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Abstract: The paper summarizes literature data on the use of waste (sawdust, shavings) and biomass
components (leaves, bark, acorns) of Quercus trees and the extracts from the above components to
remove metal ions (Cd®*, Cr(llI), Cr(VI), Cs*, Cu*, Fe?*, Hg?*, Ni**, Pb*, and Zn?*) and various dyes
from aqueous media. It provides brief information about the composition of Quercus trees components.
It gives the adsorption process parameters and the values of sorption parameters for the studied
pollutants. It was shown that chemical modification with various chemical reagents could increase oaks
waste and biomass components' sorption characteristics for various pollutants. It was found that most
adsorption isotherms are most accurately described by the Langmuir model and less often by the
Freundlich model. The process kinetics mainly follows the pseudo-second-order model.
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1. Introduction

Currently, the world community is rapidly developing a new promising environmental
protection area — the use of agricultural waste (straw, grain husks, cakes, leaves, etc.) [1-5] and
wood biomass (sawdust, shavings, wood chips, etc.) [6-10] and tree components (bark, leaves,
needles, fruit shells, etc.) [11-15] as reagents to remove various pollutants from water
environments.

Of particular interest are wood biomass components due to the high tonnage of annual
formation, high adsorption characteristics for various pollutants, ease of collection and
modification, etc. There are many international reports about the use of biomass from various
trees as sorption materials, in particular, Azadirachta indica, mango (Mangifera indica), and
others.

This review summarizes information on the use of oak trees' biomass components and
sawdust as sorption materials. Oak (Quércus) is a genus in the Beech (Fagaceae) trees and
shrubs family. The genus includes about 600 species. The natural habitat of the oak includes
the temperate regions of the Northern Hemisphere. The southern boundary of the habitat is the
tropical highlands; several species are also found south of the equator. Oak wood is strong,
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solid, dense, hard, and heavy. Wood properties depend on the growing conditions of the tree.
Oak wood is an excellent building and craft material: it is used for underwater and land
structures, underwater and main parts of wooden ships (mainly summer oak), and as a barrel,
cart, machine, furniture, parquet, and carpentry wood (preferably winter oak); for the latter,
stained oak is particularly valued, water-seasoned for a long time (up to hundred years), with
its dark, almost black wood [16].

The chemical composition of oak wood trees varies significantly depending on many
factors, including the wood species [17]. The wood composition of the Quercus (Q. robur, Q.
alba, Q. prinus, Q. stellate, Q. rubra, Q. lyrata) depends on the species. The content of
cellulose was found to be 38.0-45.7%, hemicellulose 22.2-30.0%, lignin 22.0-29.6%,
extractable substances 3.8-6.6%, and ash content 0.3-0.5% [18].

The representatives of the first group, after hydrolysis by acids or enzymes, form gallic
and ellagic acids. From the chemical point of view, they are esters of benzoic and p-hydroxy-
cinnamic (coumaric) acids of the general formulas given in Figure 1.

0 0
R4 R
a OH b 1 ~ OH
OH
R, Rq HO
Ry Ry
Figure 1. General formulas of tannins in oak wood: (a) benzoic acid, (b) coumaric (hydroxy-cinnamic) acid.

Multiple researchers [19-27] have found the following chemical acids listed in Table 2
and corresponding aldehydes in extracts from wood and other components (bark, leaves,
acorns, rhizome) of oak trees.

Table 2. Chemical compounds in oak wood.

Chemical name Formula
Gallic acid (Figure 2a) R1=R2=R3-0OH,R4-H
Gentisic acid (Figure 2a) R1=R4-0OH R2=R3-H
p-hydroxybenzoic acid (Figure 2a) R2=0H,R1=R3=R4-H
Protocatechic acid (Figure 2a) R1=R4-H, R2=R3-0OH
Syringic acid (Figure 2a) R1=R3-0OCH3, R2-0OH, R4-H
Salicylic acid (Figure 2a) R1=R2=R3-H,R4 —OH
Vanillic acid (Figure 2a) R1=R4-H R2-0OH, R3=0CH3
Coumaric acid (Figure 2b) R1=R2-H
Caffeic acid (Figure 2b) R1-H,R2-0OH
Ferulic acid (Figure 2b) R1-H, R2-0OCH3
Sinapic acid (Figure 2b) R1=R2-0OCH3

The presence of a large number of OH groups in the tannins, which are part of oak
wood chemical compounds, helps remove heavy metal ions from aqueous solutions.

2. Use of Oak Sawdust to Remove Various Pollutants from Aquatic Environments

English oak (Quercus robur) sawdust was studied to remove Cu 2* ions from aqueous
solutions [28-32]. It is found that the highest sorption rates were achieved when treating
sawdust with 3 N aqueous NaOH solution at 22°C [29]. At the initial 0.01 M Cu 2* ions
concentration in the solution, the removal rate of the latter was 89% during 60 minutes of
contact at pH = 3 and the dosage of the sorption material of 12g/dm?3 [30]. It is shown that an
increase in the copper ions concentration in the solution from 0.001 to 0.01 mol/dm? resulted
in a decrease in the removal efficiency from 99.5 to 80%. A slight increase in the removal
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efficiency is observed when using a combination of oak sawdust with activated carbon in
various ratios [31].

The utilization of H2SOs-modified oak sawdust (Quercus L.) (HMOS) as a new and
promising sorbent for the uptake of an extremely toxic inorganic pollutant, Cr(\V1) ions, from
aqueous media by batch adsorption method has been investigated. The maximum Cr(V1) ions
uptake was achieved at initial solution pH = 2.5 and at an equilibrium time of 240 min. The
adsorption behaviors of Cr(VI1) ions onto both natural oak sawdust (NOS) and HMOS were
analyzed in terms of Langmuir and Freundlich isotherm models, and the Cr(V1) ions adsorption
was obtained to be compatible with both isotherm models. The Cr(VI) ions adsorption
capacities of NOS and HMOS were calculated as 48.07 and 100.00 mg/g, respectively, by
utilizing the Langmuir model [32].

The sorption of Cs* ions by various wood species, including English oak (Quercus
robur) was studied using *** CsCl as a tracer [33]. It was shown that the sorption capacity of
oak wood reached 8mg/g for these ions and increased in the case of using rotten wood.

A new wood chips-ZrO2 biosorbent (W-ZrOz) was synthesized using wood residue
material generated from the Quercus robur tree during furniture manufacturing. Biosorbent was
tested for the simultaneous removal of both chromium (Cr) ions: Cr(111) and Cr(V1), in the
binary component solution. The optimal pH for simultaneous removal of both Cr(Ill) and
Cr(VI) chrome ions is pH = 4.0, with removal efficiency over 99.5 % in both cases. Equilibrium
experimental results are best fitted by the Langmuir sorption isotherm model. The maximal
sorption capacities of the biosorbent for simultaneous removal of Cr(111) and Cr(V1) ions in the
binary-component system are 16.18 and 83.52 mg/g, respectively [34].

The sorption of Si?*, Fe?*, and Zn?' ions by the sawdust of various tree species,
including oak, was studied. It was established that at the initial 20mg/dm?® concentration of
these ions and the 10g/dm3sawdust concentration in simulated solutions, the removal rate of
Cu?" ions was 51%, Zn?" ions - 50%, Fe?" ions - 44%. At the initial metal ions concentration
of 50mg/dm?d, the removal efficiency was 28, 29, and 36%, respectively [35].

The sorption characteristics of oak sawdust can be improved by chemical modification
of the latter. It is reported that the study of sorption purification from Cu?*, Ni?*, and Cr(VI)
ions by sawdust of kermes oak (Quercus coccifera) treated with HCI solutions at 20 =°C. The
experiments have shown that the greatest Si%*, Ni?*, and Cr®* ions removal rates were provided
by an increase in the dosage and time of contact of sawdust with sorbate. It was noted that the
pH value significantly affects the sorption efficiency. It was determined that the greatest C*
ions removal rate (94%) is achieved at pH = 4 and sawdust dosage of 40g/dm?, Ni* ions (82%)
— at pH = 8 andsawdust = 30 g/dm3, Cr(VI) ions (84%) — at pH = 3 andsawdust = 60 g/dm3[36]
Sorption isotherms for these metal ions at the initial concentration of the latter from 0.01 to
100 mg/dm?® are plotted and calculated using the Langmuir and Dubinin-Radushkevich
equations. It is shown that the isotherms were more adequately described by the Langmuir
model (R? = 0.92-0.99), and the sorption kinetics follow the pseudo-second-order model. The
thermodynamic process parameters at T = 293-313 K were determined.

It was determined that the AG value during adsorption of Cu?* ions is -2.840- -3.330
kJ/mol, Ni?* — ions -2.898- -3.156 kJ/mol, Cr (VI) ions — -1.295- -1.446 kJ/mol. The AN values
for these ions were 4.331 kJ/mol, 0.876 kJ/mol, and 0.908 kJ/mol, AS values were 0.024 kJ/mol
* K, 0.013 kJ/mol « K and 0.008 kJ/mol « K, respectively [36].

Along with heavy metal ions, oak sawdust was studied for the sorption of various dyes
from simulated solutions. The Methylene blue dye is most often used as a reference for studying
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the sorption characteristics of various sorbents [37]. Oak sawdust was also used to study the
sorption of the said dye from aqueous solutions [38-41]. In particular, the sorption of the
Methylene blue dye from aqueous solutions with an initial concentration of 1000mg/dm? by
native oak sawdust was studied [38]. The maximum sorption capacity was found to be
29.94mg/g. It was determined that the adsorption isotherm was more adequately described by
the Langmuir equation, and the adsorption kinetics follows the second-order model. At the
same time, it was determined in [39] that sorption is most fully described by the Freundlich
equation, and sorption kinetics is more clearly described by the pseudo-second-order model.

The sorption process parameters were determined for Methylene blue dye removal at
an initial concentration of 200mg/dm? at 22°C: pH = 12, t = 120 min, Csorp = 5g/dm®. It was
determined that the sorption isotherms were more fully described by the Freundlich equation
(R? = 0.9888), and the sorption kinetics followed the pseudo-second-order model with
intraparticle diffusion. The thermodynamic parameters of the sorption process were
determined.

The thermodynamic parameters of the process were determined, which were in the
temperature range 295-333 ° C: AG =-2.43 - -9.12 kJ/mol, E, = 52.2-52.5 kJ/mol, AN = 49.75
kJ/mol, AS = 177.67 J/mol « K. The thermodynamic parameters indicate that adsorption is a
spontaneous and endothermic process. The activation energy is higher than 42kJ/mol, which
indicates a controlled chemical process [40].

In the case when sawdust is treated with 0.1 N sulfuric acid solution, the authors of [41]
arranged the adequacy of the models for describing the sorption isotherm in a row according
to R? value: Langmuir > Tyomkin >> Freundlich, which contradicts the above information.

Sawdust of 10 tree species, including those of English oak (Quercus robur) and sessile
oak (Quercus petraea) was used to remove methylene blue from simulated solutions. It was
revealed that under the following experiment conditions (Cdye = 50mg/dm?, t = 120min, T =
298.15K, Sorbent = 10 g/dm?3, 150 rpm), the extraction efficiency of the said dye exceeded
95% [42].

Has been made to use oak (Quercus coccifera) sawdust as a potential adsorbent for
basic dye (Astrozone Blue FGRL) removal from an aqueous solution. The experimental data
at four initial dye concentrations (25, 50, 100, and 200 mg/dm?) were analyzed by the pseudo-
first-order, pseudo-second-order, Elovich, and intra-particle diffusion Kkinetic models.
Thermodynamic parameters, enthalpy change (AH = 19.44 kJ/mol), entropy change (AS =
81.77 J/mol+K), and Gibbs free energy change (AG =-4.519, -5.336 and -6.154 kJ/mol at 293,
303 and 313 K) were calculated for the uptake of the dye and indicated that the adsorption was
a spontaneous and endothermic process. Kinetic studies of the data showed that the adsorption
follows the pseudo-second-order kinetic model [43].

Kinetic and thermodynamic characteristics of Methyl orange dye sorption by hardwood
sawdust, including oak (Querqus robur), were studied. The initial dye concentration was 0.005-
0.12 mg/dm?3, and the maximum sorption capacity calculated from the Langmuir equation was
0.013 mg/g. Itis found that the isotherm of sorption by oak sawdust was most clearly described
by the Freundlich equation (R? = 0.981), and the kinetics of the sorption process corresponded
to the pseudo-second-order model (R? = 0.9957) [45].

The aim of the study was to screen the waste wood biomass of 10 wood species,
including sawdust of Quercus robur and Querces petraea, as biosorbents for the elimination
of the artificial dye Congo Red (CR) from water. According to the findings, the efficiency of
CR removal increased as biosorbent concentration and contact duration increased. Sorting
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waste biomass from various wood types to use as biosorbents to remove CR from aqueous
solutions (Withcr = 50 mg/dm?, Withsorbent = 10 g/dm?, t = 360 min, T = 298.15 K, v = 150
rpm) showed that the efficiency of the dye removal by sawdust of Quercus robur and petraea
Querces amounted to 32.1 and 29.0 %, respectively [46].

Oak sawdust was also used for adsorbing 10 dyes, of which 3 dyes, viz. Direct Orange
8, Direct Brown 2, and Basic Blue 86, showed the highest values of the maximum sorption
capacity, which amounted to 6.36, 9.3, and 33.47mg/g, respectively [47].

Oak sawdust pretreated with cetyltrimethylammonium bromide was studied to extract
the Food Green 3 dye from simulated solutions. The maximum sorption capacity was found to
be 36.6mg/g. It is found that the sorption isotherm was more adequately described by the
Freinlich equation, and the adsorption kinetics was described by the Elovich model. Calculated
values of the free energy of biosorption, based on the Dubinin-Radushkevich equation (E <8
kJ/mol) and thermodynamic studies (0 < AG ° < -20kJ/mol), indicate a spontaneous
physisorption [48].

In addition to sawdust, oak wood processing gives chips and shavings. The latter has
also been studied as sorption materials for removing pollutants from aqueous media.

Thus, it is reported that oak petiolate (Quercus robur) shavings were studied to remove
Cu?* and Cr(111) ions from simulated aqueous solutions. It was reported that the lignin content
in the wood under study was 24.9%, and the chip surface area was 317m?/g. At an initial
concentration of Cu?* ions in a 0.01 mmol/dm3 solution and Cr 3" ions - 0.0067 mmol/dm?, the
sorption capacity for these ions was 2.68 mg/g and 1.72 mg/g, respectively [49].

Also, a new lignocellulosic-Al203 hybrid biosorbent (LC-Al203) was synthesized using
wood residue material from the oak tree (Quercus robur). Biosorbent was tested for the
simultaneous removal of three different types of pollutants: Cu?* ions, textile dye Reactive
Blue 19, and fungicide cyprodinil in the multi-component model solution and natural water. In
order to define optimal process parameters for the simultaneous removal of all three pollutants,
the effects of pH, temperature, sorbent dose, pollutants concentration, and hydrodynamic
conditions on the sorption process were investigated. Sorption of pollutants onto LC-Al203
was highly pH-dependent, and the optimal pH = 5, with removal efficiency near 98% for all
three pollutants. Sorption kinetics followed pseudo-second-order, intraparticle diffusion, and
Chrastil's models, which suggest that both surface reaction and diffusion were rate-limiting
steps. Equilibrium experimental results are best fitted by the Langmuir sorption isotherm
model. The maximal sorption capacities of the biosorbent for simultaneous removal of
pollutants in a multi-component system are 15.69 mg/g for Cu?* ions, 29.99 mg/g for Reactive
Blue 19, and 20.97 mg/g for cyprodinil [50].

3. Use of Oak Bark to Remove Various Pollutants from Aquatic Environments

As previously mentioned [16], the bark of oak trees contains most of the tannins, which
is determinative for using the latter to remove heavy metal ions from aqueous solutions. In this
regard, the bark of oak trees has been widely studied as a sorption material to remove various
pollutants from aqueous solutions [51, 52].

In particular, the composition of the Austrian oak (Quercus cerris) bark was determined
in [53]. It was determined that Quercus cerris bark consists of 28.5% suberin, 28.1% lignin,
and 16.7% extractable substances, and the ash content is 2.6%. Of the non-cellulose
monosaccharides, xyloses predominate (27.8% of the total neutral sugars), with arabinose and

galactose (11.5% and 7.9%, respectively). Suberin consists mainly of long-chain w-hydroxy
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acids accounting for 90% of all long-chain monomers and including o, w-diacids (less than
8%) and a small amount of alkane acids Cis and Cis, and alkanols C2o, C22 and C24. Of particular
interest is the use of cork oak (Quercus suber) bark as a sorption material, which is widely used
for the manufacture of corks for capping wine bottles. The structure, composition, and
mechanical properties of Quercus suber bark are given in the review [54]. The honeycomb
structure of the cork oak bark is interesting. Such structure provides chemisorption and physical
sorption on the surface and inside the cells of the sorption material.

The bark of Quercus cerris [55] and Quercus suber [56] was studied as a sorption
material to remove Cr(VI) ions. It was found that using native Austrian oak bark at 25mg/dm3
initial chromium ion concentration resulted in the maximum sorption capacity of 21.69 mg/g
at pH = 3 and 48 hours of contact [55]. In the case of native Quercus suber bark, the maximum
sorption capacity (17.0mg/qg) is achieved at pH = 2, other things being equal [56].

Studies have been made on the removal of Cu 2* and Ni 2* ions by cork oak (Quercus
suber) bark. It was determined that the greatest removal degree of these ions occurs at pH = 6-
7 [57]. The presence of NaCl in simulated solutions contributes to a decrease in sorption
efficiency. The maximum sorption capacity for these ions was established at their initial
concentration in solution equal to 100 mg/dm?3: for Cu?* ions — 2.64mg/g, for Ni?* ions —
4.09mg/qg. It is determined that the adsorption isotherms are more accurately described by the
Langmuir equation [57].

Cork oak (Quercus suber) bark has also been studied as a biosorbent for Cu?*, Zn?*,
and Ni%* ions [58]. The maximum sorption capacity for these ions was 0.63, 0.76, and
0.34meq/qg, respectively. It is shown that ion exchange plays a more important role in the
adsorption of Cu?* and Ni?* ions than in the adsorption of Zn?* ions. An important role in the
chemisorption of these ions is played by carboxyl groups in bark, produced through the Fischer
esterification reaction. Cork oak Quercus suber bark pretreatment with various chemical
reagents was studied to improve sorption characteristics. The studies conducted have revealed
that treatment with 0.5M NaCl solution contributes to a 30% increase in the sorption capacity
for Cu2+ ions. Also, preheating or boiling the bark in alkaline solutions, as well as treatment
in NaClO and NalOs solutions, contribute to an increase in sorption capacity by 70-80% [59].

Korean researchers studied the effect of phosphorylation of sawdust and bark of
sawtooth oak (Quercus acutissima) on the efficiency of Cu?*, Zn?*, Cd?*, and Pb?* ions removal
from simulated solutions with an initial ion concentration of 25 or 50 ppm. [60]. The
phosphorylated sawdust and bark contained phosphorous of 1.2~1.3% in the treatment for 1 hr
and 1.4~1.7% for 2 hrs, regardless of species and tree segments. The sawdust indicated a
considerable increase in the adsorption ratio of Cu?*, Zn?*, and Cd?*. However, the adsorption
of Pb?* was a little increased. It is shown that phosphorylation of oak wood sawdust increases
the degree of removal of these ions compared to bark.

Cr(I11), Cu?*, Ni?*, Pb?*, and Zn?" ions sorption by the bark of several tree species,
including English oak (Quercus robur), was studied. It was found that the maximum sorption
capacity for these ions was (mol/g): 0.05, 0.09, 0.06, 0.08, and 0.06, respectively [61].

Hg?* ions adsorption by various sorption materials, including the bark of eastern black
oak (Quercus velutina), showed that the maximum sorption capacity for these ions was
2mmol/g [62].
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4. Use of Oak Leaves to Remove Various Pollutants from Aquatic Environments

The leaves of various tree species have been extensively studied as sorption materials
to remove various pollutants from aqueous media [63-66]. Renewable biomass, ease of
collection, large sorption surface, and good adsorption characteristics are among the reasons
for the effective use of foliage as adsorbents.

Removal of Pb?*, Cd?*, and Cr(V1) ions by using chemically modified Quercus dilatata
leaves (CMQDL) treated with HNOs and CaClz solutions. The maximum biosorption
capacities for remediation of Pb?*, Cd?*, and Cr(VI1) ions via CMQDL were 17.54, 20.408, and
20.83 mg/qg, respectively, at the optimal conditions. Freundlich isotherm model best evaluates
the equilibrium data with high regression correlation coefficient R? = 0.985, 0.826, and 0.919
for eliminating Pb?* Cd?*, and Cr(VI) ions, respectively. The kinetic study proposed that the
remediation operation best obeyed the kinetic pseudo-second-order model. The calculated
thermodynamics functions like change in entropy (AS°®), change in enthalpy (AH®), and Gibbs
free energy (AG°) revealed that the removal of Pb?* ions via the CMQDL was viable,
exothermic, and spontaneous, Cd?" ions were endothermic and spontaneous and Cr(VI) ions
was endothermic and non-spontaneous [67].

Oak tree leaves have also been studied as sorption materials to remove heavy metal ions
from simulated solutions. Thus, in particular, holm oak (Quercus ilex) foliage was studied for
the adsorption of Cd?*, Cr(VI), Cu?, Ni?*, and Pb?* ions [68]. At 10mg/dm? initial
concentration of these ions in simulated solutions, the authors arranged metal ions in a row
according to the removal efficiency: Ni (62%) > Cd (53.2%) > Pb (39.5%) > Cu (20.0%) > Cr
(8.2%). The possibility of partial regeneration of the sorption material using EDTA sodium salt
is shown.

5. Use of Oak Fruits to Remove Various Pollutants from Aquatic Environments

There are a number of publications on the use of oak acorn components as sorption
materials, which are a dry single-seeded syncarp lower fruit with a hard leathery pericarp,
partially or completely enclosed in a cup. It is assumed that the cup is formed from connate
axes and bracts of the reduced inflorescence. Oaks have only one acorn in the cup.

The composition of oak acorns includes a huge amount of organic compounds. [69]
provides a review of information on the content of chemical compounds in acorns of oak trees
of various species. It is shown that the latter includes both pyrogallol with a mass of 126,
particularly trigalloyl hexahydrodiphenoyl glucoside (m/z = 938) and pentagalloyl glucoside
(m/z = 940), as well as many other chemical compounds. The presence of a large number of
OH groups in the structure of chemical compounds in oak acorns, as can be expected, will
contribute to high sorption characteristics with respect to heavy metal ions.

In light of the above, the adsorption of Cr(VI) ions by Mount Tabor oak (Quercus
ithaburensis) acorn waste under static conditions was studied [70]. It was determined that the
maximum adsorption occurred at pH = 2.0. It was found that the maximum sorption capacity
was 31.48 mg/g with an initial Cr(\V1) ions content in the solution of 400mg/dm? at 25°C. It
was determined that the adsorption isotherms at different temperatures were most adequately
described by the Freinlich and Langmuir models, and the kinetics of the process was described
by a pseudo-second-order model. The thermodynamic sorption parameters were determined at
pH = 2 and the initial concentration of Cr(V1) ions of 200mg/dm?®: AG ° = -1.16, -2.80, and -
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4.71kJ/mol at temperatures of 298, 318, and 333 K, respectively; AH = 28.75 kJ/mol, AS =
100.43 J/mol*K [70].

The adsorption of Cr(VI1) ions by the shells of English oak (Quercus robur) acorns was
studied. In an equilibrium time of 420 min, the maximum Cr(V1) ions removal at pH = 2 and
pH = 10 was 100 and 97 %, respectively. The sorption data fitted well with the Model for
Langmuir binding. Langmuir expression analysis revealed a monolayer sorption capacity of
47.39 mg/ml. g with an equilibrium sorbent dose of 5 g/dm? and pH = 7. The uptake of Cr(VI)
by oak acorns was described by a pseudo-second-order chemisorption model [71].

The ability of Quercus crassipes acorn shells (QCS) to remove Cr(VI) ions from
aqueous solutions was investigated as a function of the solution pH, ionic strength, and
background electrolytes. Cr(V1) ions removal rate increased as the solution pH decreased. NaCl
ionic strengths lower than 200 mM did not affect chromium removal. The presence of 20 mM
monovalent cations and anions, and divalent cations, slightly decreased the removal of Cr(VI)
and total chromium by QCS; in contrast, divalent anions (SO4%", PO4%, COs%) significantly
affected the removal of Cr(V1) and total chromium. The biosorption kinetics of chromium ions
followed the pseudo-second-order model at all solution pH levels, NaCl ionic strengths, and
background electrolytes tested [72].

Continuous fixed-bed column studies were carried out, utilizing acorn shells from
Quercus crassipes Humb. & Bonpl. (QCS), in order to remove total chromium and Cr(V1) ions
from the aqueous solution. Results from the fixed-bed column experiments demonstrate that
total chromium biosorption and Cr(V1) ions removal by QCS depends strongly on the pH of
the influent solution. The highest capacities for Cr(VI) ions removal and total chromium
biosorption are about 181.56 and 110.35 mg/g and are achieved at influent solution pH = 1.0
and 2.0, respectively. Besides this, total chromium biosorption capacities increased from
104.25 to 116.14 mg/g, 109.07 to 117.44 mg/g, and 85.02 to 129.87 mg/g as bed height, inlet
flow rate, and influent Cr(VI) ions concentration increased from 1.7 to 6.5 cm, 0.25 to 1
sm3/min, and 50 to 400 mg/dm?®, respectively. X-ray photoelectron spectroscopy and
biosorption kinetic studies revealed that QCS is able to remove Cr(V1) ions from acidic liquid
solution by means of a complex mechanism that involves the binding of Cr(VI) ions oxyanions
to positively charged groups present at the QCS surface, after which the Cr(V1) species are
reduced to Cr(l1l) by adjacent electron donor groups, and the generated Cr(lll) ions then
become partially bound to the QCS biomass and partially released into the liquid phase [73].

Also, the sorption of Cr(V1) ions at a concentration of 50-200mg/dm?® by Mount Tabor
oak (Quercus ithaburensis) acorn shells was studied under dynamic conditions [74, 75]. It was
determined that at an initial concentration of Cr(VI) ions of 100mg/dm?, the height of the
sorption material layer with dimensions of 1-3mm 10cm (10g) and a rate of 10cm®/min, the
highest absorption degree for these ions occurred at pH = 2. An increase in the pH of the
aqueous medium contributes to a decrease in efficiency.

Pericarps of Algerian Quercus ilex and Quercus suber were used as Cu?* ions
adsorbents in artificially contaminated solutions. The lignocellulosic fractions of Quercus
suber and Quercus. ilex (36.47+9.1 and 47.66+9.3, respectively) were characterized by FTIR
before and after adsorption. Cu?* ions adsorption range was 23.59-48.06 mg/g for Quercus
suber and 22.56-38.19 mg/g for Quercus ilex when Cu?" ions concentration was 100-500
mg/dm?3. Adsorption isotherms and Langmuir and Freundlich models of the Quercus suber and
Quercus ilex lignocellulosic fractions indicated natural Cu?* ions adsorption capacities (Qmax)
of 53.76 mg/g and 36.06 mg/g [76].
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Dry acorn caps of Quercus robur were used as a non-modify natural adsorbent. The
batch experiments were carried out to remove copper ions in water that has an initial low
concentration (1-2.5 mg/dm®) by the prepared natural adsorbent. It was found that the
maximum degree of Cu?* ion removal occurred at pH = 7, E = 45° C, contact time 60 minutes,
and adsorbent dosage of 10g/dm?®. It was found the removal efficiency was 84%, and the
adsorption capacity was 0.336 mg/g [77]. It was found that the adsorption isotherm is more
accurately described by the Freundlich model, and the process kinetics follows the pseudo-
second-order model [78].

Two biomasses derived from fruit shells of oak (Quercus ilex) and casuarina were used
for the first time as adsorbents for the retention of copper ions Cu?* and methylene blue by
adsorption. The highest capacity of adsorption of methylene blue was founded for activated
casuarina, 667 mg/g after 2 h of contact, and 83 mg/g for copper ions by activated oak after 3
h [79].

Investigated the effect of ionic strength and background electrolytes on the biosorption
of Ni%* ions from aqueous solutions by the acorn shell of Quercus crassipes Humb. & Bonpl.
A NaCl ionic strength of 0.2 mM was established to have no effect on the Ni?* ions biosorption,
and the biosorption capacity of the heavy metal decreased as the ionic strength increased from
2 to 2000 mM. The background electrolytes (KCI, NaNOs, Na2SOas, CaClz, MgSOa4, and
MgCl2) had no adverse effects on the biosorption of Ni?* ions at a concentration of 0.2 mM.
However, at background electrolyte concentrations of 2 and 20 mM, divalent cations (Ca®* and
Mg?*) had greater negative effects on the biosorption of Ni?* ions compared to the monovalent
cations (Na* and K™).

Additionally, the SO4* and CI- anions affected the biosorption of Ni?* ions. The
fractional power, Elovich, and pseudo-second-order models represented the kinetic processes
of the biosorption of Ni?* ions adequately [80]. Modeling of the Ni?* ions biosorption kinetic
and equilibrium data showed that the best agreement of experimental data was achieved with
the pseudo-second-order kinetics model and the Freundlich isotherm model, respectively. The
calculated thermodynamic parameters indicated that the Ni%* ions biosorption process was
endothermic, non-spontaneous, and chemical [81].

Also, it was to investigate the applicability of removing Pb?" ions from aqueous
solutions using an acorn (Quercus ithaburensis) shell using a batch adsorption process. Various
experimental parameters such as adsorbent dose, pH, and contact time were studied to observe
their effects on the Pb?* ions adsorption process. At optimum values of the above-mentioned
parameters, more than 90 % removal efficiency was obtained within 2 minutes at acorn shell
amount of 1 g/100 sm*, pH range of 2-6 for Pb?" ions with an initial concentration of 100
mg/dm?3 [82].

The crushed biomass of acorn cups was used as a sorption material to remove Cr(VI)
ions and Basic Red 18 and Acid Red 111 dyes [83]. The sorption material under study was
pretreated with a 1 M solution of HNOs for 24 hours. It was noted that the adsorption isotherms
were adequately described by the Langmuir equation at different pH values of the medium.
The values of the maximum sorption capacity calculated from the Langmuir equations were
156.2, 7.99, and 6.54 mg/g for Basic Red 18, Acid Red 111, and Cr(VI) ions, respectively.
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6. Use of Oak Tree Component Extracts to Remove Various Pollutants from Aquatic
Environments

It should be noted that it is not always possible to achieve high sorption characteristics
for various pollutants due to the fact that the adsorption process occurs on the surface of
sorption materials only. Recently, a new area in water purification and treatment has been
developing, i.e., the use of extracts, particularly those produced from tannin-containing raw
materials, such as coagulants, flocculants, and complexing agents [84-88].

In particular, due to their high antioxidant capacity and advantageous reducing qualities
for the environment, greenleaf extracts have been utilized as reducing agents in synthesizing
numerous nanoparticles. For this comparative analysis of the synthesis of iron oxide
nanoparticles for arsenic adsorption, five distinct plant species were used. Black tea leaves
(Camellia sinensis), oak tree leaves (Quercus virginiana), green tea leaves (C. sinensis),
pomegranate leaves (Punica granatum), and eucalyptus leaves were the plants whose leaves
were chosen (Eucalyptus globulus). Using the leaves mentioned above, iron nanoparticles were
created using the green synthesis technigque. Kinetic and adsorption isotherm studies were used
to evaluate the nanoparticles' capacity for adsorption. Eucalyptus leaf nanoparticles were
defined to have the highest arsenic adsorption capacity of 39.84 mg/g, followed by oak leaf
nanoparticles with an adsorption capacity of 32.05 mg/g. The experiments showed that the
adsorption kinetics obeyed the quadratic pseudo-rate equation and that the Langmuir equation
could best describe the adsorption isotherm data. [89].

It also investigates the performance of oak (OL), and mulberry (ML) leaves for
synthesized nanoscale zero-valent iron (nZVI) in immobilizing Cu?" and Ni?* ions in
contaminated sediment. The leaves were ground with a kitchen chopper, then sieved with a 2
mm sieve and pre-dried at 50°C in an oven for 48 h. The amount of 3.7 g oak leaves was
measured and put into a 300 ml conical flask, 100 ml of water was added. The flask was then
placed in a stirring bath at 80°C for 20 min [90]. Characterization of synthesized Fe
nanoparticles from oak and mulberry leaf extracts demonstrated that they are non-toxic and
stable nanomaterials for application in sediment remediation. The effectiveness of the
stabilization process was performed by microwave-assisted sequential extraction procedure
and single-step leaching tests which were applied to evaluate the metal extraction potential.
This research showed that OL-nZVI and ML-nZVI were effective in transforming available
Cu?* and Ni?* ions into a stable fraction. The maximum residual percentage of Cu?* ions
increased by 76% and 73% and for Ni%* ions by 81% and 80%, respectively, with the addition
of 5% OL-nZVI and 5% ML-nZVI [91]. Batch experiments revealed that the adsorption
kinetics followed a pseudo-second-order rate equation. The Freundlich model could well
describe the obtained adsorption isotherm data, and OL-nZVI showed higher adsorption
capacity for Ni?* ions removal than ML-nZ V1, while ML-nZVI adsorption capacity was higher
for Cu?* [92].

The potential use of nZVI particles as a cheap, natural, and effective catalyst in a
phenton system to remove an aqueous Magenta flexographic dye from an aqueous solution is
being investigated. The influence of four quantitative parameters on decolorization efficiency
was investigated: initial dye concentration (20-180 mg/dm?), OAKnZVI dosage (0.75-60
mg/dm?), H202 concentration (1-11 mM), and pH value (2-10). The optimization yielded the
highest removal efficiency of 91.95% under the following conditions: initial dye concentration
of 180 mg/dm?®, OAK-nZVI dosage of 60 mg/dm?, H202 concentration of 11 mM, and pH = 2.
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Treatment of real effluent under optimized experimental conditions resulted in 84.06%
Magenta removal after a reaction time of 60 min [93].

Considers the issues of using extracts from oak bark (Quercus ruber) for wastewater
treatment from Cr(VI) ions are considered. The extracts were obtained by leaching sawdust
with distilled water and an aqueous alkali solution by boiling for 1 hour at a ratio of 1:10,
respectively, for the complete extraction of the organic component into the aqueous medium.
The principle of purification is the formation of aggregates, formed by the contact of organic
colloidal compounds (tannins) with positively charged heavy metal ions. It is established that
the maximum formation of a precipitate is observed in acid media (pH = 2.5) [94]. This paper
investigated the reagent properties of aqueous extracts from crushed oak bark sawdust to
copper ions. For the experiment, the bark was pre-mechanically activated. Purification with
extracts was carried out with model solutions with the concentration of ions Cu?* = 164.3
mg/dm? at pH = 2.5; 4.0; 6.0, and 9.0 to determine the most efficient removal of copper ions.
The purification process was tested at different ratios of the volume of the model solution and
oak bark extracts. It was found that the highest degree of removal of Cu2 + ions is observed at
the ratio solution: extract = 1:1 at pH = 9 [95].

Alkali immersion of oak acorn (Quercus suber), sorghum, and potato has permitted a
good purification and separation of starch granules from the matrix and allowed an extraction
content of about 25%. The extracted starch showed a low capacity for water absorption and no
solubility in water at room temperature, which makes it a good adsorbent and facilitates its
recovery. The dye adsorption study on starch showed that the adsorption capacity content was
12.67 mg/g for oak acorn starch according to the empirical model of Langmuir [96].

7. Conclusions

The paper summarizes literature data on the use of waste (sawdust, shavings) and
biomass components (leaves, bark, acorns) of Quercus trees and the extracts from the above
components to remove metal ions (Cd?*, Cr(I11), Cr(VI), Cs*, Cu?*, Fe?*, Hg?", Ni?*, Pb?*, and
Zn?*) and various dyes from aqueous media. It provides brief information about the
composition of Quercus trees components. It gives the adsorption process parameters and the
values of sorption parameters for the studied pollutants. It was shown that oaks waste and
biomass components’ sorption characteristics for various pollutants could be increased by
chemical modification with various chemical reagents. It was found that most adsorption
isotherms are most accurately described by the Langmuir model and less often by the
Freundlich model. The process kinetics mainly follows the pseudo-second-order model.

Funding

This research received no external funding.
Acknowledgments

This research has no acknowledgment.
Conflicts of Interest

The authors declare no conflict of interest.

https://biointerfaceresearch.com/ 11 of 16


https://doi.org/10.33263/BRIAC141.016
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC141.016

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Shaikhiev, 1.G.; Kraysman, N.V.; Sverguzova, S.V. Using cucurbits by-products as reagents for disposal of
pollutants from water environments (a literature review). Biointerface Res. Appl. Chem. 2021, 11, 12689-
12705, https://doi.org/10.33263/BRIAC115.1268912705.
Shaikhiev, I.G; Sverguzova, S.V.; Galimova, R.Z.: Grechina, A.S. Using wastes of buckwheat processing as
sorption materials for the removal of pollutants from aqueous media: A review. IOP Conf. Series: Mater.
Science Eng. 2020, 945, 1-11, https://doi.org/10.1088/1757-899X/945/1/012044.
Shaikhiev, 1.G.; Kraysman, N.V.; Sverguzova, S.V. Onion (Allium Cepa) processing waste as a sorption
material for removing pollutants from aqueous media. Biointerface Res. Appl. Chem. 2022, 12, 3, 3173-3185,
https://doi.org/10.33263/BRIAC123.31733185.
Shaikhiev, 1.G.; Kraysman, N.V.; Sverguzova, S.V. Use of garlic processing by-products to remove pollutants
from aqueous media. Biointerface Res. Appl. Chem. 2022, 12, 4518-4528,
https://doi.org/10.33263/BRIAC123.31733185.
Yeow, P.K.; Wong, S.W; Hadibarata, T. Removal of azo and anthraquinone dye by plant biomass as adsorbent
- A review. Biointerface Res. Appl. Chem. 2021, 11, 8218-8232,
https://doi.org/10.33263/BRIAC111.82188232.
Meez, E.; Rahdar, A.; Kyzas, G.Z. Sawdust for the removal of heavy metals from water: A review. Molecules,
2021, 26, 4318, 1-21, https://doi.org/10.3390/molecules26144318.
Chakraborty, R.; Verma, R.; Asthana, A.; Vidya, S.S.; Singh, A.K. Adsorption of hazardous chromium (V1)
ions from aqueous solutions using modified sawdust: Kinetics, isotherm and thermodynamic modelling. Int.
J. Environ. Analyt. Chem. 2021, 101, 911-928, https://doi.org/10.1080/03067319.2019.1673743.
Saleh, M.O; Hashem, M.A.; Akl, M. Removal of Hg (1) metal ions from environmenta water samples using
chemically  modified  natural ~ sawdust. Egypt. J.  Chem. 2021, 64, 1027-1034,
https://doi.org/10.21608/EJCHEM.2020.43131.2868.
Kovacova, Z.; Demcak, S.; Balintova, M.; Pla, C.; Zinicovscaia, |. Influence of wooden sawdust treatments
on Cu(ll) and Zn(ll) removal from water. Materials. 2020, 13, 3575, 1-19,
https://doi.org/10.3390/mal3163575.
Tejada-Tovar, C.; Villabona-Ortiz, A.; Ortega-Toro, R.; Mancilla-Bonilla, H.; Espinoza-Leon, F. Potential
use of residual sawdust of Eucalyptus globulus labill in Pb (11) adsorption: modelling of the kinetics and
equilibrium. Appl. Sci. 2021, 11, 1-12, https://doi.org/10.3390/app11073125.
Ighalo, J.O.; Adeniyi, A.G. Adsorption of pollutants by plant bark derived adsorbents: An empirical review.
J. Water Proc. Eng. 2020, 35, 1-24, https://doi.org/10.1016/j.jwpe.2020.101228.
Adeniyi, A.G.; Ighalo, J.O. Biosorption of pollutants by plant leaves: An empirical review. J. Environ. Chem.
Eng. 2019, 7, 103100, 1-33, https://doi.org/10.1016/j.jece.2019.103100.
Tran, H.N.; Nguyen, H.C.; Woo, S.H.; Nguyen, T.V.; Vigneswaran, S.; Hosseini-Bandegharaei, A.;
Rinklebe, J.; Sarmah, A.K.; Ivanets, A.; Dotto, G.L.; Bui, T.T.; Juang, R.; Chao, H. Removal of various
contaminants from water by renewable lignocellulose-derived biosorbents: a comprehensive and critical
review. Critical Reviews Environ. Sci. Technol. 2019, 49, 2155-2219,
https://doi.org/10.1080/10643389.2019.1607442.
Shaikhiev, I.G.; Kraysman, N.V.; Sverguzova, S.V. Review of almond (Prunus dulcis) shell use to remove
pollutants from aquatic environments. Biointerface Res. Appl. Chem. 2021, 11, 14866-14880,
https://doi.org/10.33263/BRIAC116.1486614880.
Svyatchenko, A.V.; Sverguzova, S.V.; Fomina, E.V.; Shaikhiev, I.G. Using leaves and needles of trees
as sorption materials for the extraction of oil and petroleum products from solid and water surfaces.
Lecture Notes Civil Eng. 2021, 160, 299-306, https://doi.org/10.1007/978-3-030-75182-1_40.
Aldrich, P.R.; Cavender-Bares, J. Quercus. In: Kole C. (eds) Wild Crop Relatives: Genomic and
Breeding Resources. Springer, Berlin, Heidelberg. 2011, 89-129, https://doi.org/10.1007/978-3-642-
21250-5_6.
Balaban, M., Ugar, G. Extractives and structural components in wood and bark of endemic oak Quercus
vulcanica Boiss. 2001. 478-486.,
Le Floch, A.; Jourdes, M.; Teissedre, P. Polysaccharides and lignin from oak wood used in cooperage:
composition, interest, assays: A  review. Carbohydrate Res. 2015, 417, 94-102,
https://doi.org/10.1016/j.carres.2015.07.003.
Mangrich, A.S.; Doumer, M.E.; Mallmann, A.S.; Wolf, C.R. Quimica verde no tratamento de aguas: uso de
coagulante derivado de tanino de Acacia mearnsii. Revista Virtual Quimica. 2014, 6, 2-15,
https://doi.org/10.5935/1984-6835.20140002.
Zhang, B.; Cai, J.; Duan, C.-Q.; Reeves, M.J.; He, F. A review of polyphenolics in oak woods. Int. J. Molecul.
Sci. 2015, 16, 6978-7014, https://doi.org/10.3390/ijms16046978.
de Simon, B.F.; Cadahia, E.; Conde, E.; Garcia-Vallejo, M.C. Low molecular weight phenolic compounds
in spanish oak woods. J. Agricult. Food Chem. 1996, 44, 1507-1511, https://doi.org/10.1021/jf9502461.

https://biointerfaceresearch.com/ 120f16


https://doi.org/10.33263/BRIAC141.016
https://biointerfaceresearch.com/
https://doi.org/10.33263/BRIAC115.1268912705
https://doi.org/10.1088/1757-899X/945/1/012044
https://doi.org/10.33263/BRIAC123.31733185
https://doi.org/10.33263/BRIAC123.31733185
https://doi.org/10.33263/BRIAC111.82188232
https://doi.org/10.3390/molecules26144318
https://doi.org/10.1080/03067319.2019.1673743
https://doi.org/10.21608/EJCHEM.2020.43131.2868
https://doi.org/10.3390/ma13163575
https://doi.org/10.3390/app11073125
https://doi.org/10.1016/j.jwpe.2020.101228
https://doi.org/10.1016/j.jece.2019.103100
https://doi.org/10.1080/10643389.2019.1607442
https://doi.org/10.33263/BRIAC116.1486614880
https://doi.org/10.1007/978-3-030-75182-1_40
https://doi.org/10.1007/978-3-642-21250-5_6
https://doi.org/10.1007/978-3-642-21250-5_6
https://doi.org/10.1016/j.carres.2015.07.003
https://doi.org/10.5935/1984-6835.20140002
https://doi.org/10.3390/ijms16046978
https://doi.org/10.1021/jf9502461

https://doi.org/10.33263/BRIAC141.016

22.

23.

24.

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Sanza, M.D.A.; Dominguez, I.N.; Carcel, L.M.; Gracia, L.N. Analysis for low molecular weight phenolic
compounds in a red wine aged in oak chips. Analit. Chim. Acta. 2004, 513, 229-237,
https://doi.org/10.1016/j.aca.2003.11.041.

Da Silva, A.A.; do Nascimento, E.S.P.; Cardoso, D.R.; Franco, D.W. Coumarins and phenolic fingerprints
of oak and Brazilian woods extracted by sugarcane spirit. J. Separ. Sci. 2009, 32, 3681-
3691, https://doi.org/10.1002/jssc.200900306.

de Simén, B.F.; Sanz, M.; Cadahia, E.; Poveda, P.; Broto, M. Chemical characterization of oak heartwood
from Spanish forests of Quercus pyrenaica (wild.). Ellagitannins, low molecular weight phenolic, and
volatile compounds. J. Agricult. Food Chem. 2006, 54, 8314-8321, https://doi.org/10.1021/jf061546t.
Cadahia, E.; Mufioz, L.; de Simdn, B.F.; Garcia-Vallejo, M.C. Changes in low molecular weight phenolic
compounds in Spanish, French, and American oak woods during natural seasoning and toasting. J. Agricult.
Food Chem. 2001, 49, 1790-1798, https://doi.org/10.1021/jf0006168.

Dos Anjos, J.P.; das Cardoso, M.G.; Saczk, A.A.; Dérea, H.S.; Santiago, W.D.; Machado, A.M.R.; Zacaroni,
L.M.; Nelson, D.L. Evolution of the concentration of phenolic compounds in cachaga during aging in an oak
(Quercus  sp.) barrel.  J. Brazil. Chem. Soc. 2011, 22, 1307-1314,
https://www.scielo.br/j/jbchs/a/635MfRtIWTjW4AXPtnZ4NtVsC/?lang=en,

Regalado, E.L.; Tolle, S.; Pino, J.A.; Winterhalter, P.; Menendez, R.; Morales, A.R.; Rodriguez, J.L.
Isolation and identification of phenolic compounds from rum aged in oak barrels by high-speed
countercurrent  chromatography/high-performance liquid chromatography-diode array detection-
electrospray ionization mass spectrometry and screening for antioxidant activity. J. Chromatografy. A. 2011,
1218, 7358-7364, https://doi.org/10.1016/j.chroma.2011.08.068.

Lucaci, D.; Visa, M.; Duta, A. Wood waste for Cu®* removal from wastewater. A comparative study.
Environ. Eng. Manag. J. 2011, 10, 169-174, http://eemj.eu/index.php/EEMJ/article/view/734/0.

Lucaci, D.; Duta, A. Adsorption of Cu?* on white poplar and oak sawdust. Environ. Eng. Manag. J. 2009, 8,
4, 871-876, https://eemj.eu/index.php/EEMJ/article/view/2606.

Lucaci, D.; Duta, A. Comparative adsorption of copper, on oak, poplar and willow sawdust. Bulletin
Transilvania Univer. Brasov, Series I. 2009, 2, 51, 143-150.

Lucaci, D.; Visa, M.; Duta, A. Copper removal on wood-flyash substrates — thermodynamic study. Rev.
Roum. Chim. 2011, 56, 1067-1074, https://revroum.lew.ro/wp-content/uploads/2011/RRCh_10-
11 2011/Art%2018.pdf.

Ozdes, D.; Yildirim, 1.; Duran, C. Adsorptive removal of Cr(VI) ions from aqueous solutions by H;SO4
modified oak  (Quercus L.) sawdust. Turk. J. Anal. Chem. 2020, 2, 7-14,
https://dergipark.org.tr/tr/download/article-file/1165507,

Klein, P. Uber die kationenadsorption im holzgewebe einiger Nadel-und laubhélzer. Holzforschung. 1978,
32, 128-133, https://www.degruyter.com/document/doi/10.1515/hfsg.1978.32.4.128/html.

Velinov, N.; Petrovi¢, M.; Vuéi¢, M.R.; Kosti¢, M.; Mitrovi¢, J.; Bojié, D.; Boji¢, A. characterization and
application of wood-ZrO, sorbent for simultaneous removal of chromium (I11) and chromium (VI) from
binary mixture. Nordic Pulp Paper Res. J. 2021, 36, 373-385, https://doi.org/10.1515/npprj-2020-0082.
Balintova, M.; Demcak, S.; Pagacova, B. A study of sorption heavy metals by natural organic sorbents. Int.
J. Energy Environ. 2016, 10, 189-194.

Argun, M.E.; Dursun, S.; Ozdemir, C.; Karatas, M. Heavy metal adsorption by modified oak sawdust:
thermodynamics and kinetics, J. Hazard. Mater. 2007, 141, 77-85,
https://doi.org/10.1016/j.jhazmat.2006.06.095.

Rafatullah, M.; Sulaiman, O.; Hashim, R.; Ahmad, A. Adsorption of methylene blue on low-cost adsorbents:
A review. J. Hazard. Mater. 2010, 177, 70-80, https://doi.org/10.1016/j.jhazmat.2009.12.047.

Ferrero, F. Dye removal by low cost adsorbents: hazelnut shells in comparison with wood sawdust/ J.
Hazard. Mater. 2007, 142, 1-2, 144-152, https://doi.org/10.1016/j.jhazmat.2006.07.072.

Lucaci, D.; Duta, A. Removal of methyl orange and methylene blue dyes from wastewater using sawdust
and sawdust-fly ash as sorbents. Environ. Eng. Manag. J. 2011, 10, 9, 1255-1262,
http://lwww.eemj.icpm.tuiasi.ro/pdfs/vol10/no9/8_368_Lucaci_11.pdf.

El-Latif, M.M.A.; Ibrahim, A.M.; El-Kady, M.F. Adsorption equilibrium, kinetics and thermodynamics of
methylene blue from aqueous solutions using biopolymer oak sawdust composite. J. Amer. Sci. 2010, 6, 6,
267-283

El-Latif, M.M.A.; Ibrahim, A.M. Adsorption, kinetic and equilibrium studies on removal of basic dye from
aqueous solutions using hydrolyzed oak sawdust. Desalin. Water Treat. 2009, 6, 1-3, 252-268,
https://doi.org/10.5004/dwt.2009.501.

Veli¢, N.; Stjepanovi¢, M.; Begovi¢, L.; Habuda-Stani¢, M.; Veli¢, D.; Jakovljevi¢, T. Valorisation of waste
wood biomass as biosorbent for the removal of synthetic dye methylene blue from aqueous solutions. South-
East Eur. Forestry. 2018, 9, 115-122, https://doi.org/10.15177/seefor.18-13.

Balkaya, N.; Biker, N.; Ergene, B. A study on the use of a waste by-product from saw-mill in the removal
of basic dye from aqueous solution: kinetics and thermodynamics. Desalin. Water Treat. 2017. 93, 303-308,
https://doi.org/10.5004/dwt.2017.21220.

https://biointerfaceresearch.com/ 130f 16


https://doi.org/10.33263/BRIAC141.016
https://biointerfaceresearch.com/
https://doi.org/10.1016/j.aca.2003.11.041
https://doi.org/10.1002/jssc.200900306
https://doi.org/10.1021/jf061546t
https://doi.org/10.1021/jf0006168
https://www.scielo.br/j/jbchs/a/635MfRtWTjW4XPtnZ4NtVsC/?lang=en
https://doi.org/10.1016/j.chroma.2011.08.068
http://eemj.eu/index.php/EEMJ/article/view/734/0
https://eemj.eu/index.php/EEMJ/article/view/2606
https://revroum.lew.ro/wp-content/uploads/2011/RRCh_10-11_2011/Art%2018.pdf
https://revroum.lew.ro/wp-content/uploads/2011/RRCh_10-11_2011/Art%2018.pdf
https://dergipark.org.tr/tr/download/article-file/1165507
https://www.degruyter.com/document/doi/10.1515/hfsg.1978.32.4.128/html
https://doi.org/10.1515/npprj-2020-0082
https://doi.org/10.1016/j.jhazmat.2006.06.095
https://doi.org/10.1016/j.jhazmat.2009.12.047
https://doi.org/10.1016/j.jhazmat.2006.07.072
http://www.eemj.icpm.tuiasi.ro/pdfs/vol10/no9/8_368_Lucaci_11.pdf
https://doi.org/10.5004/dwt.2009.501
https://doi.org/10.15177/seefor.18-13
https://doi.org/10.5004/dwt.2017.21220

https://doi.org/10.33263/BRIAC141.016

44,

45,

46.

47,

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Balkaya, N.; Buker, N.; Ergene, B.T. A preliminary study on removal of basic dye (Astrozone blue FGRL)
using oak sawdust from aqueous solution, Proceed. Int. Conf. Environ. Pollut. Remediat. Toronto-Kanada,
2013, 213.

Lucaci, D.; Duta, A. Adsorption of Methyl orange from wastewater using sawdust and sawdust-fly ash
substrates. Review Chimica. 2011, 62, 741-745, . http://bch.ro/pdfRC/LUCACI%20D.pdf%207%2011.pdf.
Stjepanovic, M.; Velic, N.; Galic, A.; Kosovic, I.; Jakovljevic, T.; Habuda-Stanic, M. From waste to
biosorbent: removal of Congo red from water by waste wood biomass. Water. 2021, 13, 1-17,
https://doi.org/10.3390/w13030279.

Dulman, V.; Cucu-Man, S.; Popa, V.l. Sorption of some textile dyes by oak wood sawdust. Cellulose Chem.
Technol. 2002, 36, 515-525, http://dx.doi.org/10.1016/j.jhazmat.2008.06.046.

Deniz, F.; Kepeksi, R.A. Biosorption of Food Green 3 by a novel green generation composite biosorbent
from aqueous environment. Int. J. Phytoremed. 2017, 19, 579-586,
http://dx.doi.org/10.1080/15226514.2016.1267707.

Kokorevics, A.; Gravitis, J.; Chirkova, E.; Bicovens, O.; Druz, N. Sorption of chromium (111) and copper (I1)
ions on biodamaged wood and lignin. Cellul. Chem. Technol. 1999, 33, 251-266,
https://www.researchgate.net/publication/220026311_Sorption_of chromiumlil_and_copperll_ions_on_bi
odamaged_wood_and_lignin.

Velinov, N.; Mitrovi¢, J.; Kosti¢, M.; Radovié, M.; Petrovié, M.; Boji¢, D.; r Boji¢, A. Wood residue reuse
for a synthesis of lignocellulosic biosorbent: characterization and application for simultaneous removal of
copper (II), Reactive Blue 19 and cyprodinil from water. Wood Sci. Technol. 2019, 53, 619-647,
https://doi.org/10.1007/s00226-019-01093-0.

Sen, A.; Pereira, H.; Olivella, M.A.; Villaescusa, |. Heavy metals removal in aqueous environments using
bark as a biosorbent. Int. J. Environ. Sci. Technol. 2015, 12, 391-404, https://doi.org/10.1007/s13762-014-
0525-z.

Ighalo, J.O.; Adeniyi, G.A. Adsorption of pollutants by plant bark derived adsorbents: An empirical review.
J. Water Proc. Eng. 2020, 35, 101228, 1-24, https://doi.org/10.1016/j.jwpe.2020.101228.

Sen, A.; Miranda, I.; Santos, S.; Graga, J.; Pereira, H. The chemical composition of cork and phloem in the
rhytidome of Quercus cerris bark. Ind. Crops Prod. 2010, 31, 2, 417-422,
https://doi.org/10.1016/j.indcrop.2010.01.002.

Silva, S.P.; Sabino, M.A.; Fernandes, E.M.; Correlo, V.M.; Boesel L.F.; Reis, R.L. Cork: properties,
capabilities and applications. Int. Mater. Reviews. 2005, 50, 345-365,
https://doi.org/10.1179/174328005X41168.

A.Sen; M. A. Olivella; N. Fiol; I. Miranda; I. Villaescusa; H. Pereira. Removal of Chromium (V1) in aqueous
environments using cork and heat-treated cork samples from Quercus cerris and Quercus suber.
BioResources. 2012, 7, 4, 4843-4857.

Fiol, N.; Villaescusa, I.; Martinez, M.; Miralles, N.; Poch, J.; Serarols, J. Biosorption of Cr(VI) using low
cost sorbents. Environ. Chem. Let. 2003, 1, 135-139, https://doi.org/10.1007/s10311-003-0027-6.
Villaescusa, 1.; Martinez, M.; Miralles, N. Heavy metal uptake from aqueous solution by cork and yohimbe
bark wastes. J. Chem. Technol. Biotechnol. 2000, 75, 812-816, https://doi.org/10.1002/1097-
4660(200009)75:9%3C812::AID-JCTB284%3E3.0.CO;2-B.

Chubar, N.; Carvalho, J.R.; Correia, M.J.N. Cork biomass as biosorbent for Cu(ll), Zn(ll) and Ni(ll).
Colloids Surf. A: Physicochem. Eng. Aspects. 2003, 230, 57-65,
https://doi.org/10.1016/j.colsurfa.2003.09.014.

Chubar, N.; Carvalho, J.R.; Correia, M.J.N. Heavy metals biosorption on cork biomass: effect of the
pretreatment.  Colloids  Surf. ~ A:  Physicochem. Eng. Aspects. 2004, 238, 51-58,
https://doi.org/10.1016/j.colsurfa.2004.01.039.

Paik, K-H.; Kim, D-H.; Lee, D-H. Heavy metals adsorption by phosphorylated wood and bark. J. Korean
Wood Sci. Technol. 2000, 28, 75-79.

Martin-Dupont, F.; Gloaguen, V.; Guilloton, M.; Granet, R.; Krausz, P. Study of the chemical interaction
between barks and heavy metal cations in the sorption process, J. Environ. Sci. Health. Part A, Toxic/hazard.
Substan. Environ. Eng. 2006, 41, 149-160, https://doi.org/10.1080/10934520500349250.

Masri, M.S.; Reuter, F.W.; Friedman, M. Binding of metal cations by natural substances. Appl. Polym. Sci.
1974, 18, 675-681, https://doi.org/10.1002/app.1974.070180305.

Alekseeva, A.; Fazullin, D.; Kharlyamov, D.; Mavrin, G.; Stepanova, S.; Shaikhiev, I.; Shaimardanova, A.
The use of leaves of different tree species as a sorption material for extraction of heavy metal ions from
aqueous media. Int. J. Pharm. Technol. 2016, 8, 14375-14391.

Bulgariu, L.; Escudero, L.B.; Bello, O.S.; Igbal, M.; Nisar, J.; Adegoke, K.A.; Alakhras, F.; Kornaros, M.;
Anastopoullos, I. The utilization of leaf-based adsorbents for dyes removal: A review. J. Molec. Lig. 2019,
276, 728-747, https://doi.org/10.1016/j.mollig.2018.12.001.

Adeniyi, A.G., Ighalo, J.O. Biosorption of pollutants by plant leaves: An empirical review. J. Environ. Chem.
Eng. 2019, 7, 1-33, https://doi.org/10.1016/j.jece.2019.103100.

Svyatchenko, A.V.; Shaikhiev, I.G.; Sverguzova, S.V.; Fomina, E.V. Using leaves and needles of trees as
sorption materials for the extraction of oil and petroleum products from solid and water surfaces. Environ.

https://biointerfaceresearch.com/ 14 of 16


https://doi.org/10.33263/BRIAC141.016
https://biointerfaceresearch.com/
http://bch.ro/pdfRC/LUCACI%20D.pdf%207%2011.pdf
https://doi.org/10.3390/w13030279
http://dx.doi.org/10.1016/j.jhazmat.2008.06.046
http://dx.doi.org/10.1080/15226514.2016.1267707
https://www.researchgate.net/publication/220026311_Sorption_of_chromiumIII_and_copperII_ions_on_biodamaged_wood_and_lignin
https://www.researchgate.net/publication/220026311_Sorption_of_chromiumIII_and_copperII_ions_on_biodamaged_wood_and_lignin
https://doi.org/10.1007/s00226-019-01093-0
https://doi.org/10.1007/s13762-014-0525-z
https://doi.org/10.1007/s13762-014-0525-z
https://doi.org/10.1016/j.jwpe.2020.101228
https://doi.org/10.1016/j.indcrop.2010.01.002
https://doi.org/10.1179/174328005X41168
https://doi.org/10.1007/s10311-003-0027-6
https://doi.org/10.1002/1097-4660(200009)75:9%3C812::AID-JCTB284%3E3.0.CO;2-B
https://doi.org/10.1002/1097-4660(200009)75:9%3C812::AID-JCTB284%3E3.0.CO;2-B
https://doi.org/10.1016/j.colsurfa.2003.09.014
https://doi.org/10.1016/j.colsurfa.2004.01.039
https://doi.org/10.1080/10934520500349250
https://doi.org/10.1002/app.1974.070180305
https://doi.org/10.1016/j.molliq.2018.12.001
https://doi.org/10.1016/j.jece.2019.103100

https://doi.org/10.33263/BRIAC141.016

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.
84.
85.
86.
87.

88.

https://biointerfaceresearch.com/

Construc. Eng.: Reality Future. Lecture Notes Civil Eng. 2021, 160, 299-306,
https://doi.org/10.1007/978-3-030-75182-1_40.
Salman, S.M.; Zahoor, M.; Shahwar, D.; Nisar, A.; Ali, A.; Khan, H.; Ali, F. Chemically modified
Quercus dilatata plant leaves for Pb (I1), Cd (I1), and Cr (V1) ions remediation from aqueous solution.
Z. Phys. Chem. 2021, 235, 909-929, https://doi.org/10.1515/zpch-2020-1677.
Prasad, M.N.V., Freitas, H. Removal of toxic metals from solution by leaf, stem and root phytomass of
Quercus ilex L. (holly oak). Environ. Pollut. 2000, 110, 277-283, https://doi.org/10.1016/S0269-
7491(99)00306-1.
Vinha, A.F.; Barreira, J.C.M.; Costa, A.S.G.; Oliveira, M.B.P.P. A new age for Quercus spp. fruits: review
on nutritional and phytochemical composition and related biological activities of acorns, Comprehen. Reviews
Food Sci. Food Safety. 2016, 15, 947-981, https://doi.org/10.1111/1541-4337.12220.
Malkoc, E.; Nuhoglu, Y. Determination of kinetic and equilibrium parameters of the batch adsorption of
Cr(VI) onto waste acorn of Quercus ithaburensis. Chem. Eng. Proces. 2007, 46, 1020-1029,
https://doi.org/10.1016/j.cep.2007.05.007.
Kuppusamy, S.; Thavamani, P.; Megharaj, M.; Venkateswarlu, K.; Lee, Y.B.; Naidu, R. Oak (Quercus robur)
acorn peel as a low-cost adsorbent for hexavalent chromium removal from aquatic ecosystems and industrial
effluents. Water Air Soil Pollut. 2016, 227, 1-11, https://doi.org/10.1007/s11270-016-2760-z.
E. Aranda-Garcia, L. Morales-Barrera, G. Pineda-Camacho, E. Cristiani-Urbina, Effect of pH, ionic
strength, and background electrolytes on Cr(VI1) and total chromium removal by acorn shell of Quercus
crassipes Humb. &  Bonpl.  Environ. Monitor.  Assess. 2014, 186, 6207-6221,
https://doi.org/10.1007/s10661-014-3849-8.
Aranda-Garcia, E.; Cristiani-Urbina, E. Hexavalent chromium removal and total chromium biosorption from
aqueous solution by Quercus crassipes acorn shell in a continuous up flow fixed-bed column: Influencing
parameters, Kinetics, and mechanism. PLoS ONE. 2020, 15, €0227953.
https://doi.org/10.1371/journal.pone.0227953.
Malkoc, E.; Nuhoglu, Y.; Abali, Y. Cr(VI) adsorption by waste acorn of Quercus ithaburensis in fixed beds:
Prediction of breakthrough curves. Chem. Eng. J. 2006, 119, 61-68,
https://doi.org/10.1016/j.cej.2006.01.019.
Malkoc, E.; Nuhoglu, Y. Palamut mesesi (Quercus ithaburensis) atagi ile sabit yatakli kolonda Cr(V1)
biyosorpsiyonu. Deu muhedlisik fakultesi fen ve muhedlisik dergisi. 2006, 8, 31-45,
https://acikerisim.deu.edu.tr/xmlui/handle/20.500.12397/2521.
Mébarki, M.; Hachem, K.; Harche, M.K. Lignocellulosic fraction of the pericarps of the acorns of Quercus
suber and Quercus ilex: isolation, characterization, and biosorption studies in the removal of copper from
aqueous solutions. Polish J. Chem. Technol. 2019, 21, 40-47, https://doi.org/10.2478/pjct-2019-0028.
Zeybek, Z.; Dursun, S. Investigation of Cu metal adsorption using acorn caps obtained from Quercus robur
L. Int. J. Environ. Pollut. Environ. Model. 2019, 2, 5, 259-269.
Zeybek, Z.; Dursun, S. Investigation of Copper removal mechanisms on Quercus robur acorn caps:
Equilibrium, Kinetics, thermodynamic and characterization studies. Appl. Water Sci. 2021, 11, 1-14,
https://doi.org/10.1007/s13201-021-01434-0.
Boumediene, F.; Abdallah, O.; Bensebia, B.; Slovak, V. Valorization of oak and casuarina fruit shells to
reduce the rate of copper and methylene blue. Int. J. Environ. Sci. Technol. 2021, 1-10,
https://doi.org/10.1007/s13762-021-03648-w.
Aranda-Garcia, E.; Chavez-Camarillo, G.M.; Cristiani-Urbina, E. Effect of ionic strength and coexisting ions
on the biosorption of divalent nickel by the acorn shell of the oak Quercus crassipes Humb. & Bonpl.
Processes. 2020, 8, 1229, 1-17, https://doi.org/10.3390/pr8101229.
Aranda-Garcia, E.; Cristiani-Urbina, E. Kinetic, equilibrium, and thermodynamic analyses of Ni(ll)
biosorption from aqueous solution by acorn shell of Quercus crassipes. Water Air Soil Pollut. 2018, 229, 1-
17, https://doi.org/10.1007/s11270-018-3775-4.
Celebi, H.; Gok, O. Use of AQIS for adsorption of Pb*2 from aqueous solution. Sigma J. Eng. Nat. Sci. 2017,
35, 1, 69-75.
Berraksu, N.; Ayan, E.M.; Yanik, J. Use of forestry wastes for biosorption of dyes and Cr(V1). J. Chem. 2013,
ID 427586, 1-10, https://doi.org/10.1155/2013/427586.
Banchon, C.; Baquerizo, R.; Mufioz, D.; Zambrano, L. Coagulacién natural para la descontaminacion de
efluentes industriales. Enfoque UTE. 2016, 7, 4, 111-126, https://doi.org/10.29019/enfoqueute.v7n4.118.
Bacelo, H.A.M.; Santos, S.C.R.; Botelho, C.M.S. Tannin-based biosorbents for environmental applications
— A review. Chem. Eng. J. 2016, 303, 575-587, https://doi.org/10.1016/j.cej.2016.06.044.
Arcila, H.R.; Peralta, J.J. Agentes naturales como alternativa para el tratamiento del agua. Revista Facultad
de Ciencias. 2015, 11, 136-153, https://doi.org/10.18359/rfch.1303.
Yin, C-Y. Emerging usage of plant-based coagulants for water and wastewater treatment. Process Biochem.
2010, 45, 1437-1444, https://doi.org/10.1016/j.prochio.2010.05.030.
Kuppusamy, S.; Thavamani, P.; Megharaj, M.; Naidu, R. Bioremediation potential of natural polyphenol rich
green wastes: A review of current research and recommendations for future directions. Environ. Technol.
Innovat. 2015, 4, 17-28, https://doi.org/10.1016/j.eti.2015.04.001.

15 of 16


https://doi.org/10.33263/BRIAC141.016
https://biointerfaceresearch.com/
https://doi.org/10.1007/978-3-030-75182-1_40
https://doi.org/10.1515/zpch-2020-1677
https://doi.org/10.1016/S0269-7491(99)00306-1
https://doi.org/10.1016/S0269-7491(99)00306-1
https://doi.org/10.1111/1541-4337.12220
https://doi.org/10.1016/j.cep.2007.05.007
https://doi.org/10.1007/s11270-016-2760-z
https://doi.org/10.1007/s10661-014-3849-8
https://doi.org/10.1371/journal.pone.0227953
https://doi.org/10.1016/j.cej.2006.01.019
https://acikerisim.deu.edu.tr/xmlui/handle/20.500.12397/2521
https://doi.org/10.2478/pjct-2019-0028
https://doi.org/10.1007/s13201-021-01434-0
https://doi.org/10.1007/s13762-021-03648-w
https://doi.org/10.3390/pr8101229
https://doi.org/10.1007/s11270-018-3775-4
https://doi.org/10.1155/2013/427586
https://doi.org/10.29019/enfoqueute.v7n4.118
https://doi.org/10.1016/j.cej.2016.06.044
https://doi.org/10.18359/rfcb.1303
https://doi.org/10.1016/j.procbio.2010.05.030
https://doi.org/10.1016/j.eti.2015.04.001

https://doi.org/10.33263/BRIAC141.016

89.

90.

91.

92.

93.

94,

95.

96.

Kamath, V.; Chandra, P.; Jeppu G.P. Comparative study of using five different leaf extracts in the green
synthesis of iron oxide nanoparticles for removal of arsenic from water. Int. J. Phytoremed. 2020, 22, 1278-
1294, https://doi.org/10.1080/15226514.2020.1765139.

Slijepcevic, N.; Kerkez, D.J.; Tomasevic-Pilipovic, D.; Becelic-Tomin, M.; Dalmacija, B.; Krcmar, D. Use
of two different approaches to the synthesis of nano zero valent iron for sediment remediation. Global NEST
J. 2018, 1-6, https://doi.org/10.30955/gn;j.002649.

Slijepcevic, N.; Pilipovic, D.T.; Kerkez, D.; Krcmar, D.; Becelic-Tomin, M.; Beljin, J.; Dalmacija, B. A cost
effective method for immobilization of Cu and Ni polluted river sediment with nZVI synthesized from leaf
extract. Chemosphere. 2021, 263, 127816, https://doi.org/10.1016/j.chemosphere.2020.127816.
Poguberovi¢, S.S.;  Krémar, D.M.; Dalmacija, B.D.;  Maleti¢, S.P.;  TomaSevié¢-Pilipovié¢, D.D.;
Kerkez, D.V.; Roncevi¢, S.D. Removal of Ni(ll) and Cu(ll) from agqueous solutions using ‘green’ zero-valent iron
nanoparticles produced by oak and mulberry leaf extracts. Water Sci. Technol. 2016, 74, 2115-
2123; https://doi.org/10.2166/wst.2016.387.

Kecic, V.; Kerkez, D.; Prica, M.; Luzanin, O.; Becelic-Tomin, M.; Pilipovic, D.T.; Dalmacija, B.
Optimization of azo printing dye removal with oak leaves-nZVI1/H202 system using statistically designed
experiment. J. Clean. Prod. 2018, 202, 65-80, https://doi.org/10.1016/j.jclepro.2018.08.117.

Vasilenko, T.A.; Kiryushina, N.Yu.; Semeykin, A.Yu. Wastewater treatment from heavy metals using
extracts of wood processing waste (oak bark). IOP Conf. Series: Mater. Sci. Eng. 2018, 451, 012221, 1-7,
https://doi.org/10.1088/1757-899X/451/1/012221.

Kiryushina, N.Yu.; Vasilenko, T.A.; Sharapov O.N. Purification of aqueous media from copper ions using
extracts from wood processing waste (oak bark). IOP Conf. Series: Mater. Sci. Eng. 2019, 687, 066059, 1-7,
https://doi.org/10.1088/1757-899X/687/6/066059.

Irinislimane, H.; Belhaneche-Bensemra, N. Extraction and characterization of starch from oak acorn,
sorghum, and potato and adsorption application for removal of Maxilon Red GRL from wastewater. Chem.
Eng. Commun. 2017, 204, 8, 897-906, https://doi.org/10.1080/00986445.2017.1325739 .

https://biointerfaceresearch.com/ 16 0f 16


https://doi.org/10.33263/BRIAC141.016
https://biointerfaceresearch.com/
https://doi.org/10.1080/15226514.2020.1765139
https://doi.org/10.30955/gnj.002649
https://doi.org/10.1016/j.chemosphere.2020.127816
https://doi.org/10.2166/wst.2016.387
https://doi.org/10.1016/j.jclepro.2018.08.117
https://doi.org/10.1088/1757-899X/451/1/012221
https://doi.org/10.1088/1757-899X/687/6/066059
https://doi.org/10.1080/00986445.2017.1325739

