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Abstract: Waste hemp (Cannabis sativa) fibers were used as sustainable and
renewable raw materials for production of low-cost biocarbon sorbent for
heavy metals removal. Carbon precursors of different chemical composition
were obtained by oxidative and alkaline treatments of hemp fibers. Influence of
lignocellulosic precursor chemical composition on hemp fibers-based biocar-
bon (HFB) characteristics was examined by BET surface area measurement,
scanning electron microscopy and mass titration. It was found that lignin con-
tent and polymorphic transformation of cellulose increase the Sggr of micro-
porous HFBs, while hemicelluloses induce more homogeneous distribution of
adsorption active sites. Heavy metal ions adsorption onto HFBs is primarily
influenced by the amount of surface oxygen groups, while specific surface area
plays a secondary role. Equilibrium data obtained for lead ions adsorption were
analyzed by different nonlinear adsorption isotherms, and the best fitting model
was chosen using standard deviation and Akaike information criterion (AICc).
The maximum adsorption capacities of HFBs ranged from 103.1 to 116.3 mg
Pb/g. Thermodynamic parameters showed that Pb”" adsorption onto HFBs is a
spontaneous and complex endothermic process, suggesting the coexistence of
physisorption and chemisorption mechanisms.

Keywords: hemp fibers; chemical composition; biocarbon; heavy metal ions;
adsorption mechanism.
INTRODUCTION

Hemp (Cannabis sativa), an old and controversial plant, has been planted
agriculturally for many centuries to get its bast fibers and hempseed oil. Now-
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1418 VUKCEVIC et al.

adays, due to increased demand for comfortable, biodegradable and ecological
fibers, production of hemp fiber is experiencing a renaissance again. Hemp fibers
are an inexhaustible, sustainable source of annually renewable industrial raw
materials, which can be combined with man-made or natural polymers to provide
a wide range of useful products such as composites,1 construction,” automotive
industry,’ etc. Following the general trend of finding low-cost and easily avail-
able adsorbent, short and entangled bast fibers, waste from textile industry, were
used as biosorbents for water purification.”® Despite the satisfactory performance
of hemp fibers biosorbent in water purification, activated carbons are known to
be more efficient in adsorbing a greater amount of pollutants, although its large-
-scale application is limited by the high cost. Therefore, utilization of inexpen-
sive and renewable materials as carbon precursors could make the adsorption
process cost effective. Being lignocellulosic material, hemp fiber contains cel-
lulose, hemicelluloses and lignin, which are rich in carbon, and therefore it can
be utilized as a low-cost precursor for biocarbon sorbents production.” "

It is widely agreed that surface characteristics of carbon materials is largely
influenced by the nature of the starting material. The hemp fibers are charac-
terized by cross section complexity and specific surface morphology. It can be
considered as composites of hollow cellulose fibrils held together by a lignin and
hemicelluloses matrix. The primary fibrils are assembled into microfibrils with
the hemicelluloses decorating the outside. Hemicelluloses act as the connection
between the microfibrils, creating the primary structural network. Lignin can be
deposited within this network in two ways: either as isolated lumps (when it acts
to limit the movement of the microfibers, thus increasing stiffness by steric hind-
rance) or as a continuous matrix, which then supplements and presumably rep-
laces the hemicelluloses in importance as a linker of the cellulose microfibrils.
The hydrophobic lignin network affects the properties of other networks in a way
that it acts as a coupling agent and increases the stiffness of the cellulose/hemice-
lluloses composite.'*" Tt was suggested that this complex structure and hetero-
geneous chemical composition of hemp fibers are one of the crucial factors that
affect the specific surface area, amount of surface oxygen groups and mor-
phology of carbonized hemp fibers."

The aim of this investigation was to attain the appropriate specific structure
of hemp fibers based carbon precursor that promotes the formation of the
required porosity and surface chemistry of the biocarbon, to facilitate adsorption
of heavy metal ions. For that reason, different biocarbons were obtained by
chemical modification of pristine short hemp fibers followed by carbonization.
The possibility of using obtained biocarbons for the removal of heavy metals
from polluted water was tested through the adsorption of lead, zinc and cadmium
ions. Equilibrium studies of heavy metals adsorption on carbon materials, based
on unmodified and modified hemp fibers, were performed using lead ions as a
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model of divalent heavy metal ions. Adsorption data were modeled and evaluated
by different nonlinear adsorption isotherms (Langmuir, Freundlich, Redlich—Pet-
erson and multilayer), standard deviation (STD) and corrected Akaike inform-
ation criterion (AICc) as a statistical estimating and ranking tool. Defining the
correlation between hemp fibers-based biocarbon (HFB) structural parameters
and determined isothermal and thermodynamic parameters, will enable a better
understanding of lead ions adsorption mechanism.

EXPERIMENTAL
Materials

Biocarbon samples were obtained by carbonization of short and entangled hemp fibers,
obtained as a waste in textile industry. Prior to carbonization, hemp fibers were alkali and
oxidatively treated, in order to obtain carbon precursors of different chemical composition.
Selective removal of hemicelluloses and lignin was brought by treating the fibers with 17.5 %
NaOH and 0.7 % NaClO, solution, respectively,'® at the solid to liquid ratio of 1/50. Carbon
precursors pChLS and pChHS were obtained after 5 min of oxidative and alkali treatment, res-
pectively, while precursors pChL60 and pChH45 were obtained using prolonged oxidative
and alkali treatments (60 and 45 min), respectively. Chemical composition of pristine (pChl)
and modified hemp fibers was determined according to the scheme of Soutar and Bryden'® by
successive removal of water solubles, fats and waxes, pectins, lignin and hemicelluloses. The
samples obtained by chemical modification, along with the pristine short hemp fibers, were
carbonized in electrical furnace at 1000 °C under constant nitrogen flow, with the heating rate
of 5 °C/min, followed by a “heat soak” time of 30 min at end temperature. Finally, five HFB
samples mark as, Chl, ChL5, ChL60, ChH5 and ChH45, were obtained.

Materials characterization

Textural characteristics of HFB samples were obtained from the N, adsorption and
desorption isotherms measured at the temperature of liquid nitrogen using Micromeritics
ASAP 2020, surface and porosity analyzer (Micromeritics Instrument Corporation, U.S.). The
total pore volume (V,y1), micropore volume (Vo) and mesopore including external surface
area (Spes0), Were obtained from the adsorption data, using the manufacturer‘s software ASAP
2020 V3.05 H. Pore size distribution was estimated by applying BJH method'” to the desorp-
tion branch of isotherms and mesopore surface and micropore volume were estimated using
the high resolution a, plot method." The surface area corresponding to the micropores was
obtained from the difference between Sger and Seso-

Surface structure and morphology were studied by scanning electron microscopy (SEM
JEOL JSM 5800 operated at 20 keV).

Amount of HFB surface oxygen groups, that have acidic or basic properties, was deter-
mined by acid-base titration method."”** The amounts of acidic and basic sites were deter-
mined by mixing 0.1 g of biocarbon with 25 cm® of 0.1 M NaOH or 0.1 M HCI, in 50 cm’
beakers. The beakers were sealed and shaken for 24 h. Solutions were then filtered and titrated
with 0.1 M HCl or 0.1 M NaOH.

The point of zero charge (PZC) of the tested biocarbons was determined by mass tit-
ration”"** by placing various amounts (0.05, 0.1, 0.5, 1 and 10% by weight) of biocarbon in 10
cm® of 0.1 M KClI solution (prepared using preboiled water to eliminate CO,). The beakers
were shaken overnight in N, atmosphere, to eliminate any contact with air. The limiting pH
value was taken as the PZC.
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Adsorption experiments

Adsorption of heavy metal ions from ternary mixture (Pb2+, Cd*" and Zn2+) by different
HFB samples was performed from aqueous solutions of Cd(NOs),-4H,0O, Pb(NO;), and
Zn(NO3),-6H,0, in the batch system at 25 °C. Initial concentration per each ion was 50
mg/dm’. 0.1 g of biocarbon samples were immersed in 50 cm’ of heavy metal ions solution
and constantly shaken. Based on previous investigation'” and experimental data for adsorption
kinetics, shown in Supplementary material to this paper, all adsorption experiments were per-
formed for a period of two hours. In order to determine the optimal pH value of heavy metals
aqueous solution, the effect of pH on biocarbon adsorption capacities was studied. For this,
the initial pH values of metal ions aqueous solution was adjusted by stepwise addition of
HNO; or NH,OH. Heavy metal ions concentration in the solution was measured by atomic
absorption spectrometry (PYE UNICAM SP9, Pye Unicam, Ltd., UK).

In order to assess the maximal adsorption capacity of the HFBs, adsorption of lead ions
was performed in the batch system at 25 °C, with constant shacking for two hours, from water
solution (pH 5.5) at various initial ion concentrations (25, 50, 100, 200, 300 and 400 mg/dm3).
The adsorption behavior of lead ions on HFB samples was modeled by Langmuir, Freundlich,
Redlich—Peterson and multilayer isotherm equation (Table S-I of the Supplementary material).
Nonlinear regression analysis was performed in order to determine the values of isotherm
model parameters. Standard deviation and corrected Akaike information criterion,” presented
in Table S-I, were used to evaluate the applicability of each model isotherm equation to the
experimental data.

The influence of the temperature on the adsorption capacity of HFBs was assessed by
performing the adsorption experiments, in temperature-controlled water bath, at three different
temperatures 25, 35 and 45 °C: 0.1 g of biocarbon was equilibrated with 50 cm® of lead ions
aqueous solution (50 mg/dm®), and constantly shaken for two hours. The thermodynamics of
adsorption process were estimated according to Liu** (details are given in Supplementary
material).

RESULTS AND DISCUSSION
Materials characterization

Chemical composition of pristine (pChl) and modified hemp fibers, which
was used as precursors for biocarbon production, is shown in Fig. 1. After the
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Hemicelluloses
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pChL5 pChL60 pChHS pChH45

Content, %

-

W Fig. 1. Chemical composition of origin
and modified hemp fibers used as car-
bon material precursors.
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alkaline treatment, the level of hemicelluloses content was lower than in the
unmodified fibers, while lignin content was almost unchanged. On the other
hand, the sodium chlorite treatment of hemp fibers progressively removed lignin
and slightly changed hemicelluloses content.

Biocarbon samples morphology, revealed by scanning electron microscopy,
is shown in Fig. 2. It can be observed that all HFB samples retained fibrous
structure of precursor, with the more or less pronounced fibrillation, depending
on chemical treatment used prior to carbonization. Prolonged modification of
carbon precursor increases the fibrillation rate, which is especially noticeable for
ChH45 (Fig. 2e). Additionally, in case of sample ChL60 (Fig. 2c), the presence
of a few completely liberated nanofibrils (with the diameter less than 100 nm) is
observed.

20pm
—

Fig. 2. SEM photographs of hemp fibers-based biocarbon samples: a) Chl, b) ChLS5,
¢) ChL60, d) ChHS and e) ChH45.

Textural characteristics of HFB samples are summarized in the Table 1. All
tested HFB samples poses relatively high specific surface area (Sggr). The values
of Vit and Viicro, as well as Simero, indicate that all samples are predominantly
microporous, with the similar ratio of mesoporosity. The chemical composition
of the lignocellulosic precursor affects the textural characteristics of the HFBs. It
can be observed that lower lignin content (Fig. 1), obtained for oxidative treated
precursors (pChL5 and pChL60), leads to the lower specific surface area of res-
ulting biocarbons (ChL5 and ChL60). However, this trend is not observed for
biocarbons obtained from alkali treated precursors. Despite the similar content of
lignin in precursor, specific surface area of these samples differs.
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TABLE 1. Surface properties of hemp fibers-based biocarbon samples'"'*; Ac and Bc —
amount of acidic and basic surface groups, respectively

Sample

Surface property

Chl ChL5 ChL60 ChH5 ChH45
Sper/ m” g 519 429 389 426 573
Sneso /M g 132 94 86 89 137
Simicro / M* g 387 335 303 337 436
Viw / cm’ g 0.291 0.208 0.194 0.207 0.290
Vimioro / €’ g 0.180 0.156 0.140 0.157 0.203
Ac’/ mmol g 0.230 0.097 0.387 0.220 0.190
Bc'/ mmol g 0.580 0.758 1.072 0.825 0.870
Ac+Bc/ mmol g 0.810 0.854 1.459 1.045 1.060
pHpzc 10.58 11.05 10.87 10.72 10.95

High specific surface area of sample ChH45 may be the consequence of
polymorphic transformation of cellulose I to more reactive cellulose II,”*® which
was induced by experimental conditions used during the alkali treatment of
carbon precursor.

In order to obtain quantitative information about the oxygen groups present
on the surface of biocarbons, acid/base titration method was used. The results
obtained by acid/base titration (Table I) show that modification of carbon precur-
sor increases the amount of surface oxygen groups. Also extension of oxidation
and alkali treatment time, leads to the increased amount of the surface oxygen
groups. According to the amounts of acidic and basic groups, all tested samples
show basic character, which is in accordance to pHp;c values (Table I).

Adsorption studies

pH of aqueous solution plays an important role in adsorption of heavy metal
ions since it affects the solubility of metal ions and the ionization state of the
functional groups of the biocarbon surface. Fig. 3 illustrates the influence of the
solution pH on the Cd*", Pb*" and Zn*" adsorption on sample Chl.

144 —_m—pp* ./"‘-—-—-
124 —e— an+
A Cd2+
10|
2 o "
E L ]
-;3: ®] /./A
A
i} //
[
24 / 2 Fig. 3. Effect of initial pH on the Cd*,
o f/. ‘ . . Pb”" and Zn*" adsorption on Chl (initial
2 3 4 5 6  concentration of solution 50 mg/dm’ per
pH each metal ion).
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It can be noted that adsorbed amount of Cd*", Pb*" and Zn®" increase in the
pH range of 2-6. At low pH, the amount of the adsorbed metal ions is very low
due to high proton concentration and protonation of the biocarbon surface groups,
i.e., lack of the free binding sites for metal ions adsorption. With increasing pH,
proton concentration decreases and metal ions compete more effectively for
available binding sites, which increase adsorption, especially between pH 4.0 and
6.0. Therefore, in order to decrease competition between protons and heavy metal
ions for surface adsorption sites, and at the same time to prevent ions precipit-
ation, adsorption of heavy metal ions on the HFBs were performed from the
aqueous solution at pH 5.5.

Adsorption properties of biocarbon samples tested through the heavy metal
ions adsorption from the ternary mixture are presented in Fig. 4.

254
N Cd
(72 Zn
20 4 [ 1=
- 154
2
~ 10 4 P V
) 1.1.
5 ’ % % ¢ % Fig. 4. Total uptake capacity of heavy
% % ¢ ¢ % metal ions by HFB samples from ternary
o ] Z ﬂ 4 % ion mixture of initial concentration 50

Ch1  ChL5 ChLB0 ChH5 ChH45 mg/dm’® per each metal ion.

It is notable that modification of hemp fibers prior to carbonization increases
the total uptake capacities, especially for oxidatively treated samples. Also,
longer treatment duration increases adsorption capacity, since the highest heavy
metals uptake was observed for the samples ChL60 and ChH45 (Fig. 4). This
capacity improvement is especially notable for lead ions adsorption. Addition-
ally, lead ions adsorption onto HFBs is most competitive due to much higher
total uptake capacity for Pb>" than for Cd*" and Zn*". Generally, adsorption of
heavy metal ions can be affected by specific surface area, material structure and
amount of surface oxygen groups that may act as active sites for adsorption.
Taking into account the results obtained by surface characterization (Table 1), it
can be observed that specific surface area has no decisive influence on the ads-
orption capacity, since sample Chl, despite its high specific surface area, shows
the lowest adsorption capacity. On the other hand, the clear dependence between
the amount of surface oxygen groups and the adsorption can be noted: the highest
adsorption capacity is obtained for sample ChL60 which contain the highest
amount of surface oxygen groups. Also, the correlation between the adsorption
(Fig. 4) and material structure (Fig. 2) shows that enhanced fibrillation increases
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the ability of hemp fiber biocarbons to remove lead ions, due to facilitated penet-
ration of lead ions into biocarbon structure. In the aqueous solution metal ions are
surrounded by solvation layer, whose thickness affects the ion transport through
the solution. Ions with smaller radius (Cd*" and Zn*") have thicker solvation
layer,”” therefore their transport toward the sorbent surface is slower. Lead ions
that have larger radius compared to cadmium and zinc, and thinner solvation
layer, need the shorter time to reach the biocarbon surface.” Consequently, lead
ions have a priority of deposition in porous biocarbon structure which make lead
ions adsorption onto HFBs most competitive. Therefore, adsorption of lead ions
was used for further examination of HFBs adsorption properties.

In an attempt to reveal the adsorption behavior of the system lead ions —
HFBs at the equilibrium, as well as specific relation of pollutant concentration
and its uptake degree by the solid phase, four isotherm models were used (Fig. 5).

The values of the model parameters and the error deviation between expe-
rimental and equilibrium adsorption data, predicted by studied isotherm models,
as well as the best fitting model, were determined by standard deviation and
corrected Akaike information criterion (Tables II and III).

The experimental isotherm data for HFBs obtained from modified precursors
(Fig. 5Sb—e) show a rapid increase in g, values, especially for sample ChH45, due to
facilitated lead ions diffusion into highly fibrillated structure. Consequently, higher
extent of adsorption during the initial stages of the process could be expected.

The lack of the plateau at higher concentration, noticeable for all tested
samples, may indicate a slower adsorption induced by hindered lead ions dif-
fusion to the remaining vacant active sites. These observations were consistent
with the higher values of the equilibrium constant for the first layer adsorption
(K;) than for the multilayer sorption (K3), calculated by the multilayer model
(Table II). The experimentally obtained maximum equilibrium capacity of tested
samples ranged from 84 mg/g, for Chl, to 114.6 mg/g, for ChH45, while the
monolayer capacity according to the Langmuir model ranged from 103.1 mg/g,
for ChL5, to 116.3 mg/g, for ChHS. Obtained adsorption capacities of HFBs are
comparable, or even higher than the adsorption capacities of activated carbons
derived from different biomass, despite their much higher specific surface area.*>°

As it can be noticed from the Fig. 5, experimental data obtained for Chl,
ChL5 and ChL60 are well fitted with Langmuir isotherm model, while samples
ChHS5 and ChH45 are in good correlation with Freundlich model. These obser-
vations are in agreement with the results obtained by error analysis and corrected
Akaike criterion (Table III).

According to the Akaike criterion, equilibrium data for samples Chl and
ChLS5 are better correlated with Langmuir equation, while standard deviation
have shown that the Redlich and Peterson model, which is reduced to Langmuir
model, for b = 1, are the best fitting model. Values of Akaike criterion, along
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with the standard deviation, showed that equilibrium experimental data obtained
for sample ChL60 are correlated well with Langmuir model, while data obtained
for alkali treated and carbonized samples obey Freundlich model. These obser-

vations suggest that the Langmuir and Fr

eundlich model are sufficient enough for

description of adsorption behavior of the system lead ions — HFBs at the equilibrium.
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TABLE II. Model parameters for the system lead ions — HFBs obtained through nonlinear
regression analysis of applied isotherms

Model Parameter Sample
Chl ChL5 ChL60 ChH5 ChH45
Langmuir K, /dm’ mg” 0.0164  0.0606 0.0490 0.0614 0.15
0/ mgg’ 106.7 103.1 113.3 116.3 114.9
Freundlich Ky / mg"" dm™ g 8.5 12 13 28 33
. 0.040 0.43 0.43 0.26 0.25
Redlich and Ky/dm’ g 1.61 6.10 5.30 6.70 17.20
Peterson og/ dm’ mg” 0.0171  0.0651  0.0490 0.0614 0.17
B 0.97 0.98 0.98 0.98 0.98
Multilayer On/mgg’ 65 82 88 80 89
K,/ dm’ mg" 0.11 0.11 0.12 0.10 0.12
K,/ dm’ mg 0.001 0.001 0.001 0.001 0.001

TABLE III. Error deviation data determined by standard deviation and corrected Akaike
information criterion

Error Model
Sample functi - - - -
unction  Langmuir  Freundlich  Redlich and Peterson Multilayer
Chl STD 3.520 6.220 2.890 12.63
AlC¢ 25.32 33.09 33.84 54.55
ChL5 STD 6.510 7.490 6.000 7.750
AlCc 31.95 35.73 42.61 46.09
ChL60 STD 5.529 8.269 5.686 9.457
AICc 30.07 36.19 41.93 48.46
ChH5 STD 8.208 5.424 8.285 5.701
AlCc 34.68 33.26 46.56 48.91
ChH45 STD 10.12 5.724 8.586 7.225
AlCc 37.25 33.77 46.94 4591

The highest values of Freundlich parameter, ng, obtained for the oxidative
treated and carbonized samples, suggests that these samples have the most homo-
geneous distribution of surface active sites. This can be the consequence of the
altered precursor’s structure and chemical composition induced by oxidative
treatment. Changes in fiber surface and structure can be ascribed not only to the
decrease of lignin or hemicelluloses content, but also to the location of these
components in the hemp fiber. Lignin is located in the middle lamellae and sec-
ondary wall of hemp fibers and it can be more or less strongly associated with the
cellulose microfibrils. During the oxidation treatment lignin is selectively rem-
oved, resulting in more homogenous middle lamella, due to the homogeneous
distribution of hemicelluloses in fiber structure.®”' It can be assumed that homo-
geneous distribution of active sites on the surface of carbonized materials is
affected by this homogenous distribution of hemicelluloses in the precursor struc-
ture. For all tested samples values of nr were less than unite, indicating that lead
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ions adsorption on hemp fibers-based biocarbons is chemical process which
occurs through the ion exchange reaction on the surface functional groups.

In order to obtain some additional information concerning the adsorption
mechanism, the thermodynamic studies of lead ions adsorption on HFB samples
were performed at three temperatures 25, 35 and 45 °C (Fig. 6).

wla—m —— 4

(=]
o 21
£ /
- 204
L
el —=—Chi
—8—ChL5
181 —4— ChL60
7] —¥— ChH5

e ‘ ‘ ChH45I Fig. 6. Effect of temperature on hemp

T
25 30 B 40 45 fibers-based biocarbon lead ions ads-
Temperature, "C orption capacities.

Noticeable increase in adsorption capacity at the higher temperatures is
observed for samples Chl and ChLS5, while adsorption capacity of samples ChHS,
ChH45 and ChL60 is only slightly increased. Nevertheless, for all tested samples
lead ions adsorption capacity increases with the increase in temperature, due to the
faster diffusion of lead ions through porous matrices of adsorbent and consequently
more favorable adsorption. Significant increase in adsorption capacity of samples
Chl1 and ChLS5 at the higher temperatures is probably the consequence of increased
diffusion which enables easier penetration of lead ions through less fibrillated
morphology of these samples.

The thermodynamic parameters, the values of enthalpy, AH, entropy, AS and
Gibbs energy change, AG, of lead ions adsorption on HFBs are given in the Table
IV.

Obtained positive values of AH show that lead ions adsorption onto the
HFBs is endothermic process, which is confirmed by the effect of temperature on
lead ions removal. Negative values of AG obtained for all tested samples indicate
that lead ions adsorption is spontaneous process, favorable at the higher tempe-
ratures.

The values of AG and AH can give information weather the adsorption pro-
cess is of chemical or physical nature. It is generally accepted that physical ads-
orption involves an enthalpy change between 2 and 21 kJ/mol and Gibbs energy
change between —20 to 0 kJ/mol, while for chemical adsorption enthalpy change
values fall within the range 80-200 kJ/mol and Gibbs energy change range from
—400 to -80 kJ/mol.**** The values of Gibbs energy change, presented in the
Table IV, suggests that lead ions adsorption on HFBs can be considered as phys-
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Table IV. Thermodynamic parameters for Pb>" adsorption onto HFBs

Thermodynamic parameter

Sample Temperature, K- — e T ol AH /K mol’ AS/ K mol' K
Chl 298.15 815 44.62 0.18
308.15 9.2
318.15 11,69
ChL5 298.15 727 4431 0.17
308.15 9,00
318.15 1073
ChL60 298.15 —6.92 39.89 0.16
308.15 -8.49
318.15 ~10.06
208.15 _6.84 38.48 0.15
ChH5 308.15 836
318.15 988
298.15 29.99 37.12 0.16
ChH45 308.15 1157
318.15 _13.15

isorption, while the enthalpy change values, falling in the range from 37 to 45
kJ/mol, does not favor either physisorption or chemisorptions. Adsorption studies
have shown that adsorption was affected by the number of surface functional
groups, rather than the specific surface area. Carboxylic anhydride groups, pre-
sent on the surface of HFB samples, can be hydrolyzed in aqueous solution
rendering two carboxylic groups,** which might behave as ion-exchange sites for
the retention of lead ions. Since samples containing high amount of surface
oxygen groups, ChL60 and ChH45, showed high adsorption efficiency, it is
assumed that lead ions can be adsorbed through the mechanism of ion-exchange,
which is corroborated by the positive values of entropy change (Table 1V). It was
shown that pHpzc values of HFBs lie in the alkaline range, and therefore the sur-
face examined biocarbons is positively charged in solutions having pH < pHpzc.
This indicates that adsorption of metal ions takes place against the repulsive elec-
trostatic forces, which is a strong argument in favor of chemisorption. Accord-
ingly, chemisorption can contribute to the overall adsorption of lead ions onto
HFBs. Since oxygen in the surface functional groups possess a pair of lone
electrons (Lewis base) that can act as a center capable for coordination with elec-
tron deficient lead ions (Lewis acid),” surface complexation between lead ions
and oxygen containing groups may contribute to the overall adsorption mech-
anism. Obtained results indicate that lead ions adsorption onto HFBs is a com-
plex process, with the various contribution of physisorption and chemisorptions,
and cannot be resolved without further, more sophisticated analysis.
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CONCLUSIONS

Distribution of the celluloses, lignin and hemicelluloses in the hemp fiber
structure, as well as the changes in their amount induced by chemical modific-
ation, affects the surface properties, morphology and consequently, adsorption
properties of the resulting hemp fibers-based biocarbons. Progressive removal of
both hemicelluloses and lignin from the precursor structure lead to liberation of
elementary fibers, and that fibrous structure is preserved after carbonization.
Lignin content and polymorphic transformation of cellulose I to more reactive
cellulose II primarily affects the porosity of hemp fibers-based biocarbon, while
homogenous distribution of hemicelluloses in the precursor structure induce
more homogeneous distribution of adsorption active sites on the surface of hemp
fibers-based biocarbons. Prolonged chemical modification of carbon precursor
greatly improved adsorption capacity of hemp fibers-based biocarbons, by inc-
reasing the amount of surface oxygen groups and the level of material fibril-
lation. Adsorption and thermodynamic studies showed that Pb*" adsorption onto
HFBs is a spontaneous and complex endothermic process, suggesting the coexist-
ence of physisorption and chemisorption mechanisms. High adsorption capacities
at increased temperatures, enables the utilization of hemp fibers-based biocar-
bons as filter materials for removal of heavy metals from wastewater.

NOMENCLATURE
OR: Redlich-Peterson isotherm constant, dm’ mg'1
A: Constant that depends on temperature, dm*” mol ™
AlC: Akaike information criterion
AIC:  Corrected Akaike information criterion
b: Redlich-Peterson isotherm constant
Ve Activity coefficient at the adsorption equilibrium
Ce Equilibrium adsorbate concentration in the liquid phase, mg dm™
0.: Fraction of the surface covered at equilibrium

AG: The Gibbs energy change, kJ mol
AH: The entalpy change, kJ mol™

1. The ionic strength of the solute at adsorption equilibrium, mol dm™

K,: Thermodynamic equilibrium constant

Ky: Langmuir sorption equilibrium constant, dm’ mg

K Langmuir isotherm constant, dm’ mol”

K Freundlich isotherm constant, mg" ™ dm* g”!

Kx: Redlich-Peterson isotherm constant, dm’ g'1

K: Equilibrium constant for the first layer adsorption in the multilayer isotherm model,
dm’ mg”’

K;: Equilibrium constant for multilayer adsorption in the multilayer isotherm model,
dm® mg”’

n: number of isotherm parameters

ng: The heterogeneity factor in the Freundlich model

p: Number of experimental data points
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Ot Maximum monolayer adsorption capacity in the multilayer isotherm model, mg g
Oy Maximum adsorption capacity in the Langmuir isotherm model, mg g

qe: The equilibrium sorbate concentration in the solid phase, mg g

¢ Experimental equilibrium solid phase concentration, mg g’

g™ Model calculated equilibrium solid phase concentration, mg g

Grnax: Adsorption capacity of adsorbent at its maximum value, mg g

R: Gas constant 8.314, J mol K

AS": The entropy change, kJ mol™ K™

T Experimental temperature, K

z: Charge of ions in solution

SUPPLEMENTARY MATERIAL

Adsorption kinetics data are available electronically at the pages of journal website:
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
YTHLIAJ XEMHWJCKOTI CACTABA ITPEKYPCOPA HA AJCOPTILIMJY TEIIKKWX METAJTIA
BUOKAPBEOHOM HA BA3HU BJIAKAHA KOHOIIBE (Cannabis sativa)

MAPHJA M. BYKYEBHR', BUJbAHA M. IEJUR', UBAHA C. ITAJUE-TMJAKOBHR', AHA M. KAJTMJATIUC?,
MHPJAHA M. KOCTUR', 30PAH B. IAYIIEBUR? u MUJIA JI. IAYIIEBUR'

ITBXHOJIOWKO—MelTA{UIymeu paxyniuen, Ynusep3utieii y beoipagy, Kapneiujesa 4, 1000 Beoipag u
ZI/Ichiumyw 3a HykyedpHe Hayke Bunua, Ynusepsutieiti y Beoipagy, Muxe Ileiposuha Anaca 12—14,
11000 Beoipag

brokapbon Ha a3u KpaTKkuXx U 3aMpLIEHUX BIaKkHa KOHOIUbe (Cannabis sativa), KOpHIL-
heH je xao edukacaH U jeTHH afCcOpPOEHT 3a yKIamame joHa TEIKUX MeTana U3 Boge. Okcu-
IALWOHU M a/IKaJIHM TPETMaHH BjlakaHa KOHOIUbe KOpHUIheHH Cy 3a mobHjame YI/beHUYHHX
IpexKypcopa pasIMYUTOr XeMHjCKOr cacTaBa. McnuTaH je yTulaj XeMHjcKor cacTaBa MpeKyp-
copa Ha crenuduYHy NOBpUIMHY OHokapdoHa, Herosy Mop@omordjy, kao U XeMHjy IOBp-
muHe. [TokasaHo je ja cagprkaj IMTHUHA U nonuMopdHa TpaHchopMalidja Iemyno3e yTuay Ha
BPEIHOCTH cnenudUyHe NOBPUIMHE MUKPOIOPO3HUX dMoKapdoHa. Ca Apyre cTpaHe, CafpXaj
XEMHUIIeTyi03a U BUXO0B I0JI0Kaj Y CTPYKTYpH IpeKypcopa YyTH4Yy Ha XOMOTeHy pacHoferry
(YyHKUMOHA/IHUX Tpyna Ha NOBPIIMHU KapOoHa. YTBpheHO je na Ha aicopmuujy TEeMKUX
MeTasa BehH yTHIaj MMa cafipkaj MOBPLUIMHCKUX IPyTa Hero cnenuguyHa MoBpLIKHA OHOKap-
OoHa. PaBHOTEKHU afCOPNIMOHM NOJALM aHAIU3UPaHHU Cy Pa3IMYUTUM afCOPILUOHUM H30-
TepMaMa. Y 1uby yTBphUBama HajOober claramba eKClIePUMEHTATHUX U MOJETHHUX BPEJHOCTH
KOpUITheHH Cy CTaHOaphHa JeBHjaudja u Akauke kputepujyM (Akaike information criterion).
MaxcumManHu ancopnuMoHM KamauuteTd dvokapboHa kpetanu cy ce y oncery ogf 103,1 go
116,3 mg Pb/g. TepMomguHAaMHUUYK{ ITapaMeTpHy IOKasyjy Aa je afcoprudja Pb*" Ha pasnu-
YUTUM OMOoKapOOHMMa, CIIOHTAaHH EHIOTEPMHH IIPOLIEC KOjU Ce 0[BHja KOMOMHOBaHUM MeXa-
HU3MHUMa HU3NCOPIIINje U XEMUCOPIILHje.

(ITpummsero 10. MapTa, peBunupaHo 27. jyHa, mpuxsaheno 29. jyna 2017)

REFERENCES
1. G. W. Beckermann, K. L. Pickering, Compos., A-Appl. Sci. Manuf. 39 (2008) 979

Available on line at www.shd.org.rs/JSCS/

(CC) 2017 SCS.



2.

3

4.
5.

6.

7.

8.
9.
10.
11.

12.

13.
14.

15.

16.

17.
18.
19.
20.
21.
22.

23.
24.
25.
26.
27.
28.

29.
30.
31.
32.
33.
34.

35.

HEAVY METAL ADSORPTION ON HEMP FIBERS-BASED BIOCARBON 143 1

B. Singh, M. Gupta, in Natural fibers, biopolymers, and biocomposites; A. K. Mohanty,
M. Misra, L. T. Drzal, Eds., CRC Press, Boca Raton, FL, 2005, pp. 261-290

B. Volesky, Water Res. 41 (2007) 4017

B. Pejic, M. Vukcevic, M. Kostic, P. Skundric, J. Hazard. Mater. 164 (2009) 146

B. M. Pejic, M. M. Vukcevic, I. D. Pajic-Lijakovic, M. D. Lausevic, M. M. Kostic, Chem.
Eng. J 172 (2011) 354

M. Vukcevic, B. Pejic, M. Lausevic, 1. Pajic-Lijakovic, M. Kostic, Fibers Polym. 15
(2014) 687

M. N. Nor, L. L. Chung, L. K. Teong, A. R. Mohamed, J. Environ. Chem. Eng. 1 (2013)
658

A. R. Mohamed, M. Mohammadi, G. N. Darzi, Sust. Energ. Rev. 14 (2010) 1591

J. M. Rosas, J. Bedia, J. Rodriguez-Mirasol, T. Cordero, Fuel/ 88 (2009) 19

Suhas; P. J. M. Carrott, M. M. L. Ribeiro Carrott, Bioresour. Technol. 98 (2007) 2301

M. Vukcevic, A. Kalijadis, M. Radisic, B. Pejic, M. Kostic, Z. Lausevic, M. Lausevic,
Chem. Eng. J. 211-212 (2012) 224

M. Vukcevié, B. Peji¢, A. Kalijadis, 1. Paji¢-Lijakovi¢, M. Kosti¢, Z. Lausevi¢, M.
Lausevi¢, Chem. Eng. J. 235 (2014) 284

R. Yang, G. Liu, X. Xu, M. Li, J. Zhang, X. Hao, Biomass Bioenergy 35 (2011) 437

A. Bismarck, I. Aranberri-Askargorta, J. Springer, T. Lampke, B. Wielage, Polym.
Compos. 23 (2002) 872

M. Kostic, M. Vukcevic, B. Pejic, A. Kalijadis, in Textiles: History, Properties and Per-

formance and Applications, M. 1. H. Mondal, Ed., Nova Science Publishers Inc., New

York, 2014, pp. 399-446

W. Garner, Textile Laboratory Manual: Fibers, Heywood Books, London, 1967, pp. 52—
-113

E.P. Barret, L.G. Joyner, P.P. Halenda, J. Am. Chem. Soc. 73 (1951) 373

K. Kaneko, C. Ishii, M. Ruike, H. Kuwabara, Carbon 30 (1992) 1075

S. S. Barton, M. J. B. Evans, E. Halliop, J. A. F. MacDonald, Carbon 35 (1997) 1361

H. P. Boehm, Carbon 40 (2002) 145

J. S. Noh, J. A. Schwarz, J. Colloid Interface Sci. 130 (1990) 157

M. Vukcevi¢, A. Kalijadis, S. Dimitrijevi¢-Brankovi¢, Z. LauSevi¢, M. Lausevi¢, Sci.
Technol. Adv. Mater. 9 (2008) 015006, doi:10.1088/1468-6996/9/1/015006

Y.-S. Ho, W.-T. Chiu, C.-C. Wang, Bioresour. Technol. 96 (2005) 1285

Y. Liu, J. Chem. Eng. Data 54 (2009) 1981

S. Borysiak, J. Garbarczik, Fibres Text. East. Eur. 11 (2003) 104

J. Gassan, A. K. Bledzki, J. Appl. Polym. Sci. 71 (1999) 623

S. H. Lee, J. C. Rasaiah, J. Phys. Chem. 100 (1996) 1420

M. K. Aroua, S. P. P. Leong, L. Y. Teo, C. Y. Yin, W. M. A. Wan Daud, Bioresour.
Technol. 99 (2008) 5786

K. Li, X. Wang, Bioresour. Technol. 100 (2009) 2810

L. Wang, J. Zhang, R. Zhao, Y. Li, C. Li, C. Zhang, Bioresour. Technol. 101 (2010) 5808
M. Kostic, B. Pejic, P. Skundric, Bioresour. Technol. 99 (2008) 94

Y. Liu, Y. J. Liu, Sep. Purif. Technol. 61 (2008) 229

Z.Liu, F. S. Zhang, J. Hazard. Mater. 167 (2009) 933

A. M. Kalijjadis, M. M. Vukcevié, Z. M. Jovanovié, Z. V. Lausevi¢, M. D. Lausevi¢, J.
Serb. Chem. Soc. 76 (2011) 757

G. D. Vukovi¢, A. D. Marinkovié, S. D. §kapin, M. D. Ristié, R. Aleksi¢, A. A. Peri¢-
Grujié, P. S. Uskokovi¢, Chem. Eng. J. 173 (2011) 855.

Available on line at www.shd.org.rs/JSCS/

(CC) 2017 SCS.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




