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In this investigation, the possibility of wood waste (hardwoods such as oaks’ and alternatives’ staves from Balkan cooperage)
revalorization for simultaneous cadmium removal and wastewater disinfection was examined. All samples were characterized in
terms of their crystallinity index and crystallite size, amount of functional groups, and surface chemistry (determined by ATR-
FTIR) as well as antibacterial activity. Mulberry is characterized by the lowest crystallinity index which can be ascribed to the
highest crystallite size disabling crystallite denser packaging, while myrobalan plum has about 23% lower crystallite size that
enables crystallite better packaging, thus resulting in a 42.4% higher crystallinity index compared to the mulberry. All oaks have
a significantly higher amount of carboxyl groups compared to the alternatives (0.23-0.28 vs. 0.12-0.19mmol/g). The adsorption
experiments revealed that with increasing the initial cadmium concentration from 15 up to 55mg/g, samples’ adsorption
capacity increases by 89-220%. The equilibrium data fit well with the Langmuir isotherm model implying monolayer coverage of
cadmium ions over a homogeneous wood surface. The relationship between the samples’maximum adsorption capacities (ranged
from 5.726 to 12.618mg/g), their crystallinity index, and crystallite size was established. According to ATR-FTIR spectra, aldehyde,
carboxyl, hydroxyl, and phenyl groups present on the wood waste surface are involved in Cd2+ adsorption which proceeds via the
interplay of the complexation, cation-π interactions, and ion-exchange mechanisms. Mulberry and myrobalan plum showed about
89% and 80% of the total uptake capacity of cadmium within 60min, while the equilibrium was attained after 240min of contact
time. Good compliance with pseudo-second kinetic order indicated that cadmium adsorption was mediated by chemical forces.
Thermodynamic parameters revealed the spontaneous and exothermic character of cadmium ion adsorption onto mulberry and
myrobalan plum. All studied samples provide maximum bacterial reduction (>99%) for E. coli and S. aureus. Wood waste from
Balkan cooperage can be successfully used for simultaneous cadmium removal and wastewater disinfection.

1. Introduction

From ancient times till nowadays, wood is considered an
essential part of humans’ daily lives. Among a wide variety
of conventional uses, wood also represents an appreciated
material for the manufacturing of casks, which are utilized
in alcoholic beverage production. Even more, according to

Martínez-Gil et al. [1] and Pecić et al. [2], these wood casks
are esteemed as a crucial segment in the production of
high-quality wines and aged alcoholic beverages such as
brandy, whiskey, and cognac. The Republic of Serbia is clas-
sified as a medium forested country with more than 2.6 mil-
lion ha of forest area; thus, it has a great potential for
cooperage development [3]. According to Trade Map data
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[4], in 2019, Serbia exported casks at a value of 712 000 $,
while the growth in casks’ exported value was 7% between
the 2015 and 2019 year. In order to satisfy the market
demands, the quantity of cut-off old woods constantly
increases. Consequently, the loss of the forest area negatively
influences all environmental segments of the Earth, including
the hydrosphere and the water resources’ quality [5].

Moreover, human activities have a strong impact on
global and local environmental processes. Namely, indus-
trial modernization along with the domestic activities,
agricultural practices, and global changes [6] contributed
to the increased generation of large quantities of wastewa-
ters presenting potential threats to entire water resources.
Therefore, inadequate wastewater management could cause
the contamination of the drinking water for hundreds of
millions of people. The presence of heavy metals in waste-
water represents a major concern since most of them are
highly toxic, carcinogenic, biorecalcitrant, nondegradable,
and persistent [7], and they enter our body system through
water, food, and air [8]. Among different heavy metals, atten-
tion should be given to involuntary human exposure to
cadmium which toxic effects were confirmed on many
organs’ systems [9]. Namely, novel investigations established
a connection between the long-term exposure to this toxic
metal and various renal syndromes, osteoporosis and osteo-
malacia, endocrine-disrupting properties, and different types
of cancer [9, 10]. Therefore, the World Health Organization
[11] limited the amount of cadmium in drinking water to
0.003mg/l.

The conventional methods (such as chemical precipita-
tion, membrane filtration, ion exchange, and reverse osmo-
sis) for heavy metal ion removal from wastewaters are
ineffective at low heavy metal ions’ concentrations (i.e.,
trace metals); generate a toxic sludge, use high quantities
of chemicals, and involve high energy inputs [12]. It has
to be noted that the effects of trace metal pollution have
not only harmed the plants and crops but also have posed
severe health hazards in animals during recent years [13].
Nowadays, adsorption has received remarkable attention
since it is very efficient for adsorbing heavy metals present
in wastewaters at trace levels, i.e., below 100mg/l [14]. Heavy
metal removal during wastewater treatment via adsorption is
carried out at an interfacial region between the adsorbent and
the pollutant [6]. The merits of such type of wastewater treat-
ment compared to the conventional methods are the low
formation of chemical and biological sludge, high efficiency,
low cost, adsorbents’ regeneration, and metal recovery, better
selectivity, short processing time, and operating under a
broad range of process settings [13, 15, 16]. Recent studies
[12, 17, 18] highlighted wastewater treatment using lignocel-
lulosic materials as effective and environmentally friendly
adsorbents.

In the last two decades, the requirements for wood casks
at the Balkan were expanded, and therefore, the amount of
wood waste generated during cask production considerably
increased. This wood waste has a heterogeneous chemical
composition including cellulose and noncellulosic compo-
nents having a high amount of functional groups capable of
binding heavy metal ions. One of the possible strategies to

revalue such waste is its utilization as an adsorbent for waste-
water treatment, which is in agreement with the circular
economy concept. Namely, permanent collection and reuse
of wood waste have promising multipositive effects on the
economy as well environment, including reducing its quan-
tity, saving energy, and its utilization as rawmaterial for prof-
itable innovation.

Besides heavy metals, waterborne diseases contributed to
raising awareness about water pollution at the highest level
ever. Namely, the consumption of bacteriologically unsafe
drinking water is still one of the most significant causes of
morbidity and mortality [19], especially in rural areas. Smai-
lagić et al. [20] investigated the antimicrobial activity of
eleven wood extracts (oaks, mulberry, myrobalan plum,
black locust, and wild cherry) against eight representative
human and opportunistic pathogens. The lowest minimum
inhibitory concentration (MIC) was observed against S.
aureus for black locust, cherry, and mulberry wood extracts,
and based on the conducted research, the usefulness of such
wood waste for water disinfection is expected.

In this investigation, the possibility to revalue the wood
waste (i.e., hardwoods such as oaks’ and alternatives’ staves)
from Balkan cooperage will be examined. For that purpose,
cadmium ion was chosen as a model ion to test the ability
of wood waste for heavy metal removal from an aqueous
solution. In this study, for the first time, the connection
between the wood waste molecular and fine structure (i.e.,
the presence and amount of COOH and CHO groups as well
as crystallinity index and crystallite size) and its adsorption
potential for Cd2+ removal from aqueous solution was estab-
lished. Moreover, the wood waste antibacterial activity was
tested against Gram-negative bacteria E. coli and Gram-
positive bacteria S. aureus to study the possibility of simulta-
neous cadmium removal and wastewater disinfection.

2. Materials and Methods

2.1. Material. In this experiment, six wood waste samples of
different botanical species and geographical origins (see
Table 1) obtained from a local cask producer (VBX-SRL.
D.O.O. Kraljevo, Serbia) were used as adsorbents for cad-
mium ions from an aqueous solution. Before the experi-
ments, the wood samples were ground in a mill for wood,
whereby their particle size was in the range of 0.5-1.5mm.

2.2. X-Ray Diffraction Analysis. The X-ray measurements
were performed on a Rigaku Ultima IV diffractometer in a
Bragg-Brentano configuration using CuKα radiation. The
diffraction data were acquired over the 2θ scattering angle
(from 10° to 40°) with a step of 0.05° and an acquisition time
of 2°/min. The obtained X-ray diffraction patterns were
resolved into proportions of cellulose Iβ lattice (characteristic
peaks are located at 2θ of 14.7°, 16.8°, and 22.7° correspond-
ing to the reflections (1-10), (110), and (200), respectively
[21]), and amorphous region using the Gaussian and Lorent-
zian distribution function. The conventional peak deconvo-
lution involved curve fitting (by using a commercial
software Peakfit v4.12) to the observed pattern with the indi-
vidual visible peaks plus a very broad peak for the amorphous

2 Adsorption Science & Technology



material. The wood waste crystallinity index (CrI) was calcu-
lated from the ratio of the area of all crystalline peaks to the
total area, while the crystallite size τ (nm) perpendicular to
the lattice plane—the (200) plane was calculated by the Sher-
rer equation [22]. Reported crystallinity index and crystallite
size values are the average values of three parallel measure-
ments, whereby the coefficients of variation were below 0.8%.

2.3. Determination of the Amount of Carboxyl and Aldehyde
Groups. The amount of carboxyl and aldehyde groups was
determined by a calcium-acetate method. A sample (0.5 g)
was treated with 100ml 0.01MHCl solution for 1 h following
by washing with distilled water. In the next step, 50ml
distilled water and 30ml 0.25M CH3COOCa solution were
added, and the mixture was stirred for 2 h. Thereafter,
30ml portions of the liquid were titrated with 0.01M NaOH
solution, using phenolphthalein as an indicator. The amount
of carboxyl groups is calculated as follows, Eq. (1):

COOH = 80/30∙0:01M∙V NaOHð Þ
m

mmol
g waste wood

� �
,

ð1Þ

where 0.01M is a concentration of NaOH, V (NaOH) is the
volume of NaOH solution used for titration (ml), and m is
the weight of an absolutely dry wood waste sample (g).

The amount of aldehyde groups was determined accord-
ing to the method described by Saito and Isogai [23]. In
order to selectively oxidize the sample’s aldehyde groups
to carboxyl groups, 1 g of a sample was added to a mixture
containing 0.905 g NaClO2, 10ml 5M CH3COOH solution,
and 50ml distilled water. Oxidation was carried out by
mixture stirring at room temperature for 48 h, and thereafter,
the sample was thoroughly washed with distilled water and
acetone. Further, the previously described calcium acetate
method for determining the amount of carboxyl groups was
applied. The amount of aldehyde groups was calculated by
subtracting the amount of carboxyl groups determined in
the starting sample from that of chlorite oxidized one. The
average of four measurements for each sample was consid-
ered, and the obtained coefficients of variation were below
1.2%.

2.4. Adsorption Experiments. The adsorption of cadmium
ions was carried out from freshly prepared CdCl2·2.5H2O,
whereby the wood waste samples (0.5 g) were immersed each
in 200ml of a cadmium chloride solution and constantly
shaken. In the first step of adsorption experiments’ optimiza-

tion, the effect of initial solution pH on the Cd2+ adsorption
onto wood waste was examined, whereas the solution pH
was adjusted to the values of 3-6 by stepwise addition of
HNO3 or NH4OH. The pH value of 5.50 was used for all
adsorption experiments. In further steps of adsorption opti-
mization, the cadmium initial concentration was varied in
the range of 15-55mg/l, and the contact time was varied in
the range of 5-1440min, while the temperature was varied
in the range of 25-45°C. The cadmium concentration in an
aqueous solution was determined using the analytical
technique of inductively coupled plasma optical emission
spectrometry (ICP-OES, iCAP 6500 Duo ICP, Thermo
Fisher Scientific, Cambridge, United Kingdom). The Multi-
Element plasma standard solution 4, Specpure®, 1000μg/ml
(Alfa Aesar GmbH & Co KG, Germany) was used to prepare
a calibration solution for ICP-OES measurement. The mea-
surements were performed at Cd II 226.502 nm emission
line. Quality control was carried out using blank samples,
matrix-matched calibration solutions, and triplicate analyses
of each sample. The reliability of measurements was
approved by a relative standard deviation ðRSDÞ < 0:5%.

The cadmium adsorption (q) was determined according
to Eq. (2):

q mg/gð Þ = c0 − ct
m

∙V , ð2Þ

where c0 is the initial cadmium concentration in solution
(mg/l); ct is the cadmium concentration in the solution after
a defined period (mg/l); V is solution volume (l), andm is the
mass of a dry wood sample (g).

Langmuir and Freundlich isotherm models (Table 2)
were used to fit the isotherm experimental data and further
to assess the wood waste adsorption capacity toward cad-
mium ions. On the other hand, the pseudo-first and
pseudo-second-order kinetic models (Table 3) were used to
investigate the cadmium adsorption mechanism on selected
wood waste. OriginPro 2015 was used as a tool for kinetic
and isotherm non-linear estimation.

The adsorption experiments performed at different tem-
peratures allow calculation of the thermodynamic parame-
ters such as standard Gibbs free energy (ΔG°), standard
enthalpy (ΔH°), and standard entropy (ΔS°) by using Eqs.
(3) and (4).

ΔG° = −R∙T∙ln Keq
� �

, ð3Þ

ΔG° = ΔH° − T∙ΔS°, ð4Þ

Table 1: Wood waste samples’ codes, botanical species, geographical origin, age, and soil type.

Sample code Tree Geographical origin Wood age, years Soil type

BL Black locust-Robinia pseudoacacia L. Kraljevo (Serbia) >40 Fluvisolo

M Mulberry-Morus alba L. Vrnjačka Banja (Serbia) >40 Vertisol

MP Myrobalan plum-Prunus cerasifera Ehrh Vrnjačka Banja (Serbia) >40 Vertisol

SORG Sessile oak-Quercus petraea (Matt.) L. Ravna Gora (Serbia) >60 Rankers

POGR
Pedunculate oak-Quercus robur L.

Gornji Radan (Serbia) >60 Rankers

POBO Olovo (Bosnia and Herzegovina) >60 Rankers
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where R is the universal gas constant (8.314 J/molK), T is the
temperature of the process (K), Keq is the process equilib-
rium constant calculated as the ratio between the amount
of cadmium adsorbed qe (mg/g), and the residual cadmium
concentration in the solution Ce (mg/ml) at the equilibrium
(Eq. (5)).

Keq =
qe
Ce

: ð5Þ

The expression of the equilibrium constant quantifies the
distribution of the pollutant between the solution and the
adsorbed phase. By combining Eqs. (3) and (4), the following
Eq. (6) is obtained:

ln Keq
� �

= −
ΔH°

RT
+ ΔS°

R
: ð6Þ

The Keq and ΔG° were calculated for each studied tem-
perature, while the values of ΔH° and ΔS° were estimated
from the slopes and intercepts of ln ðKeqÞ vs. 1/ T plot,
respectively.

All adsorption experiments were conducted in triplicate
whereas the coefficients of variation were below 3.1%.

In order to analyze the effect of cosolutes on the Cd2+

adsorption onto mulberry (sample M), two real matrixes (i.e.,
tap water and water from River Sava, Belgrade, Republic of
Serbia) were prepared by adding 55mg/l cadmium, with and
without pH adjustment. Tap and river waters were collected
on June 17, 2021. According to the analysis performed by the
Institute of Public Health Belgrade, Republic of Serbia, the tap
water parameters were pH7.71, 198mg/l HCO3

-, 36.73mg/l
NO3

-, 0.005mg/l NO2
-, 62.12mg/l Ca2+, 14.36mg/lMg2+, 8,64

mg/l Na+, and 1.85mg/lK+. The Sava river water parameters
were pH7.78, 210mg/l HCO3

-, 1.2mg/l NO3
-, 0.006mg/l

NO2
-, 49mg/l Ca2+, 12mg/l Mg2+, and 0.0033mg/l Cd2+.

2.5. ATR-FTIR Analysis. Attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR) was employed
to identify the wood waste surface functional groups capable
of binding cadmium ions. The transmission spectra were
obtained using a Shimadzu IR-Affinity spectrophotometer
equipped with an attenuated total reflectance accessory
(ATR) using a diamond/ZnSe crystal in the wavenumber
range of 4000-600 cm-1, at a resolution of 4 cm-1.

2.6. Antibacterial Activity of Wood Waste Samples. The wood
waste samples’ antibacterial activity was determined against
Gram-negative bacteria E. coli ATCC 25922 and Gram-
positive bacteria S. aureus ATCC 25923 using a standard test

Table 2: Langmuir and Freundlich isotherm models’ equations and obtained isotherm parameters for cadmium adsorption on wood waste.

Adsorption isotherms

Sample code

Langmuir
qe =

qm∙KL∙Ce
1 + KL∙Ce

Freundlich

qe = Kf ∙C
1
n
e

Isotherm parameters
KL qm R2 Kf n R2

BL 0.103 11.644 0.997 2.348 2.556 0.965

M 0.491 12.618 0.975 5.805 4.370 0.930

MP 0.049 5.726 0.993 0.694 2.164 0.973

SORG 0.257 10.723 0.964 3.802 3.568 0.985

POGR 0.047 7.571 0.997 0.820 2.038 0.982

POBO 0.159 9.170 0.979 2.684 3.254 0.967

In equations given in Table 2, qe = qe,exp (mg/g) is the equilibrium cadmium concentration per gram adsorbent, and qm (mg/g) is a maximal adsorbed cadmium
per gram adsorbent; KL (l/mg) is the Langmuir constant. Ce (mg/l) is the equilibrium cadmium concentration in the solution, Kf is the Freundlich constant
(mg/g)/(l/mg)1/n, and n is constant related to the wood surface heterogeneity.

Table 3: Kinetic models’ equations and kinetic parameters obtained by the pseudo-first and pseudo-second-order kinetic models for Cd2+

ions (c0 = 55mg/l) adsorption on waste wood samples.

Sample code

Kinetic models

qe, exp
Pseudofirst kinetic model

qt = qe∙ 1 − e−k1∙t
� � Pseudosecond kinetic model

qt = qe −
1
qe
+ k2∙t

� �−1

Kinetic parameters
qe,cal k1 qe,cal k2

M 11.608 0.069 12.450 0.008 11.921

MP 3.673 0.087 3.920 0.032 3.994

In equations given in Table 3, qe = qe,exp and qt (mg/g) are the amounts of cadmium ions adsorbed per gram adsorbent at equilibrium and at time t (min); k1
(1/min) is a pseudofirst-order rate constant, and k2 (g/mgmin) is a pseudo-second-order rate constant.
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method (ASTM E 2149-01 (2001)). The microbial reduction
(R) was calculated according to Eq. (7):

R %ð Þ = C0 − C
C0

∙100, ð7Þ

where C0 colony-forming units is the number of microbe col-
onies in the control, and C is the number of microbe colonies
on the wood waste sample (CFU/ml). The results are given as
the mean value of two measurements per sample, while the
coefficients of variation are below 5%.

3. Results and Discussion

3.1. Characterization of Adsorbents. It is well known that the
adsorption of heavy metal ions onto lignocellulosic materials
depends on adsorption conditions such as contact time, ini-
tial ion concentration, temperature, solution pH, adsorbent
dosage, and particle size, etc. However, adsorption strongly
depends on the adsorbent itself. In order to get insight into
the adsorption process and to describe the different adsorp-
tion capacities of samples belonging to the same class of
hardwoods (i.e., alternatives or oaks), a detailed adsorbents’
characterization is required.

First, the crystallinity index and crystallite size (see
Figure 1) were determined concerning the fact that the amor-
phous regions are responsible for wood waste sorption prop-
erties, i.e., enable easier penetration of a higher amount of
water molecules into a wood structure contributing to better
sorption properties [24] including adsorption of heavy metal
ions from an aqueous solution. More precisely, through
adsorption and absorption onto/into the amorphous regions,
the aqueous solution comes into contact with a very large
surface area of different cell wall components having a high
amount of functional groups capable of binding cadmium
ions.

From Figure 1, it is evident that the crystallinity index is
independent of the hardwood class (i.e., alternatives and
oaks). However, there is a correlation between the crystallin-
ity index and crystallite size. For example, mulberry (sample
M) is characterized by the lowest crystallinity index
(CrI = 0:561) which can be ascribed to the highest crystallite
size (τ = 2:939 nm) disabling crystallite denser packaging. In
contrast, myrobalan plum (sample MP) has about 23% lower
crystallite size (τ = 2:254 nm) that enables crystallite better
packaging thus resulting in a 42.4% higher crystallinity index
(CrI = 0:799) compared to the mulberry.

Besides crystallinity index and crystallite size, the content
of carboxyl (primarily present in hemicelluloses, pectin, and
lignin) and aldehyde (present in lignin) groups was deter-
mined since they represent active sites for binding heavy
metal ions [25]. The results listed in Table 4 revealed that
all oaks (samples SORG, POGR, and POBO) have a signifi-
cantly higher amount of carboxyl groups compared to the
alternatives (samples BL, M, and MP). According to Alañón
et al. [26] and Rowell et al. [27], such results can be explained
by a higher content of hydrolyzable tannins present in the
oaks, which is also in agreement with our previously pub-
lished data [28]. Namely, the total content of ellagic and gallic

acid (representing hydrolyzable tannins’ derivates) in the
oaks’ extracts ranged from 3057 to 9416mg/kg, while their
content in the alternatives’ extracts ranged from 376 to
1190mg/kg.

On the other hand, phloretin was detected in the myroba-
lan plum and mulberry (samples MP and M) extracts [28],
where aldehyde groups are present. The absence of this com-
pound in the oaks’ extracts might be a possible reason for the
lower amount of aldehyde groups in SORG and POBO, than
in the alternatives, Table 4.

3.2. Adsorption of Cadmium Ions by Wood Waste. Cadmium
was chosen as a model ion to test the ability of wood waste for
heavy metal ion removal from an aqueous solution. In
further text, the connection between different experimental
variables (i.e., initial solution pH, initial ion concentration,
contact time, and temperature), wood waste structure, and
adsorption capacity will be discussed in detail.

3.3. Effect of Initial Solution pH on the Cadmium Adsorption
onto WoodWaste. Taking into consideration the fact that the
initial solution pH affects the solubility and ionization state
of investigated Cd2+ salt, as well as the wood waste surface
charge, preliminary experiments by varying the pH value
(from 3.0 up to 6.0) were conducted to determine the solu-
tion pH at which the cadmium adsorption is the highest,
Figure 2.

The presented results revealed that at the lowest studied
solution pH (i.e., 3.0), the wood waste samples’ affinity for
binding Cd2+ is low, especially in the case of samples MP
and POGR. This behavior is ascribed to the presence of a
high concentration of H+, whereby the dissociation of COOH
groups is suppressed, and the competition and repulsion
between H+ and Cd2+ for the wood waste active sites
appeared, altogether resulting in less negative wood waste
surface [29]. With further increasing the solution pH up to
5.50, the Cd2+ adsorption increases which could be explained
by the parallel influence of functional groups’ ionization and
the increased negative charge density at the wood waste sur-
face contributing to the increased attraction of the Cd2+. At a
solution pH of 5.50, the highest Cd2+ adsorption was regis-
tered for all studied wood waste samples, while above this
pH, the adsorption started to decrease due to the higher con-
centration of the OH in the solution. In order to achieve
maximum Cd2+ adsorption, the pH of 5.50 was chosen for
further experiments.

3.4. Adsorption Isotherms. The effect of initial cadmium
concentration on wood waste equilibrium adsorption (in
further text: qe) is given in Figure 3. As was expected, with
increasing the initial ion concentration from 15 up to
55mg/l, the samples’ qe increases. In other words, the
driving force for cadmium ions’ adsorption is the gradient
of concentration between the aqueous phase and the solid
one, which overcomes the resistance to mass transfer
between the two phases; the higher the gradient, the more
favored the process [30]. The most prominent increase
(about 2.2 times) in the qe was observed for the sample
POGR, while the lowest increase (about 89%) in qe was
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observed for the sample POBO. It is worth mentioning that
the same trend (M> SORG > BL > POBO > POGR >MP)
for qe was evident for all initial cadmium concentrations,
Figure 3.

The interaction between cadmium ions and wood waste
samples can be easily described by treating the equilibrium
data (see Figure 3) according to Langmuir and Freundlich

adsorption equations (see Table 2). The adsorption iso-
therms’ plots and the nonlinear fit of the experimental data
are presented in Figure 4, while the coefficients of determina-
tion (R2) are listed in Table 2. Somewhat higher values of the
coefficient of determination were obtained using the Lang-
muir (R2 = 0:964 − 0:997) than Freundlich (R2 = 0:930 −
0:985) model (with the exception of sample SORG), pointing

14.7
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22.7

CrI = 0.659

CrI = 0.561

CrI = 0.799

CrI = 0.589

CrI = 0.704

CrI = 0.629
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2𝜃 (°)
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M
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SORG
POGR
POBO
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 n

m CrI
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Figure 1: (a) X-ray diffraction patterns and crystallinity index (CrI). (b) Relationship between crystallinity index (CrI) and crystallite size (τ).
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out that it could be more suitable for describing the system
under study. According to Park et al. [31] and Khan et al.
[32], better fitting with the Langmuir isothermmodel implies
monolayer coverage of cadmium ions over a homogeneous
wood waste surface.

The isotherm parameters determined by fitting the
experimental data (see Figure 3) with the Langmuir and
Freundlich adsorption equations are given in Table 2. The
maximal wood waste samples’ adsorption capacity (qm),
derived from Langmuir modeling is in the range from 5.726
to 12.618mg/g. Observing in parallel the results obtained
for samples’ qm and crystallinity index (see Table 2 and
Figures 1(b) and 1(a)), good linear correlation (r2 = −0:889)
between them was found. Namely, the highest qm of mul-
berry (sample M) is conditioned by its highest amount of
amorphous regions (i.e., lower crystallinity index) as well as
the highest crystallite size. Additionally, the highest value of
the Langmuir constant (KL = 0:491 l/mg, Table 2) was
observed for this sample indicating a strong interaction
between mulberry and cadmium ions. A considerable influ-
ence of the mentioned factors on qm is also proved for other
wood waste samples. Opposite from mulberry, myrobalan
plum’s crystallites are better packaged (i.e., a sample has a
higher crystallinity index) representing some kind of barrier
which obstructs the diffusion of cadmium ions within the
sample and consequently their adsorption. Even more, this
sample possesses a weak interaction with cadmium ions
(KL = 0:049, Table 2).

Taking into account the results obtained for the alterna-
tives’ qm (see Table 2) and the total amount of COOH and
CHO groups (see Table 4), it is evident that the qm is also
conditioned by the total amount of COOH and CHO groups
(linear correlation r2 = 0:838). However, in the case of the
oaks, the situation is different. Namely, besides the crystallin-
ity index and crystallite size, qm depends on the amount of
COOH groups (r2 = 0:966). All mentioned indicates that
governing removal Cd2+ mechanism proceeds via carboxyl
groups, which is additionally confirmed by ATR-FTIR
spectroscopy.

The ATR-FTIR spectra of wood waste samples’ that pos-
sess the highest and the lowest adsorption potential (samples
M and MP, respectively) as well as the sample SORG which
belongs to the class of oaks were recorded before and after
cadmium adsorption, Figure 5. As it was expected, after the
adsorption, the wood waste samples’ surface chemistry chan-

ged, i.e., the reduction of the certain peaks’ intensities was
observed. The intensity of the peak at 1735 cm-1 (correspond-
ing to C=O stretching vibration of carboxyl acid or ester
groups in hemicelluloses [33]) decreases, pointing out that
the carboxyl groups play an important role in the cadmium
adsorption process. Lower intensities of the peaks at
1505 cm-1 and 1460 cm-1 (aromatic ring C=C of the lignin
phenylpropane group [33]), 1596 cm-1 (aromatic skeletal
vibrations and ring breathing with C-O stretching in lignin
[34]), 824 cm-1 (C-H vibration of aromatic compounds),
and at 1232 cm-1 and 1315 cm-1 (ring breathing of guaiacyl
“G” and syringyl “S,” respectively [35]) observed after the
adsorption indicate cation-π interactions between the cad-
mium ions and mentioned functional groups located on the
wood waste surface. Furthermore, after the adsorption, the
peak at 3329 cm-1 assigned to O-H stretching vibrations of
hydroxyl and carboxyl groups [36] was broadened and has
lower intensity confirming that the hydroxyl groups also par-
ticipate in the cadmium adsorption through the formation of
ion-dipole interactions. Lastly, decreased intensity of the
peak with maxima at 2910 cm-1 (functional groups of methyl,
methylene, and aliphatic saturated hydrocarbons of lignin as
well as polysaccharides) after the adsorption is most probably
a consequence of cadmium binding.

Taking into account the fact that the cadmium removal
mechanism is complex and dependent on various factors
such as the wood’s nature and its surface chemistry and
heterogeneity, some general remarks on the interactions
between wood surface functional groups and Cd2+ could be
made. Having in mind that the adsorption trend of different
wood waste samples do not correlate very well with the total
amount of aldehyde and carboxyl groups (r2 = 0:838), it is
justified to assume that besides these groups, some other
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Figure 2: The influence of initial solution pH on the cadmium
adsorption (q) onto wood waste.

Table 4: Amount of carboxyl (COOH) and aldehyde (CHO)
groups.

Sample code
COOH
[mmol/g]

CHO
[mmol/g]

COOH + CHO
[mmol/g]

BL 0.1222 0.4129 0.5351

M 0.1884 0.4167 0.6051

MP 0.1320 0.3673 0.4993

SORG 0.2793 0.3173 0.5966

POGR 0.2325 0.3504 0.5829

POBO 0.2455 0.2258 0.4173
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groups present on the wood waste surface, such as hydroxyl
and phenyl (originating from lignin and tannins), also play
an important role in Cd2+ binding mechanism. Namely,
according to ATR-FTIR spectra, it is evident that all afore-
mentioned functional groups are involved in Cd2+ adsorp-
tion which proceeds via the interplay of the complexation,

cation-π interactions, and ion-exchange mechanisms
(Figure 6). Carboxyl and hydroxyl groups may be involved
in two different mechanisms: ion exchange (occurs between
Cd2+ and H+) and surface complexation [37], while
electron-rich phenyl groups participate in the cation-π inter-
actions [38, 39]. Electrostatic interactions between
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Figure 3: Equilibrium cadmium adsorption (qe) as a function of its initial concentration (c0).
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carboxylate and Cd2+ should not be neglected in the overall
mechanism since some carboxyl groups may appear as
deprotonated carboxylates at a pH of 5.50. According to
Harvy et al. [40], carbonyl groups may be involved in the cat-
ion- π binding mechanism of the Cd2+; so, the role of the
aldehyde groups participating in such interactions could
not be ruled out.

3.5. Kinetic Study. In the next step of the current investiga-
tion, the wood waste samples that possess the highest (mul-
berry, sample M) and the lowest (myrobalan plum, sample
MP) adsorption potential (in further text: q) were selected

to study the influence of contact time on their q toward
cadmium ions (c0=55mg/l). As is presented in Figure 7, the
adsorption of cadmium ions onto mulberry and myrobalan
plum is a relatively fast process since, in the first hour of con-
tact time, about 89% and 80% of their qe were reached, while
the equilibrium was attained after four hours of contact time.

The kinetic data were fitted with pseudo-first and
pseudo-second-order kinetic models to describe the rate of
the adsorption process on the wood waste samples. The
results given in Figure 7 revealed that the kinetic data
obtained for myrobalan plum (sample MP) fit better with
the pseudo-second-order model, while mulberry (sample
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Figure 5: ATR-FTIR spectra of wood waste samples before (M, MP, and SORG) and after cadmium adsorption (MCd2+, MPCd2+, and
SORGCd2+): (a) 4000-600 cm-1 and (b) 2000-600 cm-1.
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M) showed a similar fit with both kinetic models. However,
the calculated qe values (qe ,cal) (see Table 3) along with the
nonlinear curve fitting (Figure 7) show that the adsorption
for both samples follows the pseudo-second-order kinetic
model, indicating that the adsorption is mediated by chemi-
cal forces. In other words, the adsorption/binding was estab-
lished through sharing or exchange of electrons between the
adsorbate and the adsorbent, as ionic exchanges [41], which
was previously confirmed by the ATR-FTIR spectra (i.e.,
decreasing the peaks’ intensities), Figure 6. Additionally, the
pseudo-second rate constant (k2) values indicate that the
adsorption rate is 4 times higher in the case of the myrobalan
plum (k2 = 0:032 g/mg min) compared with the mulberry
(k2 = 0:008).

3.6. Thermodynamic Study. Besides initial solution pH, initial
ion concentration, and contact time, temperature represents
another important factor influencing the wood waste sam-
ples q towards Cd2+. Therefore, the adsorption experiments
for the samples M and MP were conducted at three different
temperatures (25, 35, and 45 C°, i.e., 298.15, 308.15, and
318.15K), Figure 8.

Data obtained from adsorption experiments performed
at different temperatures (Figure 8) were used to calculate
the main thermodynamic parameters (i.e., standard Gibbs
energy change ΔG°, standard enthalpy ΔH°, and standard
entropy ΔS°) of Cd2+ adsorption onto selected samples
(Table 5).

As listed in Table 5, the positive lnKeq values along with
the negative ΔG° and positive ΔS° calculated for all consid-
ered temperatures, pointed out that the Cd2+ adsorption onto
M and MP is spontaneous. Moreover, the negative ΔH°

values confirm that the adsorption process is of exothermic
character.

3.7. The Effect of Cosolutes on the Cd2+ Adsorption onto
Mulberry. It is well known that the different cosolutes
may influence the Cd2+ adsorption onto mulberry. There-
fore, two real matrixes, namely, tap water and water from
the Sava river (Belgrade, Republic of Serbia), were pre-
pared by adding 55mg/l cadmium (with and without pH
adjustment).

Based on the results given in Table 6, the mulberry
adsorption capacities for Cd2+ are somewhat lower when
the real waters (tap and Sava river waters) were used as
matrixes. Such results were expected since the real waters
contain calcium and magnesium ions (as was given in the
experimental part of the manuscript) which compete for
mulberry wood waste active sites.

3.8. Comparison of Wood Waste Adsorption Capacities for
Cd2+ with the Adsorption Capacities of Other Lignocellulosic
Materials. Taking into account that the Cd2+ adsorption con-
ditions (such as initial metal ion concentration, solution pH,
contact time, temperature, and adsorbent dosage) used in the
current study differ from those presented in other studies, it
is very difficult to compare the wood waste q with the q
obtained for other lignocellulosic materials. However, similar
adsorption conditions (solution pH, adsorbent dosage, and

initial cadmium concentration) allow us to compare the
results obtained for the q of wood waste samples and hemp
fibers [42]. Namely, the observed raw hemp fiber q was
6.63mg/g (c0 = 22:5mg/l), which is about 54% lower than
those of mulberry (q = 10:24mg/g, c0 = 25mg/l) and in line
with those of POBO sample (q = 6:88mg/g), Figure 3. Loia-
cono et al. [14] reported two times higher maximum adsorp-
tion capacity (qmax = 27:5 vs. 12.62mg/g) of hemp-based felt
which could be ascribed to the three times higher adsorbent
dosage and two times lower solution volume (1.5 g/100ml
vs. 0.5 g/200ml). Langmuir maximum adsorption capacities
(qmax) of chemically modified (using NaOH, HNO3, and
H2SO4) sugarcane bagasse and wheat straw ranged from
1.5-2.2mg/g to 2.5-3.8mg/g, respectively [43]. Also, signifi-
cantly lower Cd2+ adsorption was observed by Mahmood-
ul-Hassan [44] (2.87mg/g) for Picea smithiana sawdust and
Zadeh et al. [45] for eucalyptus sawdust (2.72mg/g). In the
newest published paper, Gunjal [46] studied the Cd2+

adsorption (c0 = 25mg/l) onto various lignocellulosic mate-
rials, whereby qmax of the peanut shell, corn cob, sawdust,
and paddy husk was in the range of 1.80-2.07mg/g.

3.9. Antibacterial Activity of Wood Waste Samples.Wastewa-
ter treatment processes are designed to reduce the concentra-
tion of contaminants, including heavy metal ions before their
discharge to receiving water. However, in many cases, these
effluents contain a significant amount of pathogenic bacteria
presenting a threat to public health. In light of that, the anti-
bacterial activity of wood waste samples was investigated
against Gram-negative bacteria E. coli and Gram-positive
bacteria S. aureus, Table 7.

All wood waste samples possess a very high bacterial
reduction (>99%) for both tested bacteria. These results are
expected having in mind the wood chemical composition,
i.e., high content of lignin which polyphenolic compounds
are responsible for observed antibacterial activity. Namely,
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Figure 6: Schematic representation of a possible mechanism of
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they cause cell membrane damage and lysis of bacteria with
subsequent release of their cell contents [47]. Based on the
results presented in this section, it can be assumed that all
studied wood waste samples (i.e., alternatives’ and oaks’
staves) can be used as adsorbents for heavy metal ions (such
as Cd2+) present in effluents at trace levels as well as for water
disinfection (from E. Coli and S. aureus).

4. Conclusions

In the last two decades, the requirements for wood casks at
the Balkan were expanded, and therefore, the amount of
wood waste (such as alternatives’ and oaks’ staves) in this
geographical area considerably increased. In this investiga-
tion, the possibility to revalue the wood waste (such as
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alternatives’ and oaks’ staves) from Balkan cooperage was
examined. Cadmium was chosen as a model ion to test the
ability of wood waste for heavy metal removal from an aque-
ous solution, while the samples’ antibacterial activity was
tested against E. coli and S. aureus to study the possibility
of simultaneous wastewater disinfection. Cadmium adsorp-
tion onto wood waste increased (from 1.9-5.0 up to 4.0-
11.9mg/g) with increasing its initial concentration (from 15
up to 55mg/l). Based on the equilibrium data, Langmuir
adsorption isotherm was found as the most suitable model
for describing the interaction between cadmium ions and
wood waste samples. This isotherm model implies a mono-
layer coverage of cadmium ions over a homogeneous wood
waste surface. Good connections among the samples’ maxi-
mum adsorption capacities, their crystallinity index, and
crystallite sizes were found. Namely, with increasing the
content of amorphous regions, crystallite size, and amount
of functional groups, the wood waste samples’ adsorption
capacity increases too. According to ATR-FTIR spectra, alde-
hyde, carboxyl, hydroxyl, and phenyl groups present on the
wood waste surface are involved in Cd2+ adsorption which

proceeds via the interplay of the complexation, cation-π
interactions, and ion-exchange mechanisms. Mulberry and
myrobalan plum showed about 89% and 80% of the total
uptake capacity of cadmium within the first hour of contact
time, while the equilibrium was attained after four hours of
contact time. As indicated by the applicability of the
pseudo-second-order model, cadmium adsorption was
mediated by chemical forces. Thermodynamic parameters
revealed the spontaneous and exothermic character of
cadmium ion adsorption onto mulberry and myrobalan
plum. All alternatives and oaks provide maximum bacterial
reduction (>99%) for E. coli and S. aureus making them
appropriate for simultaneous cadmium removal and waste-
water disinfection.
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