 110 TOEIHAHHS IOHHOTO BILIMBY MOAM(]IKOBAHOI BOIHM 3 MOBEPXHEBOK aKTHBHICTIO HAHOYACTHHOK
3abe3neuye BUILY e)EKTUBHICTh BUTICHEHHS HAQTH, HIXX OKpeMe 3aCTOCYBaHHS KO)KHOIO KOMIIOHEHTA.

IMpakTruna 3HauyuMicTb. ['i6puane 3aBoaHeHHss NF-SW Moixe OyTH BUKOPHCTAHE SIK TEXHOJIOTIYHO MEPCIEKTUBHUM MiAXiM 10 IMiaBH-
mIeHHS HaTOBMITyYeHHS 3 KapOOHATHHX KOJEKTOpiB. OTpuMaHi pe3yibTaTH MOXYTh OyTH 3aCTOCOBaHI IiJ Yac OOTPYHTYBaHHS PEKUMIB
HarHiTaHH:, BUOOPY CKJIaay HaHO(IIIOINY Ta MPOEKTYBAHHS JOCITIHO-IPOMHCIOBHX CHCTEM 3aBOIHCHHSI.

Knrwwuosi cnosa: niosuwjenuss Hagpmosunyuents,; 3a600HeHHs. MOOUDIKOBAHOI 600010, HAHOMEXHOIOZI, KapOOHAMHI KOIEKMOPU, 3MIHA
3MOUYBAHOCI, MIdICPAZHUL HAMA2, HUZLKOMIHEPANI308AHA 800, HAHOYACIMUHKYU OIOKCUOY KPEMHIIO
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