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The Role of Cellulosic and Noncellulosic Functional Groups in the
Biosorption of Lead lons by Waste Flax Fibers

Biljana Peji¢?, Marija Vukéevi¢ (2)?, Biljana Lazic®, Svjetlana Janji¢®, and Mirjana Kostic¢(»?

Faculty of Technology and Metallurgy, University of Belgrade, Belgrade, Serbia; "Faculty of Technology, University of
Banja Luka, Banja Luka, Republic of Srpska, Bosnia and Herzegovina

ABSTRACT KEYWORDS
In this study, waste flax fibers with different levels of cellulosic and noncellu- Waste flax fibers; cellulose;
losic components were obtained by oxidative and alkali treatments and used hemicelluloses; biosorbents;

to assess the influence of the fiber’s structural and chemical properties on the adsorption; lead ions
biosorption of lead ions. Scanning electron microscopy was used for the 8

characterization of the flax fibers’ surface morphology, while the physicochem- T RET 4 £THE s, 2o
ical properties of the fibers' surface were determined by the streaming poten- 25 LWL T 0 A
tial method, and Fourier transform infrared spectroscopy. Alkaline treatment BT

decreased, while oxidative increased the crystallinity index of flax fibers by

approximately 10%, due to the changes in the content of cellulosic compo-

nents. Adsorption of lead ions was studied in detail, including kinetics, iso-

therms, and thermodynamic parameters analysis. It was shown that the

amount and distribution of oxygen-containing groups, originating from cellu-

losic components, have the highest influence on the adsorption capacity of

flax fibers, increasing Langmuir adsorption capacity from 12.76 mg g~' for

untreated to 21.9 and 79.9mg g' for alkali-treated and oxidized fibers,

respectively. Obtained negative values of AGO (—4.874 to —0.807 kJ mol™")

and AHO (-42.81 to —13.65 kJ mol™") indicated that the adsorption of lead

ions onto flax fibers is a spontaneous and endothermic process, which occurs

through electrostatic attraction and ion-exchange. The results presented in this

work demonstrate that the waste flax fibers of suitable chemical composition

may be used as sustainable and renewable low-cost biosorbents.
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IR NERRET4E, T TV Al 2T 4 (1 45 R AL 22 1 TR 15 8 1 R FAY £
RS SR FF 4 B 7 S OB MV SRR 4 48 1) 3R TR TE SREAT R AE, RIS sy
FEL S Y AT e EEL A 36 2T A e v 0 s 4 44 2R T (O A B A 2 P . Ak L
I T W RRET 4k (0 45 T BE AR 2, TR AL AR FIAR = T 4010%, X2l T474E 541
BRI, ST IR AT T PRI ST, GRS . SRR AR A
NESHT. BRI, SRE T A 4 2240 53 1) 25 SR T R B0 R 43 AT 5 I
JRRET-2E 1A BB 18 7 S R s K, K Langmui B bt g g A b BT 4k (112,76
mg g- 14 i B HRAL BLET YEAN AL T 2EK121.9 mg g-1H179.9 mg g-1. ZRTFH
H1{HAGeo ( -4.874%2-0.807 k) mol-1) F1AHeo ( -42.81%-13.65 kJ mol-1) %
B, ST AR RET 4 B IR PR — AN B R IR ARG AR, T e R 5| g
TR L. X IR TARI 25 SRR, B IE 05 103 R R 2T 4 vl L
A PR R P AR R AR AR R 7.

Introduction

In recent years, textile products based on flax fibers, along with other natural cellulosic materials, have
overturned the predominance of synthetic fibers. Owing to their good sorption and mechanical
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properties, as well as biocompatibility and biodegradability, flax fibers are widely used for the
production of comfortable and anti-allergenic clothes and linen (Dalbasi and Ozgelik Kayseri 2019).
These advantageous properties of flax fibers are derived from the specific cell wall structure, chemical
composition, and position of the components within the fiber structure. Although several components
may be included in the heterogeneous structure of the flax fiber, cellulose, hemicelluloses, and lignin
are marked as the most important (Goudenhooft, Bourmaud, and Baley 2017). As the main consti-
tuent of the flax fiber structure, cellulose builds the microfibrils in the cell wall structure, while
hydroxyl groups on the C2, C3, and C6 positions in cellulose monomer units are responsible for the
formation of a supermolecular structure with amorphous and crystalline regions by creating intra-
molecular and intermolecular hydrogen bonds between the cellulose chains (Kostic et al. 2014).
Hemicelluloses, which contain hydrophilic hydroxyl groups, are connected to the cellulose by hydro-
gen bonds and are deposited in the interfibrillar spaces of the primary and secondary walls. Lignin is
a complex three-dimensional polyphenolic polymer with a high molecular weight and low reactivity,
deposited in the middle lamellae, and the secondary wall (Peji¢, Vukéevi¢, and Kosti¢ 2020). As
mentioned previously, these main structural components contain specific functional groups (hydro-
xyl, carbonyl, and methoxyl) (Abutaleb et al. 2020), which, combined with the specific structure of flax
fibers, promote their characteristics, especially their sorption properties. Therefore, this paper aims to
correlate the fiber’s physicochemical characteristics with the process parameters obtained during the
adsorption of lead ions on flax fibers, providing insight into the effect that the distribution and amount
of cellulosic functional groups have on adsorption parameters. The presence of lead ions in the
environment, especially in water, can originate from several natural (mineral dissolution, volcanic
eruptions, forest fires, etc.) or anthropogenic (industrial sites, municipal waste, organic and mineral
fertilizers, etc.) sources (Shirani et al. 2018). Lead ions represent permanent pollutants because they
cannot be subjected to any degradation process, and their toxic effect on the environment is multiple
due to bioaccumulative tendency and persistence. As a result of this, the concentration of lead ions
in the soil, sediments, and waterways often exceeds the permissible levels. In that way, lead ions
accumulate in the environment and in food chains, where they profoundly disrupt biological
processes and even influence human health, which is reflected through the severe damage to the
kidney, nervous system, reproductive system, liver, and brain. Therefore, it is essential to find the
optimal method for removing lead ions from the environment, especially from water, since World
Health Organization (WHO 2018) recommended the permissible level of lead ions in drinking water
to be 0.01 mg L™". Flax fiber samples of different chemical compositions, amounts, and availability of
oxygen-containing groups were obtained by cheap and simple oxidative and alkali treatments (Lazi¢
et al. 2018), and utilized as sustainable, economically, and environmentally friendly biosorbents for
lead ion removal. At the same time, satisfying the need for a cleaner environment and circular
economy, the reuse of waste flax fibers as adsorbents represents a special way of recycling, simulta-
neously decreasing the costs of waste disposal, and resolving environmental problems concerning
water polluted with lead ions.

Materials and methods
Material preparation and characterization

The starting material in this investigation was short flax fibers (F) obtained from Banja Luka, the
Republic of Srpska, Bosnia and Herzegovina. The chemical composition of raw flax fibers was as
follows: a-cellulose, 75.81%; lignin, 4.03%; hemicelluloses, 7.84%. To obtain flax fiber samples with
different contents of lignin and hemicelluloses, raw fibers were treated with 2% sodium chlorite and
18% sodium hydroxide. Oxidation and alkaline treatments were carried out for 30 min at room
temperature and a 1:50 liquor ratio, to partially remove lignin and hemicelluloses, respectively.
After the alkaline treatment, residual sodium hydroxide was neutralized with 1% acetic acid. Finally,
oxidized (Fox) and alkali-treated (Fal) samples were washed and dried at 40°C overnight. The surface
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structure and morphology of raw and chemically treated flax fibers were examined by field emission
scanning electron microscopy (FESEM, Mira3 Tescan), after sputtering with gold. The nature and type
of functional groups present on the surface of the tested flax fibers were analyzed by attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR). The FTIR analysis was performed
within a wavenumber range of 400-4000 cm™" using the NicoletTM iSTM 10 FT-IR Spectrometer.
Also, results obtained by the FTIR analysis were used to estimate the content of cellulose, hemi-
celluloses, and lignin on the flax fibers’ surface, through the ratios of hemicelluloses/cellulose and
lignin/cellulose, as well as the surface total crystallinity index (TCI), i.e., the ratio between the
crystalline and amorphous phase of cellulose present on the surface of the fibers. These estimations
were made based on the ratio between the intensity of characteristic FTIR spectra bands (de Farias
et al. 2017). Additionally, the content of the crystalline phase in the fiber structure was determined
through iodine sorption. Iodine is absorbed in the amorphous phase of fiber, and iodine sorption
values (ISV) (Vukcevic et al. 2014) represent the accessibility of cellulose to aqueous solutions. ISV is
inversely proportional to the content of the fiber crystalline phase (Fakin et al. 2006), which can be
given by the crystallinity index equation (X, Equation 1)

1SV
Xg = 100 — (E' 100), % (1)

where the ratio of ISV (in mg of iodine absorbed per 1 g of fibers) and 412 (in mg of iodine absorbed
per 1 g of methylcellulose) determines the amorphous fraction. The quantitative analysis of functional
groups was performed by the determination of carbonyl groups, with the aldehyde content in water-
insoluble fractions measured according to literature (R6hrling et al. 2002), and the amount of carboxyl
groups determined by the calcium-acetate method (Praskalo et al. 2009). The nature and amount of
functional groups present on the surface of flax fibers affect their surface charge. Therefore, the
SurPASS electrokinetic analyzer and the streaming potential method were used to determine the
flax fibers’ zeta potential ({) and the isoelectric point (IEP), as described in the relevant literature
(Kramar et al. 2018).

Adsorption experiments

The adsorption efficiency of tested flax fiber samples in removing lead ions was tested using aqueous
solutions of Pb(NO),. The adsorption was conducted in a batch system under constant shaking. Flax
fibers (0.125 g) were soaked in 50 mL of a metal ion solution with different initial concentrations (5, 10,
15, and 25 mg L™Y). The concentration of lead ions was determined with the atomic absorption
spectrometer Pye Unicam SP9. The metal ion uptake (q., mg g') was determined according to the
equation (Equation 2):

(Co — Ct)

qe:T'V (2)

where C, and C, (mg L") are the initial concentration, and the concentration of metal ions in the
solution after a defined time, respectively; V (L) is the solution volume and m (g) is the weight of
adsorbents (F, Fox, and Fal).

The influence of the solution’s pH on the adsorption capacities of flax fibers was examined through
the adsorption of Pb** from an aqueous solution of different pH (3 to 7 by step of 1). The obtained
results were compared with the activities (a) and speciation of lead ions present in the solution
(obtained with the Visual Minteq 3.1 software), as well as the adsorbent’s pHygp to determine the
optimal pH value for adsorption experiments.

Pseudo-first order (Lagergren 1898) and pseudo-second order (Ho and Mckay 1999) kinetic
models were applied to adsorption data to reveal the mechanism and the rate-controlling step of the
lead ions’ adsorption onto the tested flax fiber samples. Pseudo-first-order and pseudo-second-order
kinetics are given by Equation 3 and 4, respectively:
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q=q,— (1—e™) 3)

-1
qt—qe—<l+kz~t> (4)
e
where q. and q; are the amounts of lead ions adsorbed at equilibrium in mg g”', and at time t in min,
respectively, k; is the pseudo-first-order rate constant (min™) and k, (g mg_1 min ") is the pseudo-

second-order rate constant.

Langmuir (Langmuir 1918) and Freundlich (Freundlich 1906) isotherm equations were applied for
modeling the equilibrium adsorption data, and to assess the maximum adsorption capacities on
untreated and chemically treated flax fibers. The Langmuir and Freundlich isotherms are given by
Equations (5) and (6), respectively:

_Qo'b'ce
“=15v-¢ )
qe:I<F'C§17 (6)

where g, is the amount of adsorbed metal ions (mg g’l), C. is the metal ions equilibrium concentration
(mg L"), Q, is the amount of solute adsorbed per unit mass of adsorbent required for monolayer
coverage of the surface (mg g'), and b is a constant related to the heat of adsorption (L mg™'). The
Freundlich constant, Kr, indicates the adsorption capacity, while parameter ng indicates the hetero-
geneity of the adsorbent surface.

The dependence of flax fibers’ adsorption capacity on temperature was evaluated by con-
ducting the adsorption experiments in a temperature-controlled water bath, at 25°C, 35°C, and
45°C. The thermodynamic parameters of the adsorption process were calculated by taking into
account the activity of the positively charged Pb** species (Liu 2009) and using the following
equations:

LK AS? AHS )
nK,=———
R RT
where K, = ?; Y, = Ge % and C, = 1mol - L1
AGY = AH? — TAS? (8)

The values of AH® and AS® were estimated from the slopes and intercepts of InK,, vs. the 1/T plot,
and the values of AG® were calculated from the corresponding values of AH® and AS® following Eq. 8.

Results and discussion
Characterization of flax fiber samples

Oxidative and alkaline treatments were applied to obtain flax fiber samples of different chemical
compositions. Differences in a-cellulose, hemicelluloses, and lignin content, induced by the applied
treatments are shown in Figure 1.

As a consequence of oxidation, the lignin content of flax fibers decreases from 4.03% (F) to
0.29% (Fox), due to a considerable removal of lignin from the secondary wall and the middle
lamellae. At the same time, this treatment slightly increases the content of a-cellulose and
hemicelluloses. On the other hand, the applied alkaline treatment is responsible for a decrease
in the content of hemicelluloses by about 63%, due to its removal from the interfibrillar and
amorphous region of the flax fibers’ structure. This treatment also slightly decreases the lignin
content.
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The differences in lignin and hemicelluloses content, along with their location in the structure of
the fiber, may affect the morphological and adsorption characteristics of samples F, Fox, and Fal.
Changes in fibers’ structure induced by chemical treatments are shown in Figure 2.

Removal of hemicelluloses caused relative peeling of the fibers’ surface, along with the formation of
new open spaces between distinctly liberated elementary fibers in the structure of Fal
(Figure 2b). The structure of the sample Fox (Figure 2c) is characterized by partially separated
elementary fibers, due to lignin removal. The observed smooth surface of the Fox sample is
a consequence of intensive surface peeling and elimination of micro-pores, as well as the
increased flexibility of the cell wall (Kostic et al. 2014).

The changes in flax fibers’ surface chemistry, which are the result of partial elimination of lignin
and hemicelluloses, were analyzed by FTIR spectroscopy. The FTIR spectra of the row sample (F) and
samples with a lower content of hemicelluloses (Fal) and lignin (Fox) are given in Figure 3.

All analyzed samples exhibited a broad band around 3340 cm ™" which is attributed to the stretching
of O-H bond in hydroxyl groups. Two shoulders were observed for sample Fal: the shoulder at 3478
cm™" was assigned to hydroxyl groups in cellulose II, while the shoulder at 3436 cm ™ was attributed to
the specific hydrogen bonds between O(3)H and O(5). These changes in the FTIR spectra of Fal were
caused by the polymorphic transformation of cellulose I to the more reactive cellulose II, which
occurred during alkali treatment (Oh et al. 2005). Two peaks, with maxima at 2850 cm™! and 2920
cm™, were attributed to the symmetrical and asymmetrical vibrations of the C-H bond in methyl and
methylene groups (Zhang et al. 2015) of cellulose, hemicelluloses (Zhang et al. 2015), and lignin
(Mohapatra and Malik 2015) in the structure of sample F. The differences in the FTIR spectra of the
examined samples, observed in this wavenumber region, originate from the removal of hemicelluloses
and lignin through applied chemical treatments. The peak near 1730 cm™" was attributed to the C=0
stretching of carboxyl or ester groups of hemicelluloses (Sawpan, Pickering, and Fernyhough 2011;
Zhang et al. 2015), and its intensity decreases with the decrease in the content of hemicelluloses. The
bands observed between 1365 and 1000 cm™" are mainly assigned to C-O and C-C stretching in
polysaccharides, cellulose, and hemicelluloses. A decrease in intensity, and disappearance of peaks in
this wavenumber region, observed for sample Fal, appears to be the consequence of hemicelluloses
removal. For all tested samples, a peak at 898 cm™ was assigned to stretching in the glucopyranose
ring, related to both amorphous and crystalline cellulose.

Results of the FTIR analysis confirmed that the changes in lignin and hemicelluloses content, along
with the changes in the structure of flax fibers induced by oxidation and alkali treatment, lead to
a different distribution of these constituents on the fiber surface. Based on these results, the ratios

I Jo-celluose [ Jhemicelluloses [ Jlignin|
100

904
80 I I
70 8 1 L

104

Content, %

H

0-

F Fox Fal

Figure 1. Content of a-cellulose, lignin, and hemicelluloses in F, Fox, and Fal samples.
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Figure 2. SEM (top) and digital (bottom) images of samples a) F, b) Fal, and c) Fox.
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Figure 3. FTIR spectra of the row sample (F), and samples with a lower content of hemicelluloses (Fal) and lignin (Fox).

between lignin and cellulose, as well as the hemicelluloses and celluloses on the fiber surface, can be
estimated. The peak at 1508 cm ™', which is associated with aromatic skeletal vibrations in lignin, was
used for the quantification of lignin content. Cellulose content was quantified based on the intensity of
the peak at 1317 cm ™', which is related to the CH, in plane-angular vibration in crystalline cellulose,
while the peak at 1730 cm™" (attributed to the C=O stretching of carboxyl or ester groups of
hemicelluloses) was used for quantification of hemicelluloses (de Farias et al. 2017). Also, the total
crystallinity index (TCI) of flax fibers was determined by FTIR spectroscopy as the ratio of absorbance
at 1368cm™' and 2885cm™', which were assigned to the in-the-plane CH bending and
C-H symmetrical stretching in cellulose and hemicelluloses, respectively (Dai and Fan 2011). The
obtained results are given in Table 1.
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The observed decreases in both Lignin/Cellulose and Hemicelluloses/Cellulose Ratios for Fal and
Fox samples were the consequence of the lignin and hemicelluloses removal by applied treatments.
These results indicate that more cellulose can be detected on the surface of the treated samples,
although lignin and hemicelluloses are still present. Values of TCI indicate that the alkali treatment
leads to a higher content of amorphous regions in cellulose, while the oxidative treatment enriches the
fiber surface with crystalline cellulose through the depletion of the amorphous cellulose phases. The
values of the crystallinity index (Xx) (Table 1), obtained as a result of iodine absorption by flax fiber
samples, showed the same trend: the content of the crystalline phases in the fiber structure increases
after the oxidation of flax fibers and decreases after the alkaline treatment.

Quantitative information on functional groups present on the surface of flax fibers is given in
Figure 4a. The applied alkali treatment significantly decreased the amount of aldehyde groups, while
the number of carboxyl groups present on the Fal surface was only slightly changed. Therefore, it can
be assumed that hemicelluloses are most likely the source of removed aldehyde and carboxyl groups,
which corresponds with the results of the FTIR analysis, i.e., the changes in the wavenumber region of
1365-1000 cm™" obtained for sample Fal. On the other hand, the oxidative treatment leads to the
almost unchanged content of aldehyde groups and the formation of new carboxyl groups on the
surface of Fox. Removal of lignin by oxidative treatment leads to the cleaning and reduction in surface
roughness (Figure 2), making cellulose on the fiber surface more exposed. Thus, the cellulose becomes
more susceptible and available for oxidation, which leads to an increased number of surface functional
carboxyl groups for sample Fox (Tarbuk et al. 2020).

The presence and availability of cellulose, hemicelluloses, and lignin, accompanied by the presence
of the characteristic surface group, lead to differences in the surface charge of flax fibers. Information
about the surface charge of all tested samples was provided by zeta potential measurements.
Depending on the pH value of the surrounding aqueous solution, the surface of flax fibers can be
positively or negatively charged. At the pH values of an aqueous solution lower than the isoelectric
point, the fiber surface is protonated, while in the solution with pH values higher than the isoelectric
point, functional groups are deprotonated, and may attract and bind metal ions (Mihajlovi¢ et al. 2020;
Vukcevic et al. 2014). The observed changes in structure and chemical composition of flax fiber
samples, induced by applied treatments, lead to differences in the zeta potential value, especially in
a basic range of pH ({plateau) (Figure 4b). Compared to the untreated sample, F, the alkali-treated flax
fibers showed a slightly more negative (pjateau Value, which is probably a consequence of elementary
fiber liberation and a more open structure of fibers (Figure 2), since no new negatively charged
groups have been incorporated. On the other hand, the slightly more positive (pjacean value
obtained for the oxidized sample was most likely caused by partial liberation of elementary fibers
and the highest degree of swelling (i.e., the highest ratio between the maximum negative zeta
potential value at the acidic pH and the plateau value at the basic pH, {max/Cpiatean)> Which was
observed for sample Fox. The highest degree of swelling is most likely the consequence of lignin
removal, which makes cellulose more exposed on the Fox surface. This increased presence of
cellulose and hemicelluloses, along with the increased aldehyde and carboxyl group content
(Figure 4a), resulted in the shifting of the isoelectric point of sample Fox toward a higher pH,
compared to the IEP values of samples F and Fal. Based on the obtained IEP values, it is

Table 1. Crystallinity index (Xy) and total crystallinity index (TCI) of untreated, alkali, and oxidative treated flax fibers, and the ratio
of different FTIR peaks for hemicelluloses and lignin content estimation.

Lignin/Cellulose Ratio Hemicelluloses/Cellulose Ratio TCl
Sample Xk, % A1s08/A1317 A1730/A1317 Av3es/Passs
F 713 0.768 0.806 0.715
Fal 63.7 0.749 0.701 0.708

Fox 78.6 0.677 0.741 0.807
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Figure 4. Surface chemistry of tested flax fiber samples: a) amount of carbonyl and carboxyl groups and b) zeta potential as
a function of pH.

expected that in a solution with a pH higher than 2.5, the surfaces of all tested samples are
negatively charged and ready for the adsorption of positive metal ions.

Adsorption of lead ions by flax fiber samples

The pH value of the aqueous solution affects the adsorption of lead ions by flax fibers through the
ionization of surface oxygen-containing groups, along with the solubility and speciation of lead ions in
the solution. Figure 5a illustrates the activity of different ion forms present in the lead ions aqueous
solution, depending on the pH value of the solution. Below pH 5, hydronium ions showed the highest
activity and were, therefore, in this pH region, more competitive than lead ions when it comes to
adsorption onto flax fibers. In the solution with a pH higher than 8, lead ions precipitated as Pb(OH),,
while in the pH ranging from 5 to 7.5, Pb>* ions showed the highest activity. Since the pHgp values of
flax fiber samples, ranging from 2.11 to 2.40, were lower than pH 5, the pH region (5-7.5) with the
highest activity of Pb** was chosen as optimal for the adsorption onto flax fibers. In this pH region,
hydronium ions show a low activity, lead ions are in a suitable form, and the surface functional groups
are deprotonated and can attract and bind positive metal ions.
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Figure 5. a) Speciation of lead ions in aqueous solution, and b) amount of lead ions adsorbed on the surface of flax fiber samples as
a function of aqueous solution pH.

The effect of the solution’s pH on the adsorption of lead ions by flax fiber samples is illustrated in
Figure 5b. For all tested pH values, the oxidized flax fibers (Fox) showed the highest adsorption
efficiency, while the alkali treatment deteriorated adsorption efficiency compared to the untreated flax
fibers. The obtained results confirm that for all tested samples, pH 6 is the most favorable for the
adsorption of lead ions.

The effect of contact time, the concentration of lead ions in the solution, and solution temperature
on the adsorption capacities of untreated, alkali, and oxidative treated flax are presented in Figure 6.
The increase in adsorption capacities with an increase in contact time, the concentration of lead ions
and the temperature is noticeable for all tested samples. Sample Fox showed the highest adsorption
capacity for lead ions, as well as the highest rate of adsorption for all tested temperatures (Figure 6a),
most likely due to the increased amount of hemicelluloses (Figure 1) and the highest swelling of the
fibers (Figure 4b) induced by lignin removal.

To obtain information about the adsorption rate, and the influence of the temperature increase on
the adsorption rate, the experimental data were fitted with pseudo-first- and pseudo-second-order
kinetic models, and the kinetic parameters are summarized in Table 2. The adsorption of lead ions
onto flax fiber samples can be described equally well by both kinetic models. However, according to
the coefficient of determination (R?), the adsorption data was slightly better fitted by the pseudo-
second-order kinetic model. Lead ions adsorption was the fastest on sample Fox, increasing with the
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Figure 6. Effect of contact time and temperature (a), and lead ions concentration (b) on adsorption capacities of flax fibers.

temperature for all samples, which was confirmed by the values of the rate constants (Table 2). For all
tested temperatures, the most efficient adsorption, regarding rate and capacity, was observed for
sample Fox, resulting from the partial liberation of elementary fibers, surface peeling, and increased
accessibility of cellulose functional groups on the fiber surface. The observed increase in the adsorp-
tion capacities at higher temperatures (Figure 6a) is the result of the increased diffusion, which
facilitates the penetration of lead ions through the flax fibers’ structure. Nevertheless, the obtained

Table 2. Kinetic and thermodynamic parameters of lead ions adsorption on flax fiber samples on different temperatures (T, K).

Kinetic parameters

Thermodynamic parameters

Pseudo-first-order kinetic

Pseudo-second-order kinetic

Ce,modr k1, Ce,modr k2: Ce,modr AGe, AHG, Aser
Sample T,K mgg ' min~ R mgg' gmg 'min' R mgg" kmol™" kimol™" kJmol™ K™
F 298.15 7.38 0.079 0.87923 7.96 0.012 0.94830 7.92 —0.951 —42.81 0.147
308.15 8.44 0.094 0.97462 8.73 0.016 0.98850 8.56 -2.419
318.15 8.97 0.228 0.99536  9.37 0.046 0.99583 9.18 —3.887
Fal 298.15 7.44 0.066 0.95996  8.12 0.011 0.98339 7.70 -0.807 —13.65 0.048
308.15 7.98 0.086 0.98821 8.50 0.013 0.98916  8.17 -1.292
318.15  8.02 0.128 0.98078 8.64 0.024 0.99329 8.25 -1.776
Fox 298.15 8.80 0.083 0.95290 9.08 0.015 0.97025 8.97 -3.024 -24.56 0.093
308.15  9.02 0.127 0.96459 9.20 0.021 0.99439 9.16 —3.949
318.15  9.21 0.258 097649 9.43 0.061 0.99804 942 —-4.874
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results showed that alkaline-treated fibers (Fal), despite the complete liberation of elementary fibers,
have the lowest adsorption capacity. This observation confirms that the availability and amount of
oxygen-containing groups originating from cellulosic components (especially hemicelluloses) have
a greater impact on the biosorption of lead ions than the fiber structure and morphology.

The relation between the concentration of lead ions and its uptake degree by the solid phase was
described by the Freundlich and Langmuir isotherm (Figure 6b). The parameters obtained by these
isotherms can be used to clarify the distribution of lead ions between the liquid phase and the flax
fibers’ surface. Ion distribution can be a consequence of several factors combined, such as the
heterogeneity of the adsorbent surface, the type of surface coverage by ions, and the type of interaction
between the adsorbent surface and lead ions. According to the Langmuir model, the monolayer
adsorption of ions from the solution occurs on the surface of the adsorbent which is characterized
by the homogeneous distribution of active sites with identical adsorption energy. On the other side,
the Freundlich model provides information about the strength (parameter Kf) of the bond established
between lead ions and the adsorbent surface and about the surface heterogeneity (ng). Model para-
meters for the system lead ions - tested flax fiber samples obtained through the nonlinear regression
analysis of Freundlich and Langmuir isotherms, are given in Table 3.

Based on the coeflicient of determination values, the adsorption of lead ions onto flax fiber samples
at equilibrium shows good agreement with both isotherm models. Nevertheless, a slightly better
agreement with the Langmuir isotherm model was noticed for samples F and Fal that, according to the
ng value, have a more homogeneous surface than Fox. On the other hand, sample Fox showed
a slightly better correlation with the Freundlich model and the ng value that indicates
a heterogeneous surface. Values of parameter Kg that indicates the capacity of the adsorbent showed
that sample Fox has the highest adsorption capacity toward lead ions, which corresponds with
maximum adsorption capacities obtained by the Langmuir isotherm. The better adsorption capacity
of Fox with a more heterogeneous distribution of surface active sites is the consequence of the
increased amount of surface oxygen-containing groups (Figure 4a), originating from the cellulose
and hemicelluloses that become more available by lignin removal.

Adsorption experiments performed at different temperatures provided data for calculating the
thermodynamic parameters (enthalpy AH®, entropy AS®, and Gibbs energy change AG®) of the
adsorption of lead ions on untreated and chemically treated flax fibers (Table 2). The adsorption of
lead ions onto the F, Fal, and Fox is an endothermic and spontaneous process because positive values
were obtained for AHO and negative values were obtained for AGO. The positive values of ASO
indicate that the disorder of the boundary surface between the solid and liquid phases, as well as the
mobility of the ions in the solution and their affinity to the adsorbent surface, increases with the
solution temperature. The values of enthalpy and Gibbs free energy can provide information about
the physical or chemical nature of the adsorption process. The Gibbs energy change between —20
and 0 kJ mol ™' is characteristic for physical adsorption, while chemical adsorption is characterized
by Gibbs energy change in the range from —400 to —80 kJ mol ™" (Vukéevi¢ et al. 2017). On the other
hand, an enthalpy change between 2 and 21 k] mol ™" points to physical adsorption, while enthalpy
values from 80 to 200 k] mol ™" indicate chemical adsorption. According to the values of the Gibbs
energy change (Table 2), the adsorption of lead ions on flax fibers’ surface can be considered as
physisorption. The values of enthalpy obtained for F and Fox favor neither physisorption nor

Table 3. Model parameters for the system lead ions — tested flax fiber samples obtained through nonlinear regression analysis of
applied isotherms.

Langmuir model parameters Freundlich model parameters
Samples Qy,mgg™’ b, dm*/mg R? Ke, mg"™ dm*" g~ ne R?
F 12.76 0.224 0.99114 2.276 0.773 0.97958
Fal 21.19 0.114 0.99632 2.149 0.745 0.99360

Fox 79.90 0.091 0.92645 6.674 0.310 0.91066
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Figure 7. ATR-FTIR spectra before and after lead ions adsorption onto a) F, b) Fal, and c) Fox sample.

chemisorption, while in the case of sample Fal, the enthalpy change suggested a mechanism of
physisorption. It was shown that the amount and availability of surface functional groups affect the
adsorption since sample Fox showed the highest adsorption capacity. It can be assumed that the
adsorption of lead ions onto flax fibers may occur through an ion-exchange mechanism, which is
confirmed by the positive values of ASO (Table 2). Additionally, having the pH adjusted to the
optimal value of 6 in the adsorption solution, the surface of flax fiber samples is negatively charged
and the adsorption of lead ions could occur due to the attractive electrostatic forces, favoring the
ion-exchange mechanism. According to these results, the adsorption of Pb>* ions onto flax fibers is
a complex process, in which both physisorption and ion-exchange may participate. To assess
whether the ion interaction between the lead ion and the surface oxygen-containing groups con-
tributed to the adsorption mechanism, a FTIR analysis of flax fibers before and after adsorption was
performed (Figure 7).

As can be seen from Figure 7, lead ions adsorption generally does not influence the FTIR spectra of
untreated, as well as chemically treated flax fibers, indicating the adsorption of lead ions does not
change the chemical structure of flax fibers. However, slight changes in the intensities observed in the
peaks around 3340 cm ™, 1730 cm ™', and in the region from 1365 to 1000 cm ™', suggest that surface
hydroxyl and carboxyl groups participate in the binding of lead ions (Hokkanen, Bhatnagar, and
Sillanpai 2016).

Reusability of flax fibers after adsorption

In order to satisfy the need for a cleaner environment and circular economy, it is necessary to
find a way to reuse, or safely dispose of the waste flax fibers, separated after the adsorption of
lead ions. Used flax fibers adsorbents can potentially be applied to improve soil quality through
co-composting, due to the biodegradability of flax fibers. Taking into account the proposed
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concentration of lead in the agricultural soil (400 ppm) (EPA 2018), and the ion concentration
in the used adsorbent (7.70-9.42 x 10> ppm), the compost with manure should be prepared in
the ratio of 1:1000.

Conclusion

Removal of hemicelluloses and lignin by applied treatments induced the changes in a fiber structure by
total or partial liberation of elementary fibers, as well as changes in the availability of components on
the fiber surface. Despite the higher liberation of elementary fibers that enable the easier penetration
and diffusion of metal ions through the fiber matrices, the alkali-treated sample showed lower
adsorption capacity than the oxidized sample. Lignin removal increased the amount, and surface
exposure of cellulose and hemicelluloses, making their surface functional groups more available for
adsorption. It was shown that adsorption capacity was more dependent on the content of the cellulosic
components, especially hemicelluloses, than the liberation of fiber structure. Adsorption and thermo-
dynamic studies showed that lead ion adsorption onto flax fibers is a spontaneous and complex
endothermic process that occurs through electrostatic attraction and ion-exchange. Results obtained
in this work showed that waste flax fibers of appropriate chemical composition may be used as
sustainable and renewable low-cost biosorbent.

Highlights

Waste flax fibers are used as a sustainable and renewable low-cost biosorbent

Flax oxidation leads to the formation of a structure that facilitates lead adsorption

Adsorption capacity depends on the distribution of cellulosic oxygen groups and content of hemicelluloses
The adsorption of lead onto flax fibers is a spontaneous and endothermic process

Flax fibers bind lead ions through the mechanism of physisorption and ion-exchange
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