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AN EFFECTIVE BIOSORBENT DERIVED
FROM PRODUCTION WASTE

FOR WATER TREATMENT: STUDYING
THE ADSORPTION OF SYNTHETIC DYES

Introduction. Eco-[riendly disposal of food waste, in particular, nutshells and fruit kernels, is an important issue
to ensure sustainable nature management. These secondary raw materials are the source of valuable polymeric
materials, cellulose and lignin.

Problem Statement. [Given the capacity of the food industry in Ukraine and the amount of waste produced, the
development of technologies for processing lignin-cellulose biomass is an important research and practical issue.

Purpose. The purpose of this research is to study the adsorption properties of chemically modified biosorbent
based on plant materials concerning synthetic dyes of different types and classes; to assess the feasibility of
biosorbent production and efficiency of its application in water treatment.

Materials and Methods. Lignocellulose sorbent (LCS) has been synthesized from non-wood raw materials by
chemical modification with the use of phosphoric acid with the addition of urea in an aqueous media. The Fourier
transform infrared and standard methods of plant raw material analysis have been used to determine the physi-
cochemical characteristics of LCS. The adsorption of anionic (methyl orange, alizarin red S, eosin Y), cationic
(methylene blue, neutral red), and nonionic (aniline yellow) dyes on LCS from aqueous solution has been studied
in the batch mode.

Results. The adsorption capacity of LCS towards cationic dyes (47.0—53.3 mg/g) is higher than that of anio-
nic (22.2-36.9 mg/g) and nonionic (4.7 mg/g) ones. The adsorption kinetics have been adequately described by
a pseudo-second-order equation. Adsorption of all classes of dyes on LCS is thermodynamically feasible, sponta-
neous, and endothermic process. The liquid by-product of LCS production contains 15% nitrogen and 10% phos-
phorus, so it may be used as a fertilizer.
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Conclusions. The proposed method for processing food waste provides obtaining ef fective sorbent and liquid
NP-fertilizer. LCS removes both cationic and anionic pollutants from water, so it may be considered a promising

biosorbent for water purification.

Keywords: cellulose, synthetic dyes, adsorption, kinetics, thermodynamics, walnut shell, apricot stone, and was-

te recycling.

According to the principles of “sustainable pro-
duction” and “green chemistry”, walnut shell (WS)
and apricot kernel stones (AS), as widespread ag-
ricultural waste, are considered promising sour-
ces of qualitative lignocellulosic feedstock [1; 2].
Searching for methods of chemical modification
of this feedstock to obtain materials with impro-
ved sorption characteristics, as an alternative to
industrial sorbents, is of particular research inte-
rest. In the future, these materials could become
an alternative to industrial sorbents, such as zeo-
lites and activated carbon, which are quite ex-
pensive [3]. The most promising areas of applica-
tion of this non-wood lignocellulosic waste are
metal ions and dyestuff removal from aqueous
solutions; production of pharmaceuticals and bio-
logically active food additives [4; 5].

Due to availability and low cost [6], the use of
renewable lignocellulosic materials as sorbents
is of growing interest. Nevertheless, these wastes
don’t have the required exchange capacity, remo-
val selectivity, and characterized by relatively
low sorption capacity [7]. Therefore, before they
are utilized as sorbents, preliminary modification
is required. That involves the latest achievements
in biotechnology, nanotechnology, etc. [8].

One of the most rational methods in the deve-
lopment of effective lignocellulosic sorbents (LCS)
is a chemical modification of natural cellulose-
containing materials [9]. Such treatment leads to
immobilization of active centers, increasing sorp-
tion capacity, selectivity and reduces process lon-
gitude. In this direction, some interesting tech-
niques have already been proposed [7; 9—11]. The-
re are some extensive reviews [12; 13] available
on this topic.

By now, a great number of studies focused on
such lignocellulosic waste as an almond shell [14],
corn silk [15], tea waste, orange peel [16], corn
stalks [17], corn cob, and sunflower seed shell [18]
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modified by various chemical reagents, as well as raw
feedstock, proved that these materials are capable
of removing various classes of dyes from water.

A well-known method for studying adsorption
properties of lignocellulosic materials is the ad-
sorption from aqueous solutions, wherein the syn-
thetic dyes are used as adsorbate [19; 20]. To assess
the feasibility of using LCS for water treating, ad-
sorption of methylene blue onto WS [1; 21; 22]
and AS [23] have already been studied. By now,
several extensive reviews concerning the use of
low-cost adsorbents based on the agricultural wa-
ste for dye removal from water have been pub-
lished [24—26]. The reviews have indicated that
the use of the untreated plant waste usually does
not ensure the desired effect in removing dyes.
Modification of WS by organic surfactants (epi-
chlorohydrin, diethylenetriamine, aspartic acid)
dramatically increases adsorption capacity towards
dyes, but such treatment is rather expensive and
produces a harmful effluent [9; 27].

Present work focused on the development of
new types of LCS from non-wood feedstock (WS
and AS) via eco-friendly chemical modification.
Initial assessment of LCS physicochemical pro-
perties was carried through the adsorption of dyes
from model aqueous solution. The following types
of synthetic dyes were studied: anionic (Methyl
orange, Alizarin red S, Eosin Y), cationic (Methy-
lene blue, Neutral red), and non-ionic (Aniline
yellow). The influence of contact time and equi-
librium dye concentration on LCS adsorption ca-
pacity was studied. The mechanism of dyestuff
adsorption was established from isotherm, kine-
tic and thermodynamic studies. The main purpo-
se of this research was to provide an inexpensive
and effective green sorbent for water treatment.

Materials and reagents. Pristine WS (Juglans
Regia 1..) and AS (Prunus Armeniaca 1..) were supp-
lied by the Odeskiy Oliynoekstraktsiyniy Zavod
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(Odesa, Ukraine). The mix of the raw feedstock
was preliminary air-dried, then crushed and sized.
The particles between 0.8 and 1.6 mm were cho-
sen for further studies.

Commercial dyes Methyl orange (MO), Alizarin
red S (AR), Eosin Y (EY), Methylene blue (MB),
Neutral red (NR), and Aniline yellow (AY) were
of analytical grade. The chemical properties of
the dyes are given in Table 1 [28].

The model solutions of dyes were prepared by
the solvation of the appropriate weight of dry re-
agent in distilled water. Phosphoric acid, hydro-
chloric acid, sodium hydroxide, and carbamide
(urea) were of analytical grade.

Preparation of modified sorbent. To obtain a
modified lignocellulosic sorbent (LCS) a certain
weight of the raw material (100 g) was treated
with 250 ml of a 25% NH,OH solution at a tempe-
rature of 25 °C for 4 hours. After that, the sample
was separated from the ammonia and washed in
distilled water to achieve a pH of 7.0—7.5. Then the
sample was treated by activating solution, which
consisted of 20% H,PO,, 40% CO(NH,), and
40% H,O. The volume of activating solution ad-
ded was 300 ml at a temperature of 25 °C. Activ-
ation lasted 1 hour under vigorous agitation by a
magnetic stirrer. Then the solid phase was sepa-
rated and heated in an electric oven for 3 hours at

Table 1. General Properties and Chemical Structure of Studied Dyes

Commercial Class (series) Molecular formula Empirical formula Molar mass,
name g/mol
Aniline yellow | Non-ionic basic (monoazo) /@/NHQ C,H N, 197
o
Neutral red Cationic basic (azine) Cl C,.H,.N,CIl 289
RSN Q e,
Methylene blue | Cationic basic (thiazine) C,;H,N,SCl 320
HC~y ~CH,
C ) Cl- CH
Methyl orange | Anionic acid (monoazo) (|? C,,H,N,0,SNa 327
S— ONa
I
JS g
H,C N
|
CH
Alizarinred S | Anionic acid (anthraquinone) 0 9 C, H,O.SNa 342
Eosin Y Anionic acid (xanthene) C,,H,O.Na,Br, 692
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a temperature of 130 °C. Afterward, the hot sample
was placed in distilled water with a temperature
of 20—30 °C and was kept in it for 1 hour. Then it
was washed off with deionized water and condi-
tioned in distilled water for 6 days. After that,
LCS was dried at 60 °C and stored in a desiccator.
Analytic methods. The main chemical compo-
nents of feedstock and modified sorbent (lignin,
hemicellulose, organic extractives, ash, and mois-
ture) were analyzed according to the Technical
Association of Pulp and Paper Industry standards
that have been previously described [29; 30].
The concentration of dyes was measured with
the use of a spectrophotometer UV-1100 at the
following wavelengths, nm: EY—517; AR—423;
MO—460; AY—386; MB—665; NR—529. The
surface functional groups and structure of raw
material and LCS were studied with the use of a
Fourier Transform Infrared Spectroscopy (FTIR).
FTIR spectra were recorded on a Magna 560, Ni-
colet, Thermo Electron Corp., in the range of
400—4000 cm! with a resolution of 4 cm™!. The
dried samples were grounded and blended with
KBr before being pressed into pellets.
Adsorption experiments. Batch adsorption
experiments were conducted in a set of conical
flasks containing 1.0 g of LCS and 100 ml of dye
solution of appropriate concentration (50, 100,
250, 500, 750, and 1500 mg/1) at a pH = 7. The
pH was adjusted with the use of 0.1 M HCl or 0.1 M
NaOH. The flasks were agitated at 150 rpm with
the use of a temperature-controlled water bath
with a shaker and maintained at constant for 24 h
until the equilibrium was reached. Afterward, the
dyestuff concentration in the supernatant solu-
tion was determined spectrophotometrically.
The amount of adsorbed dye at equilibrium, g,
mg/g, and at time ¢, g, mg/g, were calculated by
equations (1)—(2) [31]:

_Coice 1
qC_ m ’ ) ()
GGy 2
4.~ : (2)

where C, C, C, is the initial, equilibrium, and dye
concentration at a certain time, respectively,
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mg/l, m is the dry adsorbent mass, g, and V'is the
volume of the dye solution, 1.

All adsorption tests were performed with three
replicates and the mean values were used for sub-
sequent analysis.

Adsorption isotherms. Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich (D-R) iso-
therm models were used to examine the relation-
ship between the amount of adsorbed dye and its
equilibrium concentration. The linear forms of
the abovementioned isotherms are given by Egs.

(3)—(6) [32]:
C

1 C
e _ 4 3
qe qCKL qm’ ( )
logg, = logK, + %logCﬂ, (4)
q.~ %14, + Klinc, (5)
T T
q,=q,exp (—Bé¢?), (6)

where g_is the equilibrium dye concentration on
the adsorbent (mg/g), C, the equilibrium dye
concentration in the solution (mg/1), ¢, the mo-
nolayer adsorption capacity of the adsorbent
(mg/g), K, is the Langmuir adsorption constant
(I/mg), K, (mg/g) and n are Freundlich constants,
b, (J/mol) and A (1/g) are Temkin constants re-
lated to the heat of sorption and equilibrium bin-
ding constant, respectively, ¢, is the D-R mono-
layer capacity (mg/g), B is a constant related to
sorption energy, ¢ is the Polanyi potential which
is related to the equilibrium concentration as ¢ =
= RTIn[1+1/C ], R is the universal gas constant,
T is the absolute temperature (K). The constant
B (mol*/J?) gives the mean free energy of sorp-
tion per molecule of the sorbate when it is trans-
ferred to the surface of the solid from infinity in
the solution and was calculated from the relation-
ship E = 1,/(2B)".

According to the Langmuir isotherm, a dimen-
sionless equilibrium parameter R, (separation fac-
tor) is defined by Eq. (7) [33]:

1
R=1+kc, @
where K| is the Langmuir constant and C, is the
initial dye concentration (mg/1). The value of R,
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indicates the type of the isotherm to be either un-
favourable (R, > 1), linear (R, = 1), favourable
(0 <R <1)orirreversible (R, = 0) [32; 33].

Adsorption kinetics. Kinetic experiments we-
re conducted by contacting 1.0 g LCS with 100 ml
of dye solution (1 mmol/l) at 278, 298, 323 K,
and at pH = 7 for 6 h of continuous shaking. The
concentration of dye in the supernatant was de-
termined at different time intervals.

The kinetics of dyestuff adsorption onto LCS
was studied with the use of five common models:
pseudo-first-order, pseudo-second-order, intra-par-
ticle diffusion, film diffusion, and Elovich model,
expressed by Egs. (8)—(12) [34]:

In (qC — qt) = lnqc — k1lf, (8)
t__1 t

R SR 9

q, =kt + C*, (10)

=-0.4977 — In (1 — q,/q,), (11

q;aanmm+%mu (12)

where g_ is the amount of concentration of ad-
sorbate at equilibrium, mg/g, ¢, is the amount of
dye solute adsorb per unit weight of LCS at time ¢,
mg/g, k, is the rate constant, 1/min, k,, g/(mg - min)
is the second-order rate coefficient, &, is the int-
raparticle diffusion rate constant mg/(g - min®?),
C’, mg/g represents the thickness of the boun-
dary layer, ¢,/q, represents the fraction of adsor-
bate adsorbed at different time, B is a mathemati-
cal function of g /g, a and p are the Elovich coef-
ficients, where a represents the initial adsorption
rate mg/(g-min) and B is related to the extent of
surface coverage and activation energy for che-
misorption, g/mg.

Thermodynamics studies. Thermodynamic pa-
rameters (Gibbs free energy AG’, enthalpy AH",
and entropy AS?) of dyestuff adsorption onto L.CS
at different temperatures (278, 298, and 323 K)
were calculated from the equations (13)—(15) [35]:

AG’ = —RTIn %, (13)
4. AH" | AS'
e =—%kr TR Y
AG® = AH® — TAS®, (15)
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In this study, the values of the Langmuir con-
stant K, (expressed in I/mol) were used as equi-
librium constants to calculate thermodynamic
parameters of dye sorption by LCS.

The isosteric heat of sorption (AH. ) is defined
as the energy difference between the state of the
system before and after the sorption of a differen-
tial amount of sorbate on the sorbent surface. Va-
lues of AH_below 80 kJ /mol indicate physical sorp-
tion, and values of AH_between 80 and 400 kJ /mol
suggest chemical sorption [18]. The isosteric heat
of sorption was estimated with the use of the

equation:

d(InC) AH,

ATy ~ R~ (16)
where C. is the equilibrium concentration of sor-
bate in solution (mg/1) at constant surface loa-
ding, R is the universal gas constant and T is the
temperature (K). Values of AH_obtained from
the slope of the plots of In C_ versus 1/7 for each
dye (not shown).

Error analysis. To compare the adequacy and
accuracy of the model’s equations with experi-
mental data, error analysis was carried out. Linear
regression coefficient R? (the determination coef-
ficient) and nonlinear error function — the Chi-
square test, x> were used. The standard equations
of these coefficients are as follows [32]:

2
(qe,meas B qe,calc)

R*= Sl -, (17
z (qe,lneas - qe,calc)2 + (qe,meas - qe,calc)2 ( )
. 2
X2 — Z?: . (qe,calcq qe,lneas) , (18)

q, ... is the measured adsorbate concentration at
equilibrium (mg/g), q, .. is the calculated adsor-
bate concentration at equilibrium (mg/g), N is
the number of data points in the experiment.
Smaller values of ¥*> and higher values of R? indi-
cate better model fitting and better correlation
between the experimental and calculated data
with the model equation [32].

Characterization of LCS. It was previously
shown, that the typical composition of WS and
AS is a-cellulose (25—35%), hemicellulose (25—
30%), and lignin (30—40%), which percentages de-
pend on the climate and growing conditions [12].
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Fig. 1. FTIR spectra: a — raw WS+AS; b — LCS

Also, both materials contain minor components,
such as extractives (about 1—3%) and ash (up to
5%) [36]. Studied feedstock contained below-ave-
rage content of hemicellulose and lignin, which
eased its conversion into sorbent (Table 2).

Due to the presence of lignin and cellulose in
structure, LCS contains various surface groups
that can interact with dye molecules. The presen-
ce of these surface groups in the structure of LCS
was studied by FTIR spectroscopy (Fig. 1). The
FTIR spectra of the raw WS+AS (Fig. 1, a) dis-
play bonds and peaks, assigned to functional
groups of natural polysaccharide compounds
(Table 3) [22].

Comparing the spectra of WS+AS and LCS it
can be noticed that the intensity of peaks assig-

Table 2. Chemical Composition Raw
Feedstock (WS+AS) and Modified Sorbent (LCS)

Content, %
Component
WS+AS LCS
a-cellulose 35+1.0 76 +1.0
Lignin 26.6 +0.5 4.0+0.5
Hemicelluloses 20.5£0.5 25+0.5
Ash 49+0.5 7.0£0.5
Extractives 1.2+0.1 04+0.1
Moisture 11.8+0.5 10.1 £ 0.5

ned to some characteristic functional groups was
either minimized (vibrations of aromatic rings
in lignin) or lightly shifted (stretching of —OH
and —COOH groups in cellulose) after modifi-

Table 3. Summary of the FTIR Spectra of WS+AS and LCS

Adsorption band, cm™!
Assignment
WS+AS LCS
499; 538 468; 520 | Skeletal deformation of aromatic
rings in lignin
1012 1032 —~OCH, groups in lignin; C-O
stretching in polysaccharides
— 1103 P-O-H vibrations in phospho-
rous ether groups
— 1153 P=0 vibrations in phosphorous
ether groups
1204 1226 —OH bend in cellulosic alcohol
groups
1296—1487| 1320—1502 | C=C aromatic and —OH pheno-
lic stretching in lignin
1571 1592 C=O0stretching in —COOH groups
1712 — C=0 stretching in non-conjuga-
ted ketones groups
— 1849-2352 | O—H--O vibrations in hydrogen
bonds of (NH,)2CO-H,PO,
2894 2893 C-H bonds in ~CH,, and ~CH2
groups of cellulose
3342 3352 Stretching of —~OH groups in po-
lysaccharides
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cation. It is caused by a significant decrease in
lignin content due to delignification by NH,OH
and the degradation of hemicelluloses during acid
treatment.

Fig. 1, b shows that in the spectrum of LCS, whe-
re the broadband in range of 1849—2352 cm™'
emerged, corresponding to the vibrations in hyd-
rogen bonds of (NH,),CO-H,PO, [37]. Incorpo-
ration of phosphorus-containing groups into the
cellulose matrix also leads to the appearance of
peaks at 1103 and 1153 cm~!, corresponding to
vibrations of P—O—H and P=0O groups [10].
Thus, LCS was impregnated by phosphorus ether
groups —OPO(OH),.

These observations indicate that in dyestuff ad-
sorption mechanism may be involved the electro-
static interactions between the negatively charged
surface groups of the LCS (as a result of dissocia-
tion of phosphorus ether groups) and the cationic
dyes, as well as hydrogen bonding (lignocellulos-
ic and phosphorus ether —OH:--non-ionic dye).

According to the above-mentioned conclusions,
as well as previously published data [38], the pos-
sible mechanism of phosphorylation of cellulose
derived from WS+AS in the presence of urea in
an aqueous medium may be presented as follows

OH
NG +H,PO,
-0 \/& +CO(NH,),
- 25°C
o O
\,_OH
_ o _ <
O H*N\ ’ ‘~~O/§/O
el ~H,0 W
Ho-P~0__Ovyy Ni1+ o\\P 4 oH
HO/\\L ,
OH o/k/O

Under these conditions, the formation of com-
pound (NH,),CO-H,PO,, which incorporates in
the structure of cellulose, seems highly possible
[39]. The only by-product of LCS production is
aqueous ammonia with dissolved organic compo-
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Fig. 2. Adsorption isotherms of dyes onto LCS. Operating
conditions: pH = 7.0; LCS dosage 1 g/1; temperature 298 K

nents of original feedstock (mainly lignin and he-
micellulose). Whereas this solution contains rough-
ly 15% N and 10% P, it should be considered a li-
quid fertilizer.

Adsorption isotherms. The sorption isotherms
are presented in Fig. 2.

The isotherm constants of the dyestuff adsorp-
tion process onto LCS are listed in Table 4.

For all dyes the values of the 1/n are lesser than
one, while the values of R, lie between 0 and 1, sug-
gesting favorable sorption [18]. Because of the
values of the R? and %, experimental data of an-
ionic dyes sorption onto LCS were more appro-
priate to the Freundlich isotherm model, whereas
the Langmuir isotherm gives a better fit for the ca-
tionic dyes. Probably, it might have been explai-
ned by a different charge of dyes molecules. Ad-
sorption of negative charged dyes molecules (MO,
AR, EY) onto LCS takes place with the formation
of multilayers and even filling of the pores, where-
as electrostatic interactions between surface groups
of LCS and positively-charged dyes molecules (NR,
MB) leads to monolayer sorption. The values of
the K, for NR and MB are higher than those for
MO, AR, EY, and AY, suggesting a stronger bin-
ding between cationic dyes and the LCS surface.
In the case of MO, AR, EY, and AY, the lower va-
lues of the binding constant could also be explai-
ned by decreasing diffusion of relatively large dye
molecules into the pores of LCS.

According to the Temkin model [12], there is a
linear decrease in the heat of adsorption of the
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molecules in the layer, due to the adsorbate-ad-
sorbate interactions. The good fitting of the Tem-
kin isotherm to experimental data (R* > 0.97)
indicates the strong interaction between the ca-
tionic dyes molecules and LCS. Temkin model pre-
dicts a uniform distribution of binding energies
over the quantity of surface binding adsorption
sites, wherein the range and distribution should
depend strongly on the density and distribution
of functional groups both on the dye and LCS sur-
faces [3]. The equilibrium binding constant in-
creased from 1.848 to 8.349 1/g within the follo-
wing sequence AY<EY<AR<MO<NR<MB. The
Temkin model is an appropriate model for the sorp-
tion based on strong electrostatic interactions be-
tween opposite charges [14]. This suggests that the
uptake heat of the adsorbate dye molecules in the
absorbed layer decreases as positive charge per mo-
lecule within the above-indicated row goes down.

As can be seen from Table 4, the g_values ac-
cording to the D-R equation is insignificantly
higher than those estimated with the use of the
Langmuir model. Similar results have been repor-
ted by other authors [10; 40] and can be attribu-
ted to the fact that the D-R isotherm considers
a pore-filling mechanism. According to [18], va-
lues of mean free energy of sorption, E, less than
8 kJ/mol are associated with physical sorption,
whereas values between 8 and 16 kJ /mol indicate
an ion-exchange mechanism of sorption. Thereby,
the uptake of cationic dyes onto LCS is generally
caused by weaker physical interactions, such as
electro-dipole interactions, whereas the intake of
EY, AR, and MO possibly occurring due to ion
exchange binding. Presumably, the removal of AY

Table 5. Kinetic Parameters
for the Adsorption of Dyes onto LCS

Table 4. Adsorption Isotherm Constants Parameter Dye
for the Adsorption of Dyes onto LCS EY | AR | MO | AY | MB | NR
Dye q.°", mg/g 19.61]23.58 | 22.28 | 4.085 | 26.5231.49
Parameter Pseudo-first-order
EY | AR | MO | AY | MB | NR g %105 1/min [9.000]9.000 | 9000 6.0008.000 |8.000
g, mg/s | 2955|3553 | 2023 |3.452| 4356 [51.73| | |q, mg/g 5.609]6.015 | 6.062 | 12.83 | 2.588 [1.531
K, 1/mg 0.021 { 0.013 | 0.036 |0.053 | 0.113 | 0.113 R? 0.667|0.771]0.851|0.761 | 0.566 |0.491
R, 0.986 | 0.995 | 0.988 |0.952| 0.996 | 0.991 x 239.3153.66 | 5.484 | 48.58 |61.32(229.9
R? 0.699 | 0.693 | 0.690 | 0.652| 0.999 |0.991 Pseudo-second-order
1 3311 2557 | 6.078 [9.122] 0.141 10.044 | | |k, g/(mg-min) [0.051]0.031 |0.044 | 0.042|0.037[0.105
Freundlich q,mg/g 19.6123.50 [ 22.89 | 8.193 | 28.19 [31.49
K, (mg/g)x | 1.499 | 3.418 | 1.627 |2.033| 1.178 [0.728 | | | R 1.000{ 0.999 | 0.999 | 0.699 | 1.0000.999
x (1/g)/n x 0.01810.063 16.488 1 107.0 | 1.605 [3.984
1/n 0.445 ] 0.332 | 0.388 [0.103| 0.539 | 0.581 Dubinin-Radushkevich
R? 0.926 | 0.987 | 0.978 | 0.644 | 0.803 | 0.607 k, mg/(g- min®%) [0.055|0.018 | 0.061 | 0.052 | 0.032 |0.104
v 2.35412.023 | 1.031 [8.016| 5.669 | 5.527 C*, mg/g 16.74]17.96 | 17.56 | 4.016 | 23.55|21.33
Temkin R? 0.683|0.417 [ 0.78210.978 | 0.5250.697
A, l/mg 3.297 | 4.188 | 4.536 | 1.848 | 8.349 | 8.308 b 23.3413.23014.85210.65412.938165.98
b, J/mol 46.47 | 53.18 | 85.99 | 7.586| 346.9 | 284.7 Elovich
R? 0.799 | 0.839 | 0.899 |0.668 | 0.972 | 0.973 a, mg/(gmin) [9.095]10.31|10.56|0.851]18.09|14.61
e 1.118 [ 1.222 | 1.217 10.442 ] 0.785 | 0.846 B, g/mg 0.128]0.091 | 0.081]0.263 | 0.043]0.033
Dubinin-Radushkevich R? 0.838]0.936 [ 0.981|0.577 | 0.7440.612
q, mg/g 33.01 | 36.99 | 22.22 |4.703| 47.01 | 53.29 b 0.986]0.187 1 0.121 | 1.889 | 1.441(2.830
E, kJ/mol 13.87 | 11.32 | 12.13 | 0.826 | 7.031 | 7.333 Boyd film diffusion
R? 1.000 | 0.929 | 0.999 |0.949 | 0.724 | 0.873 Intercept 0.583]0.895]0.950 | 0.206 | 1.865 |2.086
x 5.397 | 3.269 | 7.344 10.746 | 0.077 | 0.177 R? 0.667|0.851(0.771|0.761 | 0.567 | 0.492
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was caused by weak hydrogen bonds. The low
values of the R? indicate the unsuitability of the
D-R isotherm model for cationic dyes, proving
that uptake of these dyes does not occur within
the pores of LCS.

Adsorption kinetics. The effect of contact time
on LCS dye removal is presented in Fig. 3.

Balance achievement increases rapidly with
contact time in the first 30 minutes, after which
the rate of sorption decreases. For practical pur-
poses, the equilibrium is considered to have been
reached within 1 hour. The kinetic data summa-
rized in Table 5.

Correlation coefficients of the pseudo-first-or-
der model are lower than those of the pseudo-se-
cond model. Furthermore, the x* values are higher
in the case of pseudo-first-order kinetics compa-
red to those obtained for pseudo-second-order.
Furthermore, the ¢, values calculated by equa-
tion (8) do not correspond to experimental va-
lues (g.>?). Ipso facto, the pseudo-first-order ki-
netic model does not adequately describe the ad-
sorption of dyes onto LCS. High values of R? and
good correspondence between calculated and ex-
perimental values in the case of cationic and an-
ionic dyes confirm that the speed of the sorption
process is correctly described by pseudo-second-
order equation (9). Similar results have recently
been shown in [1; 23].

The maximum value of R? and the lowest ¥ for
AY suggest that adsorption of nonionic dye in
LCS is a diffusion mass transfer process. There-
fore, unlike cationic and anionic dyes, AY adsorp-
tion occurs within pores of the LCS particles and
is limited by diffusion.

On the other hand, high correlation coeffi-
cients of the Elovich equation in the case of an-
ionic dyes revealed that their adsorption in LCS
was an ion exchange reaction [27]. Therefore, ad-
sorption of MO, AR, and EY in LCS can occur
through interaction between functional groups of
sorbent and dye, for example:

LCS—OPO(OH)—0O H' + Na'[dye | <
< LCS—OPO(OH)—ONa[dye] + H*. (19)
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Fig. 3. Effect of contact time on the adsorption capacity of
dyes onto LCS. Operating conditions: C; = 1 - 10-* mol/I; LCS
dosage 1 g/1; pH = 7.0; temperature 298 K

According to the experimental data in Table 5,
the intersections of all dyes were not zero (linear
plots did not pass through the origins), indica-
ting external diffusion as a speed-controlling step
in the early stages of sorption [41]. Therefore, we
suggest that the adsorption rate could be control-
led by diffusion of the film (except AY). Adsorp-
tion of cationic and anionic dyes in LCS is limi-
ted by external diffusion, while intraparticle dif-
fusion is also involved, but is not the rate-limiting
step. Similar results have been previously repor-
ted in [11; 42].

Thermodynamics studies. The thermodynamic
parameters AH® and AS® were estimated by plot-
tingIn g /C, versus 1/Tand summarized in Table 6.

At all temperatures, AG® values are negative
and decrease with increasing temperature, indi-
cating that the adsorption of cationic dyes in LCS
is spontaneous and thermodynamically feasible
[43]. As demonstrated in [18], AG® values down
to —20 kJ/mol correspond to physical sorption
(vander Waals forces, hydrogen bonds, electrosta-
tic interactions), while AG’ values are more ne-
gatives than 40 kJ /mol indicates the formation of
coordinated bonds (chemical sorption). As shown
in Table 4, the general dispersion of AG® values
suggests that physical sorption is the predomi-
nant adsorption mechanism for each class of dyes.
Similar results have been reported in previous stu-
dies on WS-based sorbents [9; 21; 22; 27; 41].

Positive values of AH" indicate the endother-
mic nature of adsorption, which is in good agree-
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ment with a decrease in AG® with increasing tem-
perature. Relatively low values (1.1 to 3.3 k] /mol)
corroborate that the sorption process occurs by a
combination of physical hydrogen bonds and van
der Waals forces (in the case of anionic and non-
ionic dyes) and electrostatic attractions (in case
of cationic dyes).

A direct correlation was found between the
AH’ values and the molar mass of the dyes. Ex-
perimental data reveals an increasing trend of
AH’ in the following sequence EY>MO>AR>-
>MB>NR>AY.

The positive value of AS® for each dye charac-
terizes an increase in randomness at the solid-
liquid interface during sorption [32]. The in-
crease in the degree of freedom of the adsorbed
dye consecutively reduces EY>AY>AR>NR>-
>MO>MB, which could be caused by the degree
of complexity of the dye molecule (see Table 1).
Therefore, the presence of such functional groups,
such as —NO, or —NH,, considerably enhances
the interaction of the dye with the LCS surface.

Table 6. Thermodynamic Parameters
for the Adsorption of Dyes onto LCS

Tempe- 0

Dye | rature, kJA/HrSl)l kJA/?nlﬂ kJA/IjnDQI (i%i-%) R

EY | 278 | 202 | -21.62| 326 | 81.11 [0.988|1.254
298 | 217 |-2091
323 | 2.35 [-20.73

AR | 278 | 3.18 | -17.68| 279 | 67.97 |0.991|1.265
298 | 341 | -17.47
323 | 3.69 | -16.79

MO| 278 | 280 |-17.61| 3.12 | 19.57 {0.996]1.235
298 | 3.01 | -17.21
323 | 3.26 | 1697

AY | 278 198 |-21.22| 1.07 | 74.19 [0.781(3.232
298 | 212 | -18.04
323 | 2.30 | -19.18

MB| 278 | 454 | =298 | 2.77 | 13.36 |0.997[0.995
298 | 4.87 | —1.21
323 | 527 | ~0.26

NR | 278 | 347 | —4.43 | 2.59 | 67.80 [0.997]0.996
298 | 3.72 | —-2.71
323 | 4.03 | —0.95
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Positive AH_values (see Table 6) confirm the
endothermic nature of sorption and correspond
to physical adsorption. As a result, isosteric sorp-
tion heat of all dyes increases with growing tem-
perature. The following tendency of AH_values
was observed: MB>NR>AR>MO>EY>AY. The
highest AH_values were obtained for the adsorp-
tion of cationic dyes due to the interaction of
phosphorous ether groups on the surface of LCS
with MB and NR. Respectively, there was less in-
tense interaction between LCS and the negative-
ly or neutrally charged dye molecules.

Upon the appearance of hydrophobic groups
in dye molecules (for example, AR, MO) and LCS,
a noticeable change in positive entropy occurs,
which indicates the release of water molecules du-
ring the interaction between the dye and sorbent
during the association at the phase boundary. The
high degree of hydrophobization of LCS, achie-
ved by phosphorylation of its cellulose base, en-
hances the positive entropy effect and leads to
endothermic adsorption effect.

At the same time, all these effects are weake-
ned when the dyestuff molecules charge changes,
and N=N bonds appear in it due to the predomi-
nance of hydrogen bonds in the adsorption mech-
anism of monoazo dyes onto LCS. The increase in
the number of condensed aromatic rings in the
molecules of anthraquinone and xanthene dyes
leads to the same result.

The ratio of enthalpy and entropy change in the
processes of dyes adsorption onto LCS follows
a general pattern. It was found that thermodyna-
mic characteristics of dyestuff adsorption and an
increase in the molecular weight of synthetic dyes
are interrelated.

Table 7 provides a comparison of the perfor-
mance of different types of WS and AS-based lig-
nocellulosic sorbents for cationic and anionic dyes
removal from water.

The results of the present study indicate that
LCS has an adsorption capacity comparable to
previously developed green sorbents. Production
of LCS allows utilizing the large-tonnage waste,
being, thus, of current interest for Ukraine. Ad-
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ditionally, the production of LCS enables the use
of secondary effluents as liquid fertilizer.

A sustainable method developed for the treat-
ment of lignocellulosic waste, involving delignifi-
cation and phosphorylation, provides LSC with
phosphorus-ether surface groups. Preliminary cha-
racterization of LCS as a sorbent has been comp-
leted and MB,NR, MO, AR, EY, and AY dyes ha-
ve been successfully removed from aqueous solu-
tions in batch mode. The elimination of cationic
and anionic dyes by LCS is a thermodynamically
feasible, spontaneous, and endothermic process,
which corresponds to the pseudo-second-order ki-
netic equation of rate and occurs mainly due to
physical sorption. The adsorption of cationic dyes
occurs via electrostatic interactions, while anio-

Table 7. Adsorption Capacities of Sorbents Derived from W

nic and non-ionic dyes are adsorbed on the LCS
by hydrogen bonding and Van der Waals forces.
At an initial concentration of 1 mmol /L, the ma-
ximum adsorption capacities for MB, NR, MO,
AR, EY, and AY were determined as, mg/g: 26.5;
31.5; 22.3; 23.6; 19.6, and 4.08, respectively. FTIR
study has demonstrated the presence of phospho-
rous ether functional groups on the surface of
LCS, which are responsible for dye’s adsorption.
Current work has indicated that LCS can be
successfully utilized as a green sorbent for the ca-
tionic, and anionic dyes removal from water. Expe-
rimental results have characterized LCS as an ef-
fective sorbent for the water treatment and encou-
rage further studies on the applicability of LCS
for removal of metal ions from industrial effluents.

S and AS towards Various Dyes

Dye Sorbent
q,, mg/g Reference
Commercial name Class (series) Basis Modifying agent

Reactive brilliant red Anionic acid (monoazo) WS Epichlorohydrin; 568.18 [27]
K-2BP diethylenetriamine

Reactive brilliant blue Anionic acid (anthraquinone) WS | Epichlorohydrin; 224.42 [9]

aspartic acid

Acid green 25 Anionic acid (anthraquinone) WS — 21.0 [43]
Acid red 183 Anionic acid (monoazo) WS — 45.0 [43]
Acid red 97 Anionic acid (disazo) WS — 29.15 [40]
Violet B Anionic acid (disazo) WS — 48.7 [16]
Murexide Anionic acid (azomethine) WS CH,COOH 12.0 [1]
Congo red Anionic amphoteric (disazo) WS H,PO, 40.0 [10]
Rhodamine B Cationic amphoteric (xanthene) | WS — 2.29 [7]
Maxilon red GRL Cationic basic (monoazo) WS — 58.21 [42]
Malachite green Cationic basic (triphenylmethane) | WS — 90.8 [41]
Methyl violet Cationic basic (triphenylmethane) | WS CH,COOH 55.0 [1]
Methylene blue Cationic basic (thiazine) WS — 51.55 [21]
Methylene blue Cationic basic (thiazine) WS — 178.9 [22]
Methylene blue Cationic basic (thiazine) WS CH,COOH 60.0 [1]
Methylene blue Cationic basic (thiazine) WS NaOH 95.24 [11]
Methylene blue Cationic basic (thiazine) WS KOH 33.67 [23]
Methylene blue Cationic basic (thiazine) WS | H,PO,; CO(NH,)* 47.01 Present study
Neutral red Cationic basic (azine) WS | H,PO, CO(NH,)* 53.29 Present study
Methyl orange Anionic acid (monoazo) WS | H,PO,; CO(NH,)* 22.22 Present study
Eosin Y Anionic acid (xanthene) WS | H,PO,; CO(NH,)* 33.01 Present study
Alizarin red S Anionic acid (anthraquinone) WS | H,PO,; CO(NH,)* 36.99 Present study
Aniline yellow Non-ionic basic (monoazo) WS | H,PO, CO(NH,)* 4.70 Present study
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E@EKTUBHUY BIOCOPBEHT JIJI OUYUIIIEHHS BOJIN,
OTPUMAHUM 3 BUPOBHO-TEXHOJOTTYHMX BIJIXO/I1B:
JOCTIPKEHHS AICOPBIIT CUHTETUUYHNX GAPBHUKIB

Beryn. EdextuBHa yTuitizarisi XapuoBUX BiZIXO/iB, 30KpeMa TOPiXOBOI NIKAPAIYNU Ta MIOAOBUX KiCTOUOK, € BasKJIUBUM
MUTAHHSAM 3a0€3IIeYeHHsI CTAIOT0 TIPUPOIOKOPHUCTYBaHHsL. 1[s1 BTOprHHA CHPOBHHA € JZKEPEIOM I[iHHUX MOJIMEPHUX Ma-
TepiasiB — IeJTI0JI03U Ta JITHIHY.

IIpo6GaemaTuka. BpaxoByioun moTyKHOCTI XapyoBOI IIPOMUCIOBOCTI YKpaiHK Ta KilbKICTh HAKOIIMYEHUX BiZXO/IB, PO3-
BUTOK TEXHOJIOTIH 1IepepoOKH HioMac € BasKJINBOIO HAYKOBO-IIPAKTUYHOIO TPOOJIEMOIO.

Mera. [locmimkenHst aacopOIiitHIX BJACTUBOCTEH XiMiYHO-MOM(iIKOBAHOTO 610COPOEHTY Ha OCHOBI POCIUHHOI CUPO-
BUHM IOJI0 PI3HUX KJIACIB CHHTETHYHHUX GapBHUKIB. OIiHKa A0IIbHOCTI BUPOOHUIITBA HiocOpOEHTY Ta epeKTUBHOCTI HOTO
3aCTOCYBAHHS Y OYHCTII BOJIU.

Marepiaau ta metoau. Jlirnouesmonosunii copbert (JILLC) 6yr0 cMHTE30BaHO 3 HelePEeBHOI CHPOBUHE TIJISIXOM XiMid-
Hoi Moudikarii 3 BUKopuctanusM $hochopHOI KUCIOTH 3 I0/IABAHHIM CEYOBUHU Y BOAHOMY cepenosuiii. [ndpavepBona
criektpockorist Dyp'e Ta crangapTHI METO/IU aHAJI3Y POCIUHHOI CHPOBUHU BUKOPUCTAHO JIJIs BUSHAUEHHST (hi3MKO-XiMid-
nux xapakrepuctuk JILC. locaimkeno agcopbirio anioHHUX (METUIOPAHIK, ali3apiHOBUN YepBoHUii S, eo3nn Y), KaTioH-
HUX (METUJIEHOBUIA CHHIN, HEHTpaJIbHUN YepBOHUIT) Ta HeioHOTeHHUX (aHiaiHOBUH KoBTHIT) 6apBHUKiB Ha JIIIC 3 BOIHO-
IO PO3UMHY.

Pesyawratu. Ancop6iiiitna emuicts JILIC moao kationnux 6apsaukis (47,0—53,3 Mr/T) BUIIa, HiX 171 aHioHHUX (22,2—
36,9 Mr/r) Ta Heionorennux (4,7 mr/t). Kinernka azcop0itii afieKBaTHO OMUCYETHCS PIBHSHHSAM MICEBIOAPYTOTO TOPSIIKY.
Aztcopbirist Beix KiaciB 6apBHUKIB € TEPMOAMHAMITHO MOJKJIMBIM, CIIOHTAHHUM €HI0TEPMIYHIM IpoiiecoM. Pigkuii mobiurmit
npoaykT BupobHuiTea Mictuth 15% Hitporeny i 10% Docdopy, ToMy HOro MoskHa BAKOPUCTOBYBATHU SIK KOMILJIEKCHE Mi-
HepasbHe 106pUBO.

BucHoBKkH. 3anmpornoHoBaHuii crocib nmepepoOKu XapyoBUX BiAXO/iB nepeadadyac OTpUMaHHs e(heKTHBHOTO COPOEHTY Ta
pinkoro NP-mo6pusa. BiocopbeHT Buaaisie€ 3 BOAN KaTiOHHI Ta aHIOHHI TTOJIOTaHTH, TOMY HOTO MOKHA PO3TJISIIATH SIK TTEPC-
HEeKTUBHUN 6I0COPOEHT JJIsl OYUCTKU BOJIH.

Kmouosi crosa: nemmonosa, CuHTeTHYHI GapBHUKH, a7cOPOILis, KIHeTHKA, TEPMOMHAMIKA, IIKapalya BOJOCbKOro Topixa, ab-
PUKOCOBI KiCTOUKH, IIepepoOKa BiZXO/1iB.
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