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Abstract

A new lignocellulosic-Al,O5 hybrid biosorbent (LC-Al,O;) 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: cationic (copper (II)
ions), anionic (textile dye Reactive Blue 19) and nonpolar (fungicide cyprodinil)
in the multi-component model solution and natural water. Biosorbent characteriza-
tion was performed by Fourier transform infrared spectroscopy, scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX) and X-ray
diffraction analysis. In order to define optimal process parameters for simultane-
ous removal of all three pollutants, effects of pH, temperature, sorbent dose, pol-
lutants concentration and hydrodynamic conditions on the sorption process were
investigated. Sorption of pollutants onto LC-Al,0; was highly pH-dependent and
the optimal pH is 5, with removal efficiency near 98% for all three pollutants. Sorp-
tion 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 the best fitted by the Langmuir sorption
isotherm model. The maximal sorption capacities of the biosorbent for simultane-
ous removal of pollutants in multi-component system are 15.69 mg g~! for copper
(II), 29.99 mg g~! for Reactive Blue 19 and 20.97 mg g~! for cyprodinil. The pre-
sent study shows that using wood residue material to produce a low-cost sorbent
can reduce wood waste and increase reuse/recycling options, and also effectively
decrease the water pollution simultaneously removing heavy metal ion, textile dye
and pesticide from aqueous model solution and contaminated river water.

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s0022
6-019-01093-0) contains supplementary material, which is available to authorized users.
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Introduction

Water pollution is one of the greatest crises facing the world. The largest source
of it is the sewage water without treatment, as well as water coming from pes-
ticide-ridden fields, and chemical waste produced by small and big industries
(Albadarin et al. 2017). Two of the most basic environmental pollutants dis-
charged to water or wastewaters are metals and dyes. Wastewaters contain various
inorganic and organic contaminants, which could pose risks to the environment
and public health. They not only contain high toxicity and color the water body
but also seriously retard photosynthesis and inhibit a normal growth of aquatic
organisms (Lazar 2005). Many industries (employed with dyestuffs, textile, paper
and plastics) use dyes in order to colorize their products and generate a consid-
erable amount of colored wastewaters. Furthermore, waste streams from metal
cleaning and plating facilities and electronic device manufactures may contain a
considerable amount of toxic heavy metals. To avoid these adverse effects, waste-
water must be treated prior to its final discharge into the receiving environment.
Unfortunately, incomplete removal has often been reported for these contami-
nants in wastewater by conventional wastewater treatment technologies.

Among the numerous techniques regarding the removal of environmental pol-
lutants, sorption has been found to be a superior technique as compared to other
methods of wastewater treatment in terms of cost, the simplicity of design and
operation, availability, effectiveness and insensitivity to toxic substances (Amir-
nia et al. 2016; Bektag et al. 2011; Daneshvar et al. 2017; Todorcius et al. 2015).
Sorption, as one of the most promising techniques, can be used to remove differ-
ent types of pollutants as dyes, pesticides, heavy metals and many other (Alq-
adami et al. 2017, 2018; Bektas et al. 2011; Daneshvar et al. 2017; Javadian et al.
2014; Naushad et al. 2015, 2017; Todorcius et al. 2015).

Numerous works present results on the sorption of different types of either
inorganic or organic pollutants on the various sorbents but in the single-compo-
nent aqueous solutions (Alqadami et al. 2017, 2018; Bektas et al. 2011; Danesh-
var et al. 2017; Javadian et al. 2014; Naushad et al. 2015, 2017; Todorcius et al.
2015). Going to more specific/complicated studies, limited works have been
published dealing with the sorption of same-type pollutants in multi-compo-
nent aqueous systems. In those works, the interactions/mechanisms (synergetic
or competitive) among the same-type pollutants were attempted to be clarified
(Albert et al. 2018; Akbari et al. 2015). A few other works reported on the simul-
taneous sorption of organic pollutant and heavy metals in the binary system
(Huang et al. 2015; Jin et al. 2016; Kyzas et al. 2013; Li et al. 2016; Oyanedel-
Craver et al. 2007). However, there is no general rule for the simultaneous sorp-
tion of a heavy metal ion and an organic molecule. On the contrary, the mutual
effects depend on the particular structure of the dyestuff, metal and sorbent. In
some synergetic cases of sorption, there is no effect of metal on organic molecule
sorption (Deng et al. 2013; Huang et al. 2015; Jin et al. 2016; Oyanedel-Craver
et al. 2007). On the other hand, there is a competition (antagonism) between
metal and organic pollutant for the sorption sites (Deng et al. 2013; Kyzas et al.
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2013; Li et al. 2016). In one specific case of multi-component system of three
pollutants, the sorbent could remove only two pollutants in the single-component
system, but simultaneously remove all three pollutants in the three-component
system, because of the interaction and complexation between pollutants (Ma et al.
2016a, b).

In the current work, the coexistence of different-type pollutants, two organic
[textile dye Reactive Blue 19 (RB19) and pesticide cyprodinil] and one inorganic
[copper (IT) ions], in a triplet aqueous system is under consideration. The idea
for the coexistence of heavy metal, reactive dye and pesticide has a real environ-
mental meaning, because apart from dyes and heavy metals from industry, other
potentially problematic contaminants are pesticides and their leaching to ground-
water (Pionke and Glotfelty 1990). Thus, it is ideal and practical to simultane-
ously remove three completely different types of pollutants: cationic copper (II)
ion, anionic reactive dye molecule and nonpolar cyprodinil molecule from natural
water and wastewaters without interaction between them.

As biosorbent hybrid material, chemically modified lignocellulosic biomass
with a small amount of Al,O; (LC-Al,O5) was used. As a starting biomass, wood-
chips from an oak tree (Quercus robur) with lignocellulosic structure, mainly
consisting of 46% cellulose and 24% of lignin, were used (Pettersen 1984). Wood-
chips were generated from wood industries, particularly from furniture manufac-
turing, so in that manner we can reduce waste and increase reuse/recycle options
of woodchips.

Therefore, the novelty of this study was dedicated to using a wood residue indus-
trial material to produce a low-cost sorbent material, which can effectively be used
in the field of wastewater treatment and waste recycling management, to simulta-
neously remove three completely different types of pollutants from natural and
wastewaters. Firstly, LC-Al,O; hybrid was used to remove Cu(Il) ions, RB19 and
cyprodinil from single-component aqueous solutions in order to investigate princi-
pal operational process parameters (pH of the solution, temperature, sorbent dose,
pollutants concentration and hydrodynamic conditions) and optimize the sorption
process. Then, under the optimal parameter conditions, a simultaneous removal of
three pollutants in a multi-component system was done. Appropriate common kinet-
ics, isotherm and thermodynamic models that use various parameters, were applied
to determine the sorption mechanism, equilibrium and sorbent capacity.

Materials and methods

Materials

Cu(NO;),-3H,0, RB19 and cyprodinil were purchased from Sigma-Aldrich.
Al(NO;);-9H,0, HNO; and NaOH were of reagent grade (Merck, Germany). All

chemicals were used without further purification. All solutions were prepared
with deionized water (18 MQ).
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Preparation and characterization of biosorbent

The experiments were performed using a woodchips residue generated from an oak
tree (Quercus robur), which was fractionated by size and washed with deionized
water. 10 g of lignocellulosic biomass was acid-treated (0.3 M HNO;) to remove
bio-accumulated metals and then alkali-treated (1 M NaOH) for 60 min. After that,
the material was mixed with a solution of 1 g of AI(NO;);x9H,0 dissolved in
100 cm™ of deionized water. The suspension was stirred for 0.5 h at 25.0+0.5 °C,
and then, the solution was evaporated. The obtained material was washed with
deionized water and treated by trimethylamine, and then washed with deionized
water until neutral pH and dried at 55+ 1 °C for 5 h. This material was abbreviated
as LC-Al,0;.

The content of Al in the biosorbent was determined using ICP-OES model iCAP
6500 Duo (Thermo Scientific, UK) equipped with a CID86 chip detector. SEM was
performed using the JEOL JSM-5300 equipped with EDS LINK QX 2000 ANA-
LYTICAL. For SEM-EDX analysis, samples were attached to aluminum stubs
using Agar carbon tabs. A JEOL5310LV was used for imaging the samples in low
vacuum mode with an Oxford Instruments X-Max 50 detector for semi-quantitative
EDX analysis. Samples were imaged uncoated. Nominal magnifications of x5.0 k,
10.0 k and 25.0 k were used when imaging the samples. Three random particles
were averaged for EDX analysis. FTIR spectra were recorded by means of BOMEM
MB-100 FTIR spectrometer (Hartmann & Braun, Canada) using KBr pellets con-
taining 1.0 mg of the sample in 150 mg KBr. The instrument was equipped with a
standard DTGS/KBr detector in the range of 4000-400 cm™! with a resolution of
2 cm™!. The crystal structure was analyzed by XRD using filtered Cu Ka radiation
(Ultima IV Rigaku). The experiments were performed in the scan range 26=5-90°
under 40 kV, 40 mA, with scan speed 5 degree/min and steps with 0.02°. Prior to
the measurement, the angular correction was done by a high-quality Si standard.
Lattice parameters were refined from the data using the least square procedure. The
standard deviation was about 1%. The specific surface area was measured by a nitro-
gen adsorption using the Micromeritics Gemini 5 Surface Area Analyzer, USA. The
sample was degassed under flowing nitrogen at 90° C overnight.

Batch sorption experiments

Working model solutions of Cu(Il) ions and RB19 were prepared by the appropriate
dilution of the stock solutions (0.1000 g dm~). Working model solutions of cyprod-
inil were prepared by the appropriate dilution of the stock solutions (0.1000 g dm™)
in 10% ethanol. The pH of the solutions was adjusted with 0.1/0.01 mol dm~ NaOH/
HNO; solutions pH-metrically (Orion Star A214, Thermo Fisher Scientific, USA). In
order to maintain a certain temperature, all experiments were carried out in the water
bath by recirculating water from a thermostatic bath Julabo F12-ED (Refrigerated/
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Heating Circulator, Germany). In order to examine the hydrodynamic conditions and
ultrasound power effect, experiments were conducted in an ultrasonic bath (Sonic,
Serbia; total nominal power: 50 W) that operates at 40 kHz frequency. The aliquots
of the solution were taken before the sorption started and after particular periods of
time.

The concentrations of Cu(Il) ions in the solution were determined by an atomic
adsorption spectrometer Analyst AA 300 (PerkinElmer, USA). Dye concentration was
measured using UV-Vis spectrophotometer UV-1800 (Shimadzu, Japan) at 592 nm.
Cyprodinil concentration was determined using the Dionex Ultimate 3000 HPLC sys-
tem (Thermo Scientific, USA). The limit of detection (LOD) for cyprodinil is approxi-
mately 0.03 ppm (Vaquero-Fernandez et al. 2008).

The amount of sorbed pollutants ¢, (mg g~ !) and the removal efficiency of pollutants
(RE) were determined by using the equations:

(co - c,) %
"=
S
Co— ¢
RE (%) = - 100
€

where ¢, and c, are the initial and final pollutant concentrations (mg dm=>), V is the
solution volume (dm?®), and m is the mass of the sorbent (g).

Relative deviation (RD) and mean relative deviation (MRD) were calculated using
the equations:

exp ~ Ycal
RD=——100%
qexp
Z Gexp ~ Ycal
MRD = -

1

where g, and g, are experimental and calculated values of the amount of sorbed
pollutant and i is the number of points. Kinetic, isotherm and thermodynamic stud-
ies were performed by preparing solutions with the initial concentration of Cu(I)
ions, RB19 and cyprodinil in the range from 5.0 to 100.0 mg dm~, and mixing the
solutions with 2.0 g dm™> of the sorbent followed by agitating the mixture (pH 5.0,
150 rpm, at 25.0 °C) till equilibrium. All experiments were performed in triplicate.
Average values +SD (error bars) are presented in all graphs. All parameters were
evaluated with the nonlinear regression method by means of OriginPro 2016 soft-
ware (OriginLab Corporation, USA).
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Results and discussion
Material characterization

The SEM images of LC and LC-Al,O5 (Fig. 1) show a porous morphology of the
biomaterial. The surface structure of the lignocellulosic biomass (Fig. la) and
LC-Al,O; biosorbent before (Fig. 1b) and after sorption of pollutants (Fig. 1c) is
very similar, indicating that the modification process did not bring any significant
change of the morphological structure of the material surface. The surface of the
LC-Al,O; biosorbent before and after sorption of Cu(Il) ions, RB19 and cypro-
dinil is smooth, with characteristic channels and macropores, like those of basic
lignocellulosic material. The sample had particle sizes above 1 mm and consisted
of cell-like structures of around 100 pm in size. These structures have holes of
around 1 um in a random position over the cell-like units. Visible Al,O; layers or
particles as a separate phase on the biomaterial surface were not detected, which
indicates that Al,O; was highly and homogeneously dispersed, without a change
in the biomaterial structure.

EDX analysis (Fig. 1) shows the presence of carbon and oxygen in unmodified
biomass (Fig. 1a) and carbon and oxygen with aluminum in LC-Al,O; biosorbent
(Fig. 1b). Based on weight percentage quantification of samples, there are 53.1%
of carbon and 46.9% of oxygen in the biomaterial before modification and 32.8%
of carbon, 52.5% of oxygen, and 14.7% of aluminum in LC-Al,O; biosorbent.
The content of aluminum in the LC-Al,O; biosorbent is in agreement with the
results obtained by the ICP-OES method (14.68%).

The FTIR spectrum of the chemically modified lignocellulosic biomass is
shown in Fig. 2. Modification of the lignocellulosic biomass by Al,O; generates
several changes in the IR region of 4000-400 cm™!, which can predict the interac-
tion of Al with cellulose O—H groups. Firstly, there is a slight displacement of the
band from 3432 to 3424 cm~! associated with the O—H stretching vibration, indi-
cating a reduced presence of hydrogen bonds and the loss of some O—H groups,
probably due to the interaction of Al with O—, which was also confirmed by a
decrease in the intensity of the band at around 3266 cm™' (Ayoob et al. 2007).

The band of unmodified biomass spectrum at around 2897 cm™! originating
from symmetric C-H in R;—C—H disappears in spectra of modified LC, so the
methylene —CH, groups from asymmetric and symmetric C—H vibrations at about
2924 and 2855 cm™! are noticed more clearly. This phenomenon is characteristic
for changes in cellulose starting crystallinity in the structure of lignocellulosic
material, probably due to chemical treatment and reaction with Al.

Moreover, there is a slight displacement of the band associated with the O-H
deformation mode, from 1632 to 1623 cm™!. The decrease in intensity of the bands
at around 1425 and 1330 cm™! associated with deformation vibration of the O-H
group from CH,—OH groups is also probably due to the interaction of Al with these
centers of lignocellulosic biomass (Vazquez-Guerrero et al. 2016).

In addition, the band in unmodified biomass spectrum at around 781 cm™
originating from asymmetric C=0 deformation disappears in spectra of modified

1
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Fig. 1 (continued)

LC, so it is quite possible that Al (C—O-Al) bonding occurs at these centers. Dis-
tinct changes in the FTIR spectrum of the modified biosorbent are noted in the
region 700-400 cm™!. The O-H out-of-plane bending vibrations in this area have
a higher absorbance intensity ratio for higher substituted samples (El-Sakhawy
2001). This area indicates a higher occupation of the alumina octahedral sites,
corresponding to AI-O vibration. These sites have a higher coordination, and
their occupation will be favored by specified synthesis.

The spectra of the LC-Al,O5 biosorbent after sorption of the pollutants (Fig. 2)
showed similar characteristics to the biosorbent before sorption except for slight
changes. The FTIR spectrum of the LC-Al,O; biosorbent after sorption indicates
that the peaks are slightly shifted from their position and the intensity is altered.
These results indicated the involvement of some functional groups in the sorption
process, through weak electrostatic interaction, so there is probably no possibility of
chemical bonding in this process.

The XRD pattern of LC-Al,O; shows the peaks that are typical for lignocellu-
losic materials with an amorphous structure (Fig. Al in Online Resource). The XRD
pattern of the biosorbent does not contain any characteristic peak of Al,O;, which
appears in the XRD spectra of different crystalline alumina (Kumar et al. 1999).
Obtained XRD results mean that Al,O5 does not appear as an individual phase.

The results of the XRD analysis of LC-Al,O5 is in accordance with the result
obtained by SEM-EDX analysis, which did not detect Al,O; as a separate phase
on the biosorbent surface. It can be assumed that LC-AlL,O; is a unique, highly
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Fig.2 FTIR spectra of unmodified biomass and LC-Al,O; biosorbent before and after sorption

amorphous lignocellulosic material, where Al,O; is bound to the biomass. This fact,
as well as its absorption bands presented in the FTIR spectrum of LC-Al,Oj3, indi-
cates that it is chemically bonded to the biomaterial functional groups creating new
specific active centers.

The specific surface area was estimated using the BET method. Surface area
measurements of lignocellulosic biomass and LC-Al,O; biosorbent before and after
sorption of Cu(Il) ions, RB19 and cyprodinil are presented in Table Al and Fig.
A2 in Online Resource. The BET results showed that lignocellulosic biomass has
a higher pore volume and higher pore size compared with LC-Al,O; biosorbent.
Lignocellulosic biomass has a BET surface area of 5.71 m* g~! with a broad BJH
(Barrett-Joyner—Halenda) pore size distribution 5.13 nm, while LC-Al,O5 biosorb-
ent has a BET surface area of 7.16 m? g~! with a broad BJH pore size distribution
3.50 nm. After sorption of pollutants, the LC-Al,O; biosorbent has a slightly lower
BET surface area (7.01 m? g~!) probably because of binding of pollutants on the
functional groups of the biosorbent.
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Optimization
Effect of pH

The removal of pollutants by LC-Al,O; is significantly affected by the pH value
of the solution, thereby changing the surface charge of the sorbent and the chem-
istry of the pollutants. Depending on surface charge of biosorbent and molecular
charge of pollutants, sorption of the molecules on the surface may take place. The
pH of the point of zero charge (pH,,.) of LC-Al,O5 has been found to be 5.85.
At pH below the pH,,, the sorbent surface is positively charged, and generally,
anion sorption occurs. Otherwise, it would show a negative charge, so that the
extent of sorption of cations increased.

In order to define the optimal pH value, where all three types of pollutants can
be simultaneously removed with success from aqueous solution, the effect of the
initial pH was examined in single-component aqueous solution by varying initial
pH value from 2.0 up to 10.0, while other parameters were kept constant (initial
pollutant concentration 20.0 mg dm™>, sorbent dose 2.0 g dm™ and temperature
25.0+0.2 °C). The results are presented in Fig. 3.

Results show that an increase in the solution pH from 2 to 6 led to an increase
in the removal efficiency of cationic pollutant Cu(Il) ions from 35.05 to 99.08%.
An increase in the solution pH from 2 to 5 led to a slight decrease in the removal
efficiency of anionic pollutant RB19 from 99.91 to 97.90%, and with further
increase up to 10 to a considerable decrease to 2.11%. With the increase in the
solution pH from 2 to 5, removal efficiency of the nonpolar pollutant cyprodinil
slightly increased from 91.08 to 98.18% and with a further increase in pH to 6,

T T T
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——=—RBI9
—_ —e— Cyprodinil
X 80r 4
SN
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5 60 .
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= 40 8
>
]
g
m 20 [~ \ T
|
0 1 I ?\\]\\@‘\D |
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Fig.3 Effect of pH on the removal of Cu(II) ions, RB19 and cyprodinil with LC-Al,O;. Initial pollutant
concentration 20.0 mg dm™>, sorbent dose 2.0 g dm™>, temperature 25.0+0.2 °C
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removal efficiency decreased to 68.08%, and after that a slight decrease reaching
a minimum at pH 10 with a value of 66.91%.

Therefore, in the case of cationic pollutants, like Cu(Il) ions, when the pH
decreased, concentrations of protons increased and competition in binding the active
sites on the surface of biosorbent, between the H™ and metal ions started. Proto-
nated active sites were incapable of binding metal ions, leading to free ions remain-
ing in the solution. With the increase in pH, the overall surface on LC-Al,O; became
negative and sorption was increased and the competing effect of hydronium ions
decreased. Dominant species of copper in the pH range 3-5 are Cu** and CuOH?*,
while the copper at above 6.3 occurs as insoluble Cu(OH),(s), so above pH 6, insol-
uble copper hydroxide starts precipitating from the solution and experiments could
not be done (Akbari et al. 2015; Todorciuc et al. 2015).

In the case of the anionic pollutant RB19 at pH values lower than pH,,, the
attraction occurs between a sulfonic group of the dye molecule, which is negatively
charged, even in highly acidic solutions, and the positively charged sorbent sur-
face. With the increase in medium pH, the net positive charge of the sorbent surface
decreases and the RB19 uptake decreases as well. At pH higher than pH,,,, the sorb-
ent surface becomes negatively charged, the RB19 binding rapidly decreases (Alba-
darin et al. 2017; Kyzas et al. 2013).

In the case of the nonpolar pollutant cyprodinil, the influence of pH on the sorp-
tion process is significantly smaller, indicating the physical nature of the sorption
mechanism. Slightly lower sorption of cyprodinil at lower pH is due to the pres-
ence of excess H* ions competing with cyprodinil molecules for the sorption sites.
The pK, of cyprodinil is 4.44 and cyprodinil molecule gets deprotonated at higher
pH. Therefore, in the pH range 4.44-5.85 (pK,—pH,,.), the sorbent surface is posi-
tively charged and cyprodinil is in the form of an anion, achieving best removal of
cyprodinil, indicating the presence of chemical interactions between the sorbate and
the material. At pHs above pH,,, a repulsive force occurs between the negatively
charged cyprodinil molecules and negatively charged surface of biosorbent, and the
removal efficiency of cyprodinil decreases. However, at higher pH values, the mate-
rial has sorbed a significant amount of cyprodinil, indicating that ionic exchange is
not a predominant sorption mechanism, though it is important. A similar trend for
organic pollutants was reported by other authors (Chaudhuri et al. 2016; Roonasi
and Nezhad 2016).

From the obtained results, it can be concluded that the optimal pH value, where
all three types of pollutants can be simultaneously removed from water with highly
significant removal efficiency, is 5, and the removal efficiency for Cu(Il) ions, RB19
and cyprodinil at this pH is 98.21%, 97.9% and 98.18%, respectively. This pH value
was also used for all further experiments.

Effect of temperature
The temperature of the solution plays an important role in the sorption process.

Increasing the temperature is known to cause an increase in the rate of diffusion of
the sorbate molecules across the external boundary layer and in the internal pores of
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the sorbent, owing to the decrease in the viscosity of the solution. In that manner,
changing the temperature will change the rate of the sorption (Javadian et al. 2014).

The experiments were done at different temperatures: 10.0, 20.0, 35.0 and
50.0 °C, while the other parameters were kept constant (initial pH 5.0, initial pol-
lutant concentration 20.0 mg dm~ and sorbent dose 2.0 g dm™). Results show that
an increase in the solution temperature from 10.0 to 50.0 °C led to an increase in
the removal efficiency of ionic pollutants Cu(II) ions and RB19 by LC-Al,O;, indi-
cating the process to be endothermic in nature. However, it led to a decrease in the
removal efficiency of nonpolar pollutant cyprodinil (Fig. 4), indicating the process
to be exothermic in nature. The removal efficiency increased from 84.12 to 99.9%
for Cu(Il) ions and from 90.67 to 99.9% for RB19, with an increasing temperature
from 10.0 to 50.0 °C. Such influence of temperature may be a result of expected
increase in the diffusion of Cu(II) ions and RB19 molecule in the water environment
(Javadian et al. 2014; Naushad et al. 2015). With an increase in temperature from
10.0 to 50.0 °C, removal efficiency of cyprodinil decreases from 99.5 to 79.46%,
which may be due to the physical nature of the sorption mechanism (Berrazoum
et al. 2015). The optimal temperature for simultaneous removal of all three types of
pollutants was 25.0 °C, where removal efficiency for Cu(Il), RB19 and cyprodinil is
98.21%, 97.9% and 98.18%, respectively.

Effect of sorbent dose

The effect of sorbent dose on the removal efficiency of pollutants by LC-Al,O; was
investigated in the range from 0.5 to 8.0 g dm™—>, while other parameters were kept
constant (initial pH 5.0, initial pollutant concentration 20.0 mg dm~ and tempera-
ture 25.0+0.2 °C). The results are presented in Fig. 5. The effect of sorbent dose on
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Fig. 4 Effect of temperature on the removal of Cu(Il) ions, RB19 and cyprodinil with LC-Al,O;. Initial
pH 5.00, initial pollutant concentration 20.0 mg dm™~>, sorbent dose 2.0 g dm~>

@ Springer



Wood Science and Technology (2019) 53:619-647 631

T T T T
100 - i -
—_
X 80t 1
g —=— Cu(Il)
g ) —o—RBI9
8 60 ,7; —e— Cyprodinil -
Q i
oo
k) /
'C_‘ﬁ 40 + ,’r 4
S ,
A
5
o~ 20 .
0 1 1 1 1 1 1 L 1
0 2 4 6 8
Sorbent dosage (g dm™)

Fig.5 Effect of sorbent dose on the removal of Cu(Il) ions, RB19 and cyprodinil with LC-Al,O5. Initial
pH 5.00, initial pollutant concentration 20.0 mg dm™>, temperature 25.0+0.2 °C

the removal efficiency is almost same for all three types of pollutants. Removal effi-
ciency of Cu(Il) ions, RB19 and cyprodinil increased quickly from 34.05 to 98.21%,
from 30.9 to 97.90%, and from 26.54 to 98.18%, respectively, with an increase in
the sorbent dose from 0.5 t0 2.0 g dm™3, because of the increased active surface area
of the biosorbent and the number of available binding sites for pollutants. Further
increase in the sorbent dose to 4.0 g dm~ slightly enhanced removal efficiency to
99.1%, 99.5% and 99.8% for Cu(Il) ions, RB19 and cyprodinil, respectively. The
removal efficiency was without change at the sorbent doses of 6.0-8.0 g dm™.
A negligible change in the removal efficiency at a biosorbent dosage higher than
2.0 g dm™ may be attributed to the presence of the excess of active centers for pol-
lutants binding on the biosorbent surface, with regard to the amount of pollutants
initial concentration. Therefore, a value of 2.0 g dm~> was considered as the optimal
biosorbent dose of LC-Al,O for removal of all three types of pollutants, and it is
used in all other experiments. A similar effect was reported by other authors (Boz-
bas and Boz 2016; Tural et al. 2017).

Effect of initial pollutants concentration

The effect of initial pollutants concentration on their removal efficiency by LC-
Al,O5 was investigated in the range from 5.0 to 100.0 mg dm™ for all three types
of pollutants, while other parameters were kept constant (initial pH 5.0, sorb-
ent dose 2.0 g dm™ and temperature 25.0+0.2 °C) (Fig. A3 (a, b, c) in Online
Resource). With an increase in initial pollutant concentration, removal efficiency
decreased. For initial concentrations of Cu(Il) ions, RB19 and cyprodinil from 5.0 to
20.0 mg dm™>, the removal efficiency was very high (99.11-98.21%, 98.00-97.90%
and 99.2-98.18%, respectively). With further increase in concentrations to
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50.0 mg dm~>, the removal efficiency slowly decreased. With the increase in the ini-
tial concentration of pollutants up to 100.0 mg dm~, removal efficiency decreased,
reaching a value of 31.38%, 59.98% and 41.93% for Cu(Il), RB19 and cyprodinil,
respectively.

In the case of a lower concentration range (5.0, 10.0 and 20.0 mg dm™>), the ratio
of initial number of sorbate molecules to the available sorption sites is low, and the
biosorption becomes independent of initial concentration, which enabled the 99%
pollutant uptake. At higher investigated concentrations (up to 100.0 mg dm™), a
certain amount of molecules is left unsorbed in the solution due to a saturation of
the limited available binding sites in the biomass. Therefore, the removal of pollut-
ants depends on its initial concentration, as in the case of plenty of similar pollutants
(Tural et al. 2017; Kallel et al. 2016).

However, the biosorption capacity of pollutants increases with increasing their
initial concentrations (Fig. 6) and reaches 15.69, 29.99 and 20.97 mg g™, for Cu(II)
ions, RB19 and cyprodinil, respectively, with 100.0 mg dm~ initial concentration of
pollutant and 2.0 g dm™ dose of biosorbent. This can be attributed to the fact that
the higher pollutant concentrations increase the overall mass transfer driving force
and thus the pollutant uptakes onto the biosorbent (Todorciuc et al. 2015).

Effect of hydrodynamic conditions

The effect of hydrodynamic conditions was investigated at different ultrasound
power between 0 and 50 W. Ultrasound through its mechanical waves has been used
as a means of enhancing the sorption process. Ultrasonic waves strongly enhance
mass transfer between two phases through reducing the thickness of a boundary
layer at the solid phase, and thus, the diffusion is enhanced (Entezari and Soltani
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Fig. 6 Effect of initial pollutant concentration on the removal of Cu(Il) ions, RB19 and cyprodinil with
LC-Al,0;. Initial pH 5.0, sorbent dose 2.0 g dm"3, temperature 25.0+0.2 °C
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2008). The effect of hydrodynamic conditions on pollutants sorption was investi-
gated at ultrasonic irradiation acoustic power of 0, 25 and 50 W, while other parame-
ters were kept constant (initial pH 5.0, initial pollutant concentration 20.0 mg dm—,
sorbent dose 2.0 g dm™ and temperature 25.0+0.2 °C) (Fig. A4(a, b, ¢) in Online
Resource). It is clear from the results that the presence of ultrasound does not change
the removal efficiency of any pollutant by LC-Al,O,, but it speeds up the sorption
process a lot. The removal efficiency in all three cases of different ultrasound power
is 98.21%, 97.9% and 98.18% for Cu(Il), RB19 and cyprodinil, respectively, but in
the absence of ultrasound, the equilibrium is attained after 120 min. In the presence
of ultrasound with powers of 25 and 50 W, the equilibrium is attained considerably
faster (after 60 and 90 min for Cu(Il) ion, after 20 and 60 min for RB19, and after
20 and 60 min for cyprodinil), through reducing the thickness of the boundary layer
at the solid phase. The effect of the power of ultrasound has a greater impact on the
sorption speed of RB19 and cyprodinil than Cu(Il) ions, probably because of the
size of the molecules. The stronger the acoustic power, the greater is the intensity
of the ultrasonic field, which leads to the improvement of microstreaming, micro-
turbulence, shock waves and microjets and to enhancement of mass transfer in the
system and speeding up of the process of pollutants sorption, especially the sorption
of lager molecules (Entezari and Soltani 2008).

Sorption kinetics

The kinetics of Cu(II) ions, RB19 and cyprodinil sorption on LC-Al,O5 hybrid can
be described by the pseudo-first-order model, pseudo-second-order model, intrapar-
ticle diffusion model and Chrastil’s diffusion model. The equations and parameters
of all the above-mentioned kinetics models, along with their values and correspond-
ing 7°, are presented in Table 1.

Reaction kinetics

The pseudo-first-order kinetic model describes the rate of sorption, which is propor-
tional to the number of unoccupied binding sites of the sorbent (Lagergren 1898).
The pseudo-second-order kinetic model is based on equilibrium sorption, which
depends on the amount of solute sorbed on the surface of sorbent and the amount
sorbed at equilibrium (Ho and McKay 1998). In the nonlinear equations of the
pseudo-first-order and pseudo-second-order kinetic models (Table 1), k; (min~") is
the first-order rate constant, k, (g mg_1 min~') is the second-order-rate constant, and
g, and g, (mg g~ 1) are the amounts of pollutant sorbed at time ¢ and at equilibrium,
respectively. The plot of g, versus ¢ for pseudo-first- and pseudo-second-order mod-
els for all three types of pollutant is shown in (Fig. A5(a, b) in Online Resource),
respectively.

As can be seen from the data presented in Table 1, the determined values of ¢,
for both models showed similarity with the experimental values, but in the case of
pseudo-second-order kinetic model, they are closer to the experimental g, values.
Obtained determination coefficients for pseudo-second-order model (0.989, 0.991
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g“:’('l‘i; R‘E‘?g‘;ﬁgf;gggilfor Pollutant Cu(ID) RBI9 Cyprodinil
S(?rption onto LC-Al,O; Pseudo-first-order model ¢, = ¢,(1 — e“i)
biosorbent .
ge-exp (mg g™") 9.82 9.79 9.82
o> cal (mg g7") 9.08 9.23 9.39
k; (min~") 0.08 0.10 0.05
” 0.964 0.965 0.981
RD (%) 7.54 5.72 438
MRD 1.95 1.93 1.97
Pseudo-second-order model g, = lﬁizqtct
g, cal (mg g™") 10.08 10.08 10.73
k, (g mg~! min~1) 0.11 0.14 0.08
I 0.989 0.991 0.995
RD (%) 2.65 2.96 2.27
MRD 0.07 0.06 0.05
Intraparticle diffusion model g, = k4¢'/2 + C
k;; (mg g~ min~'"?) 0.18 0.25 0.12
C,(mgg™ 1.49 1.65 1.24
2 0.996 0.990 0.998
k;, (mg g~! min~!2) 0.25 0.17 0.14
C,(mgg™ 6.55 7.56 7.96
2 0.988 0.997 0.980
Chrastil’s diffusion model g, = g, (1 — eFetot)"
o> cal (mg g™") 9.65 9.51 9.82
ke 0.01 0.02 0.01
n 0.45 0.47 0.59
I 0.998 0.998 0.997

and 0.995) for Cu(Il) ions, RB19 and cyprodinil, respectively, are relatively higher
than the determination coefficients for pseudo-first-order model (0.964, 0.965 and
0.981). Obtained relative deviation for pseudo-second-order model (1.95, 1.93 and
1.97%) for Cu(Il) ions, RB19 and cyprodinil, respectively, is lower than the relative
deviation for pseudo-first-order model (7.54, 5.72 and 4.38%). In addition, the mean
relative deviation for pseudo-second-order model (0.07, 0.06 and 0.05) for Cu(II)
ions, RB19 and cyprodinil, respectively, is lower than the mean relative deviation for
pseudo-first-order model (2.65, 2.96 and 2.27).

The experimental data showed that pseudo-second-order model better fitted
experimental data than pseudo-first-order model for all three types of pollutants, due
to a higher determination coefficient, better matching of experimental and calculated
q. values and lower values of relative deviation and mean relative deviation obtained
in all cases. Obtained results indicate that the pseudo-second-order model can be
successfully used for the study of Cu(Il) ions, RB19 and cyprodinil sorption by LC-
Al,O; hybrid and suggest that the sorption process depends on the amount of solute
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sorbed on the surface of sorbent and the amount sorbed at equilibrium (Algadami
et al. 2017; Naushad et al. 2017).

Diffusion kinetics

Intraparticle diffusion model: The sorbate transport from the solution phase to the
surface of the sorbent particles occurs in several steps: bulk diffusion, external (film)
diffusion, intraparticle diffusion and finally sorption of the sorbate onto the sorb-
ent surface. The overall sorption process may be controlled by either one or more
steps. The possibility of intraparticle diffusion was explored by using the intraparti-
cle diffusion kinetics model (Weber and Morris 1964). In the equation of this model
(Table 1), determined from a plot g, versus 112, the intercept is C, which gives an
idea of the thickness of the boundary layer (the larger the intercept, the greater the
boundary layer effect), and the slope is the intraparticle diffusion rate constant k;y
(mg g~! min~1"),

Regression of g, versus ¢~ for the sorption of Cu(Il) ions, RB19 and cyprodinil
onto LC-Al,O5 hybrid is not linear and showed multi-linearity and two stages in
sorption, suggesting that the intraparticle diffusion is not the only rate-controlling
step (Fig. A5c in Online Resource). The first, sharper portion of the plot can be
attributed to the diffusion of molecules of the pollutants through the solution of the
external sorbent surface, or the boundary layer diffusion of solute molecules. It is a
rate-limiting process at the beginning of the sorption. The second portion described
the gradual sorption stage, where intraparticle diffusion and finally sorption of the
sorbate onto the sorbent surface were rate-limiting. Similar results were shown in
the studies of other authors, who fitted kinetic data by two linear lines with a differ-
ent slope (Liu et al. 2015; Shakib et al. 2017).

Based on values for intraparticle diffusion rate constants, k4, and k;4, (Table 1)
for all three pollutants, it can be concluded that film diffusion is more efficient than
intraparticle diffusion, and the intraparticle diffusion is the rate-limiting step. In
addition, the C; values for all three pollutants are lower than C, value (a measure
of the thickness of the boundary layer) and a larger C value corresponds to a greater
boundary layer diffusion effect, indicating decreases in the rate of the external mass
transfer and hence increases in the rate of internal mass transfer.

Chrastil’s diffusion model: Chrastil’s diffusion model describes sorption kinet-
ics in diffusion-controlled systems (Chrastil 1990). In the mathematical equation of
this model (Table 1), k- is a rate constant (dm?® g=! min™"), which depends on diffu-
sion coefficients and the sorption capacity of biosorbent, A is the dose of biosorbent
(g dm™>) and n is a heterogeneous structural diffusion resistance constant, which
can range from O to 1. Constant n is independent of the sorbate concentration, sorb-
ent concentration Ay, g, and temperature. In systems with small diffusion resist-
ance, parameter n approximates 1, while the more significant resistance parameter n
assumes small values (<0.5). The plot of g, versus ¢ for all three types of pollutants
is shown in Fig. A5d in Online Resource.

The high determination coefficients, obtained by a nonlinear regression analysis,
are larger than 0.99 (Table 1) for all three types of pollutant, indicating a very good
fit of experimental kinetic data with Chrastil’s model. Applicability of this diffusion

12
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model also confirms similar values of the calculated g, with experimentally deter-
mined g, (Table 1). The results obtained for the diffusion resistance coefficient show
that n values are 0.45, 0.47 and 0.59 (Table 1) for Cu(Il) ions, RB19 and cyprodinil,
respectively. Low values of constants n mean that the sorption rate is strongly lim-
ited by the diffusion resistance.

Sorption isotherm

In this work, different biosorption equilibrium models (Langmuir, Freundlich and
Sips) were evaluated to fit the experimental LC-Al,O; biosorption of Cu(Il) ions,
RB19 and cyprodinil isotherms. The isotherm nonlinear equations and param-
eters, deduced from experimental data by a nonlinear regression of the plot g,
versus ¢, (Fig. A6 (a, b, c) in Online Resource), for all the above-mentioned mod-
els, along with their values and corresponding r? are presented in Table 2, where
q. is the amount of sorbate sorbed at equilibrium (mg g™'), ¢, is the equilibrium
concentration of the sorbate in solution (mg dm~), ¢, is the maximum sorption
capacity (mg g71), and K; is a Langmuir constant related to the energy of sorption,
which reflects quantitatively the affinity between the sorbate and the sorbent, K; is
Freundlich constant, related to the sorption capacity, and 1/n is Freundlich expo-
nent, related to the intensity of sorption, which varies with the heterogeneity of the
sorbent surface, K is the Sips equilibrium constant (dm* mg™"), and 1/n is the Sips
model exponent.

The Langmuir model assumes that the uptake of adsorbate occurs on an ener-
getically homogeneous surface by monolayer adsorption without any interaction
between adsorbed species (Langmuir 1918; Ho and McKay 2000). The Freundlich
empirical adsorption isotherm equation is based on adsorption on a heterogeneous
surface. It is assumed that the stronger binding sites are occupied first and that the

Table 2 Isotherm parameters for Cu(Il), RB19 and cyprodinil sorption onto LC-Al,O; biosorbent

Adsorption isotherm Parameter Cu(II) RB19 Cyprodinil
Langmuir g, = LI;_E G (mg g™ 15.42 29.83 21.27
g K po_ 1 K, (dm’ mg™") 4.92 0.99 2.55
I T (1K) 2 0.997 0.991 0.997
MRD 0.24 0.73 0.33
1 —I\l/n
Freundlich ¢, = Kyc! Kg, (mg g™ 8.40 11.57 10.42
n 6.10 3.64 5.03
7~ 0.834 0.87 0.819
MRD 1.66 2.84 2.61
. K CY" mg g~! 15.41 31.40 21.54
Sips g = ﬁ qn (Mg g™)
K¢ (dm® mg™) 4.95 0.78 2.35
n 1.01 0.85 0.90
” 0.995 0.993 0.998
MRD 0.24 0.58 0.23
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binding strength decreases with the increasing degree of site occupation (Freundlich
1906). The Sips isotherm is a combined form of Langmuir and Freundlich expres-
sions used for predicting the heterogeneous adsorption systems and circumventing
the limitation of the rising sorbate concentration associated with the Freundlich iso-
therm model (Sips 1948). At low sorbate concentrations, it reduces to the Freundlich
isotherm, while at high concentrations, it predicts a monolayer sorption capacity
characteristic of the Langmuir isotherm.

The highest determination coefficient (+*>0.99) of the Langmuir model for all
three pollutants indicates that the Langmuir model gives the best fit to the experi-
mental data and thus, the nature of sorption of pollutants on the sorbents is more
compatible with Langmuir assumptions about the monolayer sorption of the investi-
gated pollutant on the sorbent, and after saturation of this layer, no further sorption
took place.

The Langmuir isotherm shows that the amount of pollutant sorption increases
as the concentration increases up to a saturation point. The maximum biosorb-
ent capacity determined from the Langmuir isotherm model was 15.42, 29.83 and
21.27 mg g~! (Table 2) for Cu(I), RB19 and cyprodinil, respectively, which is con-
sistent with the experimental value (15.69, 29.99 and 20.97 mg g™, respectively).

From Langmuir equilibrium constant (K; ), the Hall separation factor (R;) and
the surface coverage () can be calculated (Table 2). The first is indicative of the
biosorption isotherm shape that predicts whether a biosorption isotherm is: irrevers-
ible (R; =0), favorable (0<R; <1), linear (R =1) or unfavorable (R, > 1), while
the latter indicates the fraction of the biosorption sites occupied by pollutant at
equilibrium.

The separation factor fell from 0.039 to 0.002, from 0.17 to 0.01 and from 0.078
to 0.003 as the initial pollutant concentration increased from 5.0 to 100.0 mg dm™>
for Cu(Il), RB19 and cyprodinil, respectively, which indicates that the biosorption
of these pollutants onto LC-Al,O; increased as the initial concentration rose. Fur-
thermore, the R, values are between O and 1, indicating that the biosorption by LC-
Al,O;5 hybrid for all three pollutants is favorable at all assayed concentrations and
confirming the suitability of the biosorbent for the sorbate (Naushad et al. 2015).

The surface coverage (6) values approached unity (from 0.96 to 0.99, from 0.83
to 0.99 and from 0.93 to 0.99 for Cu(Il), RB19 and cyprodinil, respectively) with
increasing initial concentration of the pollutants, which indicates that the LC-Al,O5
surface was almost completely covered by a monomolecular layer of pollutant mol-
ecules at high concentrations of the pollutants. It is also apparent that the surface
coverage ceased to vary significantly at higher concentrations of pollutants and that
the reaction rate became almost independent from their concentrations. The @ values
indicated effective biosorption of all three pollutants from aqueous solutions by LC-
Al,O; hybrid at all the assayed initial concentrations.

In the Freundlich isotherm model, if the value of the exponent 1/n=1, then the
free energy for all sorbate concentrations is constant; if 1/n< 1, that added sorbate is
with weaker and weaker free energies; finally if 1/n> 1, then more sorbate present in
the sorbent enhances the free energies of further sorption. The parameter 7 is related
to the sorption energy distribution: When n =1, the partition between the two phases
is independent of the concentration; when n lies between one and ten, this indicates
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a favorable sorption process. From the data in Table 2, the values of n are 6.10, 3.64
and 5.03, for Cu(Il), RB19 and cyprodinil, respectively, indicating that the sorption
of all three pollutants onto LC-Al,05 hybrid is favorable and the 7 value is 0.834,
0.87 and 0.819, for Cu(Il), RB19 and cyprodinil, respectively. These values also
suggest the formation of an almost homogeneous surface.

The heterogeneity factor of n in Sips model close to or even 1 shows a biosorb-
ent with comparatively homogenous binding sites, while n close to 0 displays het-
erogeneous biosorbents. In other words, if n=1, then the Langmuir isotherm model
will be the preferable one, while if n=0, then the Freundlich isotherm will be pre-
ferred. Sips isotherm model has a very high > value (0.995, 0.993 and 0.998) and
almost the same g,, values (15.41, 31.40 and 21.54 mg g~!) which is consistent with
experimental values (15.69, 29.99 and 20.97 mg g~!) for Cu(I), RB19 and cypro-
dinil, respectively. The values of the exponent of the Sips model n, (1.01, 0.85 and
0.90 for Cu(Il), RB19 and cyprodinil, respectively) were close to 1, meaning that the
Sips model is effectively reduced to the Langmuir model (Todorciuc et al. 2015).
In addition, the values of mean relative deviation are lower for the Langmuir and
Sips model, and the highest for the Freundlich model, for all three pollutants. Thus,
experimental equilibrium data for the biosorption of all three pollutants by LC-
Al,O; hybrid should preferably be fitted with the Langmuir model (Abdolali et al.
2015; Todorciuc et al. 2015).

Thermodynamics

Thermodynamic parameters, including the change in free energy (AG®), enthalpy
(AH®) and entropy (AS°), were used to describe the thermodynamic behavior of the
biosorption of Cu(Il) ion, RB19 and cyprodinil on LC-Al,O5 hybrid. Thermody-
namic parameters were calculated from the following equations:

AG® = AH? — TAS

0
anD:A_S_ﬂ
R RT
Ky=K M

where R is the universal gas constant (8.314 J mol~! K1), T is temperature (K),
K, (dm® mmol™) is the distribution coefficient, K; (dm® mg™') is the Langmuir
equilibrium constant, and M (mg mol™!) is the molar weight of pollutants (Bektas
et al. 2011; Liu 2006, 2009; Santos and Boaventura 2016). The experiments were
carried out at 283, 293, 308 and 323 K. The enthalpy and the entropy change in
biosorption were estimated from the slope and intercept of the linear regression of
InK, versus 1/T plot (Fig. A7 in Online Resource). These thermodynamic param-
eters are given in Table 3. The negative values AG® in all three cases indicate the
feasibility of the biosorption process and its spontaneous nature for all three pollut-
ants. With the increase in temperature from 283 to 323 K, free energy decreases for
the biosorption of Cu(Il) ions and RB19, showing a slight increase in the feasibility
of biosorption at higher temperatures. The decrease in AG® values with increase in
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Table 3 Thermodynamic parameters for Cu(II), RB19 and cyprodinil sorption onto LC-Al,O; biosorbent
Pollutant AS*Jmol™' K™)  AH°(kJmol™)  AG® (kI mol™")

283 K 293 K 308 K 323K

Cu(I) 266.11 59.52 —-15.79 —18.45 —22.44 —26.43
RBI19 247.00 56.23 —13.67 -16.14 —19.84 —23.54
Cyprodinil 9.60 —14.05 —-11.33 -11.23 —11.09 —10.94

temperature shows a slight decrease in the feasibility of biosorption for cyprodinil at
higher temperatures. The positive AH® (59.52 and 56.23 kJ mol~") value for Cu(II)
and RB19, respectively, implies an endothermic character of the process of biosorp-
tion, and the negative AH® (— 14.05 kJ mol™"!) value for cyprodinil implies an exo-
thermic character of the process of biosorption within the analyzed range of temper-
atures (10.0-50.0 °C) (Bektag et al. 2011; Wibowo et al. 2017). The enthalpy value
within 2.1-20.9 kJ mol™' points to physical sorption, whereas the value from 80 to
200 kJ mol~! indicates chemisorption. Thus, the higher values of AH° for Cu(II) ion
and RB19 indicate the physicochemical sorption process rather than a pure physi-
cal or chemical sorption process onto LC-Al,O; hybrid of these pollutants. In the
case of cyprodinil, based on the AH®, the sorption process should be attributed more
to physical sorption. The positive AS® value for Cu(Il) ion, RB19 and cyprodinil
(Table 3) suggests an increase in the randomness at the solid/solution interface
during the sorption by LC-Al,O; hybrid and corroborates the previously proposed
spontaneity of the biosorption process (Isah et al. 2015; Wibowo et al. 2017).

Applications of the LC-Al,0; biosorbent

Simultaneous removal of Cu(ll) ions, RB19 and cyprodinil from the aqueous model
solution

Based on the results obtained by optimization of the biosorption process that
has been made, the optimal dose of LC-Al,O5 hybrid needed for simultaneous
removal of Cu(Il), RB19 and cyprodinil was 2 g dm~ in the model solution with
initial pH 5 and temperature 25.0 °C. The concentration of Cu(II) ions, RB19
and cyprodinil in the sample was 20 mg dm~ each. The results have shown that
the simultaneous removal of all types of pollutants was very effective, and the
removal efficiency for Cu(Il) ions, RB19 and cyprodinil was the same as that
achieved in single model solutions (98.21, 97.9 and 98.18%, respectively) indi-
cating that there was no mutual influence of pollutants on each other. The high
removal efficiency for all tested pollutants by LC-Al,O5 hybrid from water indi-
cates the great application potential of this material for simultaneous removal of
cationic, anionic and nonpolar pollutants.
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Removal of Cu(ll) ions, RB19 and cyprodinil from natural river water

To test the efficiency of LC-Al,O5 hybrid for removal of Cu(II) ions, RB19 and
cyprodinil from water contaminated by those pollutants, the river water was used as
the matrix for the sorption solution. River water contains various ions, which may
affect the biosorbent process of the pollutants. After collecting, the river water was
filtered through 0.45-pm filter in order to remove mechanical impurities and used as
a matrix solution for the sorption process. Then, the river water matrix was contami-
nated with Cu(Il) ions, RB19 and cyprodinil, while the concentration of every pol-
lutant in the matrix was 20 mg dm~. Based on the results obtained by optimization
of the biosorption process, optimal parameters for the purification process were: ini-
tial pH 5 and temperature 25.0 °C, a dose of LC-Al,0; hybrid 2 g for 1.0 dm™ of the
river water contaminated with all three types of pollutants. The results have shown
that the removal efficiency for Cu(Il) ions, RB19 and cyprodinil from contaminated
river water was slightly lower than that achieved in model solutions (97.11, 95.72
and 96.47%, respectively), indicating that other components commonly present in
the river water (Ca(Il), Mg(Il), organic matter, etc.) do not affect the sorption pro-
cess to a large degree (approximately 2%), probably because of their small concen-
tration in the river water and higher removal efficiency of the LC-Al,O; sorbent for
pollutants. The high removal efficiency of cyprodinil in river water by LC-Al,0O4
biosorbent indicates the great application potential of the biosorbent in removing
this kind of pollutants from water.

Removal of Cu(ll) and RB19 from wastewater

The applicability of the LC-Al,O5 biosorbent was demonstrated by removing Cu(II)
from copper plating industry wastewater. The metal content of copper plating indus-
try effluent is shown in Table A2 in Online Resource. To prepare a working model
solution, copper plating industry wastewater was diluted to 20.0 mg dm~> of copper.
The optimal parameters for biosorption process were: initial pH 5 and temperature
25.0 °C, dose of LC-Al, O hybrid 2 g for 1.0 dm™ of the diluted copper wastewater
solution. It was observed that the copper removal efficiency decreased by 15.86%
compared to a single-metal solution of Cu(Il) ions. Despite the presence of the com-
petitive effect of other metal ions present in the wastewater, removal efficiency of
Cu(Il) ions was 82.35%, which is a significantly high value and indicates the great
application potential of the biosorbent in removing metal cations from water.

In order to confirm the efficiency of the LC-Al,O; biosorbent for the removal of
RB19 in wastewater, a synthetic dye wastewater solution was made based on the real
wastewater from dyeing process. The exact chemical composition of the synthetic
dye bath used in the textile company is shown in Table A3 in Online Resource. The
optimal parameters for the biosorption process were: initial pH 5 and temperature
25.0 °C, a dose of LC-A1,0; hybrid 2 g for 1.0 dm™ of the dye bath solution. The
removal efficiency of RB19 decreased by 6.48% compared to a model solution of
RB19 in deionized water, because of the presence of other components in the dyeing
bath. In the synthetic dye wastewater, the removal efficiency was 91.42%, indicating
that other components in day bath do not have a very significant competitive impact
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on the biosorption process of dyes by LC-Al,O5 biosorbent. The high removal effi-
ciency of RB19 in synthetic dye bath solution by LC-Al,O; biosorbent indicates the
great application potential of the biosorbent in removing anionic dye from water.

Comparative analysis of sorption capacity of various sorbents for simultaneous
removal

For the purpose of comparison of the LC-Al,O; biosorption capacity for simultane-
ous removal of different types of pollutants, Table 4 presents the maximum sorption
capacity of the LC-Al,O5 biosorbent for simultaneous removal of Cu(Il) ions, RB19
and cyprodinil with data for the maximum sorption capacity for other pollutants
simultaneously removed in a multi-component system by different sorbents reported
in the literature. The sorption capacity depends on the nature of sorbent material and
modification, conditions and type of pollutant.

It is clear from Table 4 that sorption capacities for the simultaneous sorption
of pollutants depend on sorbent nature and condition in which the pollutants can
be removed simultaneously in a multi-component system. The organoclay sor-
bents are the dominant type of sorbents for simultaneous removal of the pollut-
ants with high sorbent capacity. On the other hand, it is noticeable that LC-Al,O;
biosorbent shows interesting sorption potential among the rest of the sorbents for
simultaneous removal of pollutants and also possesses other benefits like cost-
effectiveness of wood residue, easy sorbent preparation, biocompatibility and
environmental-friendliness.

Economical aspects

The use of sorbents is one of the alternative options, when traditional wastewater
treatment methods, such as biological treatment or chemical precipitation, cannot
be used because of the high costs, low removal efficiency and a large amount of
chemicals used or sludge produced. Although popular options for sorbents, such
as activated carbon, provide high sorption capacities for a wide range of sorbates,
developing possibilities for cheaper alternatives is still in need. Biosorbents based
on biomass and obtained by its modifications have been used predominantly for
efficient removal of metal cations from water. In an attempt to improve biosorbents
based on lignocellulose to remove not only metal cations but also organic pollutants
from water, a new biosorbent was synthesized based on the chemical modification
with a small amount of Al,O;. The new biosorbent kept the ability to remove cati-
ons and succeeded to remove nonpolar and anionic organic pollutants. In this way,
the biosorbent got the characteristics which have more expensive activated carbons.
Activated carbon, which is present on the market in powdered and granular form,
has a value between 600 and 2000 USD/t on average. Wood residue, as a precur-
sor for the production of chemically modified lignocellulosic biosorbent with Al,Os,
is considered as an extremely economical resource. Woodchips were generated
from furniture manufacturing, so in that manner, besides being free, waste can be
reduced and reuse options of woodchips increased. Further chemical modification
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Table 4 Comparison of sorption capacity of various sorbents used to simultaneously remove pollutants

in multi-component system

Sorbent Pollutants 0., (mg g"l) pH  Source

Modified masau stones Cr(VI) 66.99 3.5 Albadarin et al. (2017)
Orange 11 129.2

Modified tannery waste Cr(VI) 59.43 3.5 Anandkumar and Mandal
Rhodamine B 106.29 (2011)

Grafted chitosan Cr(VI) 22.1 4.0 Kyzasetal. (2013)
Remazol red 3 447.53

Modified chitosan Cr(VI) 3.29 3.29 Lietal. (2016)
Methyl orange 254

Bentonite clay Zn(1I) 5.68 5.0 Oyanedel-Craver et al.
Benzene 5.87 (2007)

Metal-organic composite  Pb(II) 219.00 - Shi et al. (2018)
Malachite green 113.67

Metal-organic composite  Pb(II) 102.0 4.0 Huang et al. (2018)
Methylene blue 128.0

Bentonite clay Pb(II) 41.36 5.0 Oyanedel-Craver et al.
Benzene 6.44 (2007)

Organoclays Pb(I) 33.78 - Huang et al. (2015)
2.4-D 96.15

Carbon nanotubes Cu(Il) 3891 6.0 Tangetal. (2012)
Atrazine 40.16

Bentonite Cu(Il) 23.07 6.5 Jinetal. (2016)
2.4-D 16.22

Organoclays Cu(I) 19.01 6.0 Jinetal. (2014)
Amoxicillin 24.39

Organo-montmorillonite ~ Cu(Il) 14.12 5.0 Maetal. (20164, b)
Phenol 9.90

Organo-montmorillonite ~ Cu(Il) 3.75 5.0 Maetal. (20164, b)
Phenol 13.76

Modified palygorskite Cu(Il) 1.00 - Wang et al. (2015)
Methylene blue 173.3

Aerobic activate sludge Ni(II) 168.0 1.0 Aksu and Akpinar (2000)
Phenol 166.6

Aerobic activate sludge Ni(Il) 145.8 4.5  Aksu and Akpinar (2000)
Phenol 208.3

Modified bentonite Cd() 36.96 - Sun et al. (2014)
Phenol 36.77

Bentonite clay Cd(n) 7.44 5.0 Oyanedel-Craver et al.
Benzene 7.10 (2007)

Silica Reactive black 5 83.33 2.0  Araghi and Entezari (2015)
Na dodecylbenzenesul- 62.5

fonate
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Table 4 (continued)

Sorbent Pollutants 0., (mg ¢ pH Source
Bentonite Methyl orange 5.37 4.5 Leodopoulos et al. (2012)
Humic acid 2.1
Graphene oxide nanocom- Cd(II) 21.38 6.0 Dengetal. (2013)
posite Methylene blue 64.23
Graphene oxide nanocom- Cd(II) 91.29 6.0 Dengetal. (2013)
posite Orange G 20.85
Organo-montmorillonite ~ Cd(II) 15.27 5.0 Maetal. (20164, b)
Phenol 8.34
Phosphate 13.04
Lignocellulosic-Al,O; Cu(II) 15.69 5.0  This study
Reactive Blue 19 29.99
Cyprodinil 20.97

of woodchips to a final biosorbent product comprises only the costs of a few cheap
chemicals and electric energy used for stirring. So, the final cost of the obtained
biosorbent is estimated to less than 300 USD/t, making it very interesting in the
light of its commercialization and practical usage in the future.

Conclusion

A new biosorbent, hybrid material, based on chemical modification of lignocellu-
losic biomass with Al,O; was synthesized. As a starting biomass, woodchips from
an oak tree (Quercus robur) generated from furniture manufacturing were used. In
that manner, wood waste could be reduced, and reuse/recycle options of woodchips
were increased. Chemical modification of the biosorbent was confirmed by FTIR
spectrum analysis. SEM micrographs showed that the chemical modification did not
change the morphological structure of the biomaterial. The EDX analysis showed
the presence of 32.8% of carbon and 52.5% of oxygen with 14.7% aluminum. No
separate crystalline Al,O; phase was detected in LC-Al,O; by the XRD pattern, fur-
ther indicating and confirming the chemical interaction between Al,O; and the bio-
material functional groups. LC-Al,O biosorbent was successfully used for simul-
taneous removal of cationic (Cu(Il) ion), anionic (textile day RB19) and nonpolar
(pesticide cyprodinil) pollutants from model solutions and natural water. The opti-
mal pH value, where all three types of pollutant can be simultaneously removed with
enough high efficiency, is 5. At this pH value, removal efficiency for Cu(Il) ions,
RB19 and cyprodinil is 98.21%, 97.9% and 98.18%, respectively. It can be assumed
that the main binding mechanism is ion exchange in the case of Cu(Il) and RB19,
and in the case of nonpolar cyprodinil molecule, the mechanism of sorption pro-
cess has a physicochemical nature. The effect of temperature shows that the biosorp-
tion process for Cu(II) and RB19 was endothermic and for cyprodinil exothermic
in nature. The optimal biosorbent dose for LC-Al,O5 was 2.0 g dm™. The sorption
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process followed the pseudo-second-order model, intraparticle and Chrastil’s diffu-
sion model in all three cases, indicating that both kinetics, reaction and diffusion,
can be involved in the biosorption process. The Langmuir isotherm model showed
the best fit to experimental data in describing the sorption of all three pollutants
on biosorbent. The simultaneous removal of all three pollutants from the aqueous
model solution and contaminated river water at optimal parameters was very effi-
cient, and the RE % was the same as that achieved in single model solutions (98.21,
97.9 and 98.18% for Cu(Il) ions, RB19 and cyprodinil, respectively), indicating that
there was no mutual influence of pollutants on each other. The maximal sorption
capacities of the LC-Al,O; biosorbent for simultaneous removal of the pollutants
in the multi-component system are 15.69 mg g~! for Cu(II) ions, 29.99 mg g~! for
RB19 and 20.97 mg g~! for cyprodinil. In addition to the high removal efficiency for
different types of pollutants (cationic, anionic and nonpolar), LC-Al,O; biosorbent
possesses other benefits, like cost-effectiveness of wood residue and low-cost and
easy sorbent preparation, making it a promising material for the removal of different
types of pollutants from water and wastewaters.
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