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Abstract: Waste hemp and flax fibers, and cotton and cotton/polyester yarns,
available in large quantities from the textile industry, were used as cheap and
effective sorbents for the removal of methylene blue from wastewater. Waste
fibers and yarns were characterized by scanning electron microscopy, Fourier
transform infrared spectroscopy, iodine sorption, water retention, and point of
zero charge, as well as through the determination of crystallinity index and
degree of surface crystallinity. The adsorption of methylene blue was opti-
mized by examining the influence of contact time, initial concentration, tempe-
rature, and pH value. It was found that the more ordered structure of cotton and
cotton/polyester yarns leads to lower adsorption capacities and better agree-
ment with pseudo-second order kinetic and Langmuir isotherm model, while
the more heterogeneous structure of flax and hemp fibers shows higher cap-
acities for methylene blue adsorption, better described by the pseudo-first order
kinetic and Freundlich isotherm model. Based on the obtained results, waste
lignocellulosic fibers and yarns can be used for the discoloration of wastewater,
thereby solving the problem of waste generated in the textile industry.

Keywords: textile waste; natural-based fibers; chemical composition; organic
dye.

INTRODUCTION

The high consumption of energy and non-renewable natural resources, as
well as the resulting climate changes require a serious approach to sustainable
environmental protection criteria, in order to ensure a decent life in modern
society and preserve resources for the coming generations. Material reuse is an
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670 VUKCEVIC et al.

area of particular interest due to the large amount of waste produced around the
world in various industries. !-2

The textile industry is one of the oldest and largest industries in the world,
which tends to meet the ever-increasing demand for textile products that grow
with the increase of the world’s population.3-5 Textile waste, which can be gen-
erated directly from the textile industry during the textile production processes,
or post-consumer textile waste, which is created during consumer use and dis-
posal, represents a group of reusable materials that can have different application
possibilities.3:¢ The fact is that much more attention is paid to solving the prob-
lem of post-consumer textile waste (product reuse, material recycling, inciner-
ation and landfill)7-8 than the one of the waste generated directly during textile
production. Textile waste from production refers to raw textile materials, namely
cellulose, protein, and synthetic fibers. Cellulose fibers are of vegetable origin,
obtained from materials such as cotton, linen, hemp, ramie and straw; protein
fibers are of animal origin, obtained mainly from wool, cashmere and silk, while
synthetic fibers are obtained from petrochemical sources, i.e., materials such as
polyester, nylon, spandex, acrylic, and polypropylene.3 These wastes are mainly
disposed of by incineration and landfill, so, it is necessary to find ways to reuse
them as materials with added value.> Another major problem in the textile ind-
ustry is consuming a large amount of water used for scrolling, bleaching and
dyeing processes. The textile industry is the second-largest polluter of water
worldwide.? If contaminated water is not treated before discharge into natural
reservoirs, this wastewater, due to its intense color, higher pH value, and high
salt concentration, causes a decrease in photosynthetic activity, due to a defi-
ciency of oxygen, which can be harmful to the aquatic ecosystem and human
health.9-11 According to environmental regulations, industries are required to
remove dye from their wastewater before discharge into the environment.
Numerous physical, chemical and biological methods may be used to remove
dyes from wastewater in the textile industry. These methods mainly require spe-
cific equipment and high energy consumption, and an additional problem is the
safe disposal of the removed products.!!1=13 A process that provides low capital
and energy costs, simplicity and speed, as well as high removal efficiency is ads-
orption. 10,13

One of the effective ways to reuse textile waste is to convert them into
adsorbents for wastewater treatment. Cellulose-based fibers and yarns can have
exceptional adsorption properties and high absorption capacity, due to their spe-
cific structure and heterogenous chemical composition which implies the pre-
sence of different functional groups that acts as active sites for adsorption.l4
Summarizing all the above, it is concluded that the textile industry can be a
perfect example of the reuse of textile waste material, to solve the problem of the
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WASTE FIBERS AND YARNS ADSORPTION PROPERTIES 67 1

colored wastewater it creates. In this way, the needs for a cleaner environment
and a circular economy are met at the same time.

This work examines the possibility of using waste hemp and flax fibers and
cotton and cotton/polyester yarns, as cheap and effective sorbents for the removal
of methylene blue from wastewater, with an emphasis on the influence that struc-
tural characteristics and chemical composition have on the adsorption properties.

EXPERIMENTAL

Fibers and yarns obtained as waste from different textile industries were used as ads-
orbents for the removal of methylene blue (MB). Short flax fibers (F;) were obtained from
Banja Luka, Republic of Srpska, Bosnia and Herzegovina,'® while hemp fibers (Hy) were
obtained from ITES Odzaci, Serbia. Waste cotton (Cy) and cotton/polyester (C,/PES) yarns
were obtained from SIMPO Dekor Vranje, Serbia.

Scanning electron microscopy (SEM JEOL JSM-6610LV) was used to determine the
samples' morphological and structural characteristics.

The chemical composition of flax and hemp fibers and cotton yarns was determined by
sequential removal of individual components from the structure of the fibers and yarns, which
was in accordance with the Soutar and Bryden research. !

The surface functional groups’ content was examined by Fourier transform infrared spec-
troscopy (Nicolet™ iS™ 10 FTIR spectrometer, ThermoFisher Scientific), in the range of
400-4000 cm™!. The degree of surface crystallinity (Ci) was estimated based on the intensity
of characteristic bands from the obtained FTIR spectra.17 For flax and hemp fibers, and cotton
yarns Ci was calculated as a ratio of the intensity of bands at 1368 and 2885 cm! (/}34s//2335)
which were assigned to the in-the-plane C—H bending and C-H symmetrical stretching in
cellulose and hemicelluloses.!8 Additionally, for the sample C,/PES, the degree of surface
crystallinity of the polyester component!® was also calculated as the ratio between the inten-
sity of the band at 1120 cm’!, related to the O—CH, stretching, and the bend at 1100 cm™!,
related to the C—O stretching from amorphous polyester structure (£1120/7;100)-

Iodine sorption values (ISV), were determined using the Schwertassek method:!3 yarn
samples (0.3 g) were topped with iodine solution (2 cm? of KI3), squashed, and squeezed for 3
min. Thereafter, the saturated sodium sulfate (100 cm?, w(Na,SO,4) = 200 g dm™) was added
to the yarns and shaken for 1 h. The iodine concentration of the sample and blank was deter-
mined by titration with sodium thiosulfate (0.02 mol dm™3). ISV was calculated as follows:

(b—1)x2.04x2.54 N
mg g

m,

ISV = (M
where b and ¢ are the volumes (cm?) of Na,S,0; solution used for blank and sample titration,
and m, is the weight of absolute dry yarns (g). ISV was used for the determination of crys-
talline phase content (crystallinity index, Xi):20

ISV
X =100—| 10022 2
K [ 412) @

The standard centrifuge method (ASTM D 2402-01 2001) was used to assess the exam-
ined samples’ water retention value (WRYV).

The solid addition method?!-22 was used for the determination of pH at the point of zero
charge (pHpzc), for all the examined samples. To a series of PP tubes, 10 ml of 0.1 M KNO;
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was transferred, and the initial pH value of the solution (pH;) was adjusted from 2 to 10 by
adding either HC] or NaOH. 0.02 g of tested fibers and yarns were added to the tubes, which
were securely capped immediately. The tubes were constantly shaken for 48 h and the final
pH values (pHy) were measured. The dependence of pHy vs. pH; was plotted, along with the tie
line for which the final pH was considered equal to the initial pH. The intersecting point
between those two lines was recognized as pHpzc.

The adsorption was performed on 0.02 g of tested materials from 20 cm?> MB solution
(initial concentration of 20 mg dm), at 25 °C in the batch system for 3 h with constant shak-
ing (170 rpm). To examine the effect of pH on adsorption, the initial pH of the MB solution
was adjusted to 2, 4, 6, 8 and 10. The influence that initial concentration has on materials
adsorption capacities was examined under the same conditions, using the MB solution with
the initial concentration ranging from 10 to 75 mg dm™. The influence of contact time was
examined using 0.1 g of tested materials and 100 ml of MB solution (initial concentration of
20 mg dm3), while the effect of adsorbent mass (0.01, 0.02, and 0.05 g) was studied from 20
ml of MB solution (20 mg dm™). The concentration of MB solution was determined by UV—
—Vis spectrophotometry, while the amount of adsorbed MB (g, in mg g'!) was determined as:

go = (GG G)
m
where C, and C, (mg L!) are the initial concentration, and the MB concentration in the
solution after a defined time, respectively; V(L) is the solution volume and m (g) is the weight
of adsorbents (C,, C,/PES, Frand Hy).

Kinetic studies were conducted using the following kinetic models: pseudo-first-order,?
and pseudo-second-order kinetic model,2* Elovich?® and intra-particle diffusion model,2
while Langmuir?’ and Freundlich?® isotherm models were used to interpret the equilibrium
adsorption data and determine the maximum adsorption capacities of examined samples.
Equations for all models used are given in Table S-I of the Supplementary material to this
paper.

To evaluate the influence that surrounding temperature has on the MB adsorption, the
adsorption experiments were conducted in a temperature-controlled water bath, at 25, 35 and
45 °C. The thermodynamic parameters of the adsorption process were calculated using the fol-
lowing equations:2°

mg =25 _44 (4)
R RT
AG = AH ~TAS 5)

The values of AH and AS were obtained from the slopes and intercepts of In K vs. the 1/T
plot, and the values of AG were calculated from the corresponding values of AH and AS
following Eq. (5).

RESULTS AND DISCUSSION
Hemp, flax and cotton fibers are natural fibers that are characterized by com-
plex structures, and heterogeneous chemical compositions especially distinct for
hemp and flax fibers. The main structural component of these fibers is cellulose,

while secondary components are hemicelluloses, lignin, pectin, fats and waxes.
The content of these chemical components varies depending on the type of fiber,
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WASTE FIBERS AND YARNS ADSORPTION PROPERTIES 673

as well as on geographical location, cultivation methods, and primary processing.
Hemp fibers generally contain 67.0-78.3 % of cellulose, 5.5-16.1 % of hemicel-
luloses, 2.9-3.3 % of lignin and 0.8-2.5 % of pectin,!® while flax fibers may
contain 64.1-76.0 % of cellulose, 11.0-20.6 % of hemicelluloses and 2-5 % of
lignin and 1.8-2.3 % of pectin.!5 On the other hand, cotton fibers are mainly
composed of cellulose (83—99 %), and may contain some lignin (up to 6 %) and
hemicelluloses and pectin (up to 5 %).30

The quantity of these constituents and their location within the fiber structure
has an influence on fibers’ physicochemical and mechanical properties, espe-
cially sorption properties.

The chemical composition of the examined hemp and flax fibers and cotton
yarns are given in Fig. 1. It was found that cotton yarns (sample Cy, and cotton
component from sample Cy/PES) contain the highest amount of cellulose (94 %)
while the hemp fibers contain the highest amount of non-cellulosic components
(10.7 % of hemicelluloses, and 6.06 % of lignin).

I Ja-cellulose [ hemicelluloses L1 lignin

1004
90+
80+

70 I I Fa

54
0 , , h | , Fig. 1. Chemical composition of flax and

H, F C, hemp fibers and cotton yarns.

Content, %

The morphology of tested fibers and yarns is examined by scanning electron
microscopy (Fig. 2). The structure of flax and hemp fibers (Fig. 2a and b, res-
pectively) is characterized by partially separated elementary fibers, which seem
to be embedded in resinous substances (matrix of hemicelluloses, lignin and
some pectin), and rough, uneven surface. This liberation of elementary fibers is
more noticeable for flax than for hemp fibers, due to the higher content of lignin
and hemicelluloses in the structure of hemp fibers. The cotton fibers within the
Cy and Cy/PES structure are spirally twisted, with the structure looking like a
twisted ribbon (Fig. 2c). Additionally, the polyester component from the sample
Cy/PES is characterized by a straight filament, with a noticeable smooth surface.

The type, amount and availability of surface functional groups are influenced
by the chemical composition and the location of the chemical components in the
fiber structure. The qualitative examination of functional groups present on the
surface of tested materials was performed by FTIR analysis.
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10 urmy / 10 um

10 um

Fig. 2. SEM photographs of: a) Hy, b) Fy, ¢) C, and d) C,/PES.

FTIR spectra for all samples (Fig. 3) show a broad band around 3300 cm1,
originating from the stretching of the O—H bond in hydroxyl groups. Peaks at
2850 and 2920 cm! originate from the symmetrical and asymmetrical vibrations
of the C—H bond in methyl and methylene groups of cellulose and hemicellul-
oses3! in the structure of all examined fibers and yarns. The peak near 1730 cm™!,
attributed to C=0 stretching of carbonyl or ester groups of hemicelluloses,31-32 is
noticeable on the spectra of samples Fg and Hy. Bands in the region 1000-1370
cm!, are related to the C—O and C—C stretching in polysaccharides, cellulose,
and hemicelluloses, while the peak around 890 cm! indicates the presence of
glucopyranose ring in the structure of all examined samples. The broad band
around 1630 cm~!, observed for all samples, can be attributed to the aromatic
skeletal vibration, or C=O stretching vibrations of hemicelluloses carbonyl
groups.3! Owing to the presence of polyester component, FTIR spectra of sample

Fig. 3. FTIR spectra of flax and hemp
3500 3000 2500 2000 1500 1000 500  fibers, and cotton and cotton/polyester
Wavenumber, cm’ yarns.
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WASTE FIBERS AND YARNS ADSORPTION PROPERTIES 675

Cy/PES showed additional, intense peaks at 1710 and 1240 cm! that indicate the
presence of the ester group, while the peak at 1505 cm™! can be attributed to the
skeletal vibrations of the aromatic systems in polyester chains.33 Also, out-of-
-plane bending vibrations of the benzene ring in the polyester are displayed at
720 cm! (C-H and C=0) and 870 cm™! (C—C).33

The degree of surface crystallinity (Ci), estimated based on the intensity of
the characteristic bands obtained from FTIR spectra, is shown in Table I, along
with the iodine sorption values (ISV), crystallinity index (Xg), water retention
value (WRV), and point of zero charge (pHpzc). The highest values for the
degree of surface crystallinity and the crystallinity index were observed for
Cy/PES, due to the presence of highly ordered polyester components and the
highest content of a-cellulose in the cotton component. The highly ordered struc-
ture of Cy/PES results in lower iodine adsorption, while a smooth surface (Fig.
2), observed especially for the polyester component, leads to the lowest WRV. A
similar trend in the physicochemical characteristics, shown in Table I, is
observed for the sample Cy, whereby ISV and WRV show higher, and Ci and Xg
lower values than Cy/PES, due to the less ordered structure, which is a conse-
quence of the absence of polyester component. Samples Fr and Hf show much
higher iodine adsorption and water retention than Cy and Cy/PES samples, as
well as a lower degree of surface crystallinity and crystallinity index resulting
from the more heterogeneous chemical composition and the location of the
components in the fiber structure. Lower content of lignin in the secondary wall,
and hemicelluloses in the interfibrillar region of Fyr leads to the liberation of the
elementary fibers (Fig. 2) and higher availability of a-cellulose on the fiber
surface, making the F¢ surface more crystalline than Hy. The more liberated fiber
structure of F¢ than Hyf also results in better iodine sorption, while surface
roughens and the presence of micropores and microcracks in the Hy surface leads
to a higher WRYV.

TABLE 1. Material characterization: degree of surface crystallinity (Ci), iodine sorption
values (ISV), crystallinity index (Xg), water retention value (WRV), and point of zero charge

(pHpzc)

Sample Ci ISV/mgl, g} X¢ !/ % WRV | % pHpzc

H¢ 0.960 132.2 6791 51.20 5.12

F¢ 0.977 160.3 61.09 41.07 4.12

Cy 0.981 84.0 79.61 32.34 5.90

Cy/PES 0.9822 55.1 86.63 15.55 548
1.05b

Cotton component, °pES component

Adsorption characteristics of lignocellulosic fibers and yarns depend on the
content of amorphous regions in cellulose and non-cellulosic components, cracks
and cavities, as well as functional groups present on the absorbing surface.!6.34
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Accessible surface functional groups of fibers’ chemical constituents (celluloses,
hemicelluloses, lignin) are responsible for the surface charge and the acid—base
behavior of tested samples. The pHpzc values of tested samples were found to be
in the range between 4.12 for Fr and 5.90 for Cy (Table I), indicating that in the
water solution with pH higher than 5.90 surfaces of all tested samples will be
deprotonated and negatively charged, so the adsorption of cationic MB will be
favored.

The solution pH is an important factor that affects the adsorption of methyl-
ene blue through the ionization of surface functional groups along with the dis-
tribution and the morphology of dye molecules. The influence of the pH of MB
solution on the adsorption capacities of examined samples is shown in Fig. 4.

A+ 0 Bl c Elc pes

S L e P2 Fig. 4. Effect of the initial pH on the ads-
orption capacity.

Adsorption capacities increase rapidly with the increase of the solution pH
from 2 to 6, while a further increase of pH slightly increases the adsorption cap-
acities of tested samples, keeping the same trend of Fr > Hy > Cy > Cy/PES.
Methylene blue is a cationic dye that is in the molecular form in the solution
having a pH value lower than 4, while in the solution with a pH above 4, the
MB* becomes dominant.35 Additionally, in the solution having a pH above the
pHpzc value, the surface of tested samples is deprotonated and negatively
charged, so an increase in the pH value of the solution positively affects the
attraction and bonding of MB™ species.

The influence that contact time has on the MB adsorption on tested samples
is shown in Fig. 5a. Adsorption capacities follow the trend of F¢ > H¢ > Cy >
Cy/PES, and increase with the contact time, reaching the equilibrium after 60 min
of adsorption.

The process of MB removal from water solution using examined fibers and
yarns is relatively fast since over 80 % of adsorption capacity was reached in the
first 30 min. Experimental data were fitted with pseudo-first and pseudo-second
order models (Fig. 5a), as well as with the intraparticle diffusion (Fig. 5b) and Elo-
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Fig. 5. Adsorption kinetic data fitted with pseudo-first and pseudo-second order (a),
intraparticle diffusion (b) and Elovich (¢) model.

vich (Fig. 5¢) models, and the obtained kinetic parameters are given in Table S-II
of the Supplementary material. According to the correlation coefficients (R2),
adsorption of MB on all samples follow the pseudo-second order kinetic, while
calculated adsorption capacity values (ge cal) indicate that the adsorption of MB
onto Hf and Fr is better described by the pseudo-first order model. The values of
pseudo-first and pseudo-second rate constants indicate that the adsorption pro-
cess is faster on yarns than on fiber samples. This is also noticeable from the
values of Elovich constant a that is related to the rate of adsorption in the begin-
ning. Since the rate-controlling factor of the adsorption process may be the dif-
fusion of adsorbate particles through the structure of the adsorbent, the intrapar-
ticle diffusion model was applied to the adsorption data. Multi-linear plots
obtained by the intraparticle diffusion model indicate that MB adsorption onto H¢
and Fr occurs through the three consecutive steps of fast external adsorption,
intraparticle diffusion, and slow equilibrium adsorption, while the adsorption
onto yarn samples proceeds through the external adsorption and equilibrium pro-
cess. The highly ordered structure of yarn samples (C; and Xk values), featured
by smooth and nonporous cotton fibers and polyester filaments (Fig. 2), enables
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678 VUKCEVIC et al.

only the fast adsorption onto the external surface of the yarn samples without the
diffusion of the MB species into the yarn structure. Therefore, the adsorption
capacities of the yarn samples are lower than for Hf and Fy, and limited by the
number of active sites on the sample’s external surface. The higher surface cov-
erage of the yarn samples with MB species is confirmed by the values of Elovich
constant . On the other hand, higher adsorption capacities of F¢ and Hy are the
consequence of the more heterogeneous chemical composition and liberated fiber
structure characterized by the surface roughens and the presence of micropores
and microcracks.

Fig. 6 shows the influence that adsorbent mass has on the MB removal
efficiency and the adsorption capacities of examined samples. For adsorbent
mass 0.01 and 0.02 g removal efficiency is almost the same, while the highest
removal efficiency was obtained for adsorbent mass of 0.05 g. Nevertheless, the
adsorption capacities of all examined samples decrease with the increase of
adsorbent mass.

100+ 30
5 25
. Bl
=
o
= . [EIH,
S0 : e,
7 o
2 & I c/PES
£ € 154
(0] -
g 40 =
£ 10
[T
[

20+

Q-

0.01g 002g 005¢g 001g 002g 0059

Fig. 6. The influence of adsorbent mass on MB adsorption.

The adsorption capacities of Ff and Hy increase with the initial concentration
of MB solution (Fig. 7), while for samples Cy and C,/PES, an increase in a con-
centration above 30 and 20 mg dm 3, respectively, does not increase adsorption
capacities, due to the surface saturation.

The obtained values for Langmuir and Freundlich parameters (Table II) are
in agreement with the sample structure’s influence on MB adsorption. The more
amorphous and porous structure of Hy and F¢ samples leads to higher maximal
adsorption capacities (QJg) and surface heterogeneity (1/n), whereby the Freund-
lich isotherm better describes the adsorption of MB on these samples. Samples
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Cy and Cy/PES show lower adsorption capacities, more homogeneous surfaces,
and better fits with Langmuir isotherm.

a5 n Hf ° Ff A Cy v Cy/PES

---- Freundlich isotherm
30 o 7 —— Langmuir isotherm

T T T T
0 10 20 30 40 50 60 70

Fig. 7. The influence of initial concentration on MB adsorption: equilibrium adsorption data
fitted with Langmuir and Freundlich isotherm.

TABLE II. Langmuir and Freundlich isotherm parameters for MB adsorption on examined
fibers and yarns samples.

Sample Langmuir isotherm Freundlich isotherm

Oy / mg g! b R? K¢/ mgl-VnL Vgl q/p R?
Hg 104.063 0.0713 0.84306 7.350 0.337 0.89365
F¢ 142.625 0.0601 0.92953 8.569 0.389  0.95157
Cy 16.630 0.0712 0.99077 4.987 0.307  0.84602
C,/PES 6.618 0.000169 0.88299 4.502 0.105  0.50585

Thermodynamic studies revealed that MB adsorption onto tested fibers and
yarns is an exothermic process (Table III) and that an increase in surrounding
temperature leads to a decrease in the adsorption capacities (Fig. S-1 of the Sup-
plementary material). The increase in temperature leads to higher MB solubility
and a decrease in the attraction forces between the MB particles and the adsor-
bent surface.3¢ The adsorption process is spontaneous for Hy and Fy at all tested
temperatures, and for Cy at 25 and 35 °C, while the adsorption on Cy/PES is not
spontaneous.

CONCLUSION

The conducted investigation was focused on reusing short and entangled flax
and hemp fibers, and cotton and cotton/polyester yarns, obtained as waste from
the textile industry, as a sustainable and renewable adsorbent for the purification of
textile industry wastewaters. The adsorption properties of examined lignocellul-
osic fibers and yarns depend on chemical composition and the location of the struc-
tural constituents within the fiber structure. The higher content of a-cellulose and
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680 VUKCEVIC et al.

TABLE III. Thermodynamic parameters for MB adsorption onto examined fibers and yarns

Thermodynamic parameters

Sample /K g/ Mg g T AR/ molT AS/ K molT K
H; 298.15 15.20 2.95 21.994 ~0.064
308.15 14.47 231
318.15 12.88 ~1.67
F; 298.15 13.95 2.19 04.443 ~0.075
308.15 13.28 145
318.15 10.40 ~0.70
C, 298.15 11.01 ~0.72 ~17.931 ~0.058
308.15 10.23 ~0.14
318.15 8.90 0.44
C/PES  298.15 8.09 0.84 ~16.893 ~0.059
308.15 731 1.44
318.15 6.10 2.03

the presence of polyester component led to the lower adsorption capacities of
cotton and cotton/polyester yarns, while the adsorption process follows the
pseudo-second order kinetic and can be described by Langmuir isotherm. On the
other hand, more heterogeneous chemical composition and presence of non-
cellulosic components in the structure of flax and hemp fibers, as well as fibril-
lated structure and presence of cavities and cracks on the fiber surface led to the
higher capacities for removal of MB from water. The MB adsorption onto the
heterogeneous surface of hemp and flax fibers is well described by the pseudo-
-first order kinetic model and Freundlich isotherm, whereby the intraparticle dif-
fusion affects the rate of adsorption. Based on the obtained results, waste lingo-
cellulosic fibers and yarns can be applied for the discoloration of wastewater,
thereby solving the problem of wastes generated in the textile industry.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12170, or from the corres-
ponding author on request.
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U3BOJ
OTIIAJHA BJIAKHA KOHOIIJBE U JIAHA U ITPERE ITAMYKA U TTAMYK/TTOJIMECTEPA
3A YKIIABhAKLE METUJIEHCKO ITJTABOT U3 OTITAOHE BOJE: YIIOPEOJHA AHAJTU3A
ANCOPIIINOHUX KAPAKTEPUCTHKA

MAPHJA M. BYKYEBUR', MAPHHA M. MAJIETUR’, BUJbAHA M. IIEJUR', HATALLA B. KAPUR’,
KATAPHUHA B. TPUBYHALI' u AJIEKCAH/IPA A. [TEPUFR IPYJUR?

1Texuon0mrco—meu7aﬂypwxu paxynitewi, Ynueep3uitieii y beoipagy, Kapneiujesa 4, 11000 Beoipag, u
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OrnagHa BjIakHA KOHOIUBE U JIaHA U Mpehe mamyka U Mamyk/MmojuecTpa, HodujeHa Kao
0TIaj U3 TeKCTUIHE UHAYCTpHje, kopuinheHa Cy Kao je@TUHU U epUKacHU COPOEHTH 3a YKiIa-
Hhabe METWIEHCKOT IIIaBOT U3 OTIIAJHUX BOJA. Y30pLH BilakaHa U mpehe cy okapakTepucaHu
CKeHHPajyhoM elneKTPOHCKOM MUKPOCKONHjOM, HHMPAUPBEHOM CIEKTPOCKONHjoM ca Ddypu-
jeoBoM TpaHC(hOpMaLHjoM, COPILINjOM jofia, 3apKaBabEeM BOJiE, TAUKOM HYJITOT Ha€lIeKTpHU-
cama, kao 1 ongpehuBameM MHAEKCA KPUCTATUYHOCTH W CTENeHa MOBPLIMHCKE KPHUCTaIN4-
HOCTH. Y LWBbY ONTUMH3aLUje afCcopIiLHje MeTHIEHCKO IUIaBOT MCIHUTAH je YTHIa] BpeMeHa
KOHTaKTa, [0YeTHe KOHIIeHTpauuje, Temreparype ¥ pH BpenHOCTH Ha eHUKAaCHOCT ancopii-
nuje. ITokasaHo je na npeha mamyka M Iamyk/monuecrepa ca BehHM yIenom KpHUCTaTHHX
0071aCTH y CTPYKTYPH MMa HIKU a[ICOPNLUOHHU KamaluuTeT U JOo/be Ce Clake ca KUHeTHYKUM
MOJIEJIOM TICeyno-Ipyror pena ¥ JJaHTMUPOBOM afiCOPILIMOHOM H30TepMoM. C Opyre cTpaHe,
B/IakHa JlaHa U KOHOIUbE Ce OJUIMKYyjy Behum yzmenoM amopdHHX 0051aCTH U HELeNyI03HUX
KOMIIOHEHTH y CTPYKTYypH M MoKa3yjy Behu kanmanuteT afcopriuje U dosbe carame ca KuHe-
THYKHM MOZEIOM IICEYIO-IIPBOr pefia Kao U ca OpojHATMXOBOM aZiCOPIILIMOHOM H30TEPMOM.
Ha ocHoBy nodujeHux pe3ysTaTa II0Ka3aHo je Ja ce OTIafHa JUTHOLeIyI03Ha BilakHa ¥ mpeha
MOTY KOPHUCTUTH 3a 0de3dojaBame OTNAZHUX BOJA, YMMeE Ce€ peliaBa Mpodjaem OTHaga Koju
HacTaje y TeKCTWIHOj MHAYCTPHUjHU U 3a0BO/baBajy CBE CTPOKUjU 3aXTEBU Y 00IACTH 3aIUTUTE
KUBOTHE CpPeJUHe.

(TTpumssero 13. nenembpa 2022, pepunupano 15. mapra, npuxsaheso 22. mapra 2023)
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