PULVERIZED RIVER SHELLFISH SHELLS AS A
CHEAP ADSORBENT FOR REMOVING OF
MALATHION FROM WATER: EXAMINATION OF
THE ISOTHERMS, KINETICS,
THERMODYNAMICS AND OPTIMIZATION OF
THE EXPERIMENTAL CONDITIONS BY THE
RESPONSE SURFACE METHOD

Zlate S. Veli¢kovi¢?, Bogdan D. Vu;iic®,

Vladica N. Stojanovic¢, Predrag N. Stojisavljevicd,

Zoran J. Baji¢e, Veljko R. Doki¢!, Negovan D. lvankovics,

Pavel P. Otrisal®

@ University of Defence in Belgrade, Military Academy, Department for
Military Chemical Engineering, Belgrade, Republic of Serbia,
e-mail: zlatevel@yahoo.com, corresponding author,
ORCID iD: ““https://orcid.org/0000-0001-5335-074X

b University of Defence in Belgrade, Military Academy, Department for
Military Chemical Engineering, Belgrade, Republic of Serbia,
e-mail: bogdanvujicic47 @gmail.com,
ORCID iD: ‘https://orcid.org/0000-0003-3026-4544

¢ University of Defence in Belgrade, Military Academy, Department for
Military Chemical Engineering, Belgrade, Republic of Serbia,
e-mail: vllajkoo.vs@gmail.com,
ORCID iD: ‘“https://orcid.org/0000-0002-9844-2477

d Serbian Armed Forces, Technical Test Center, Belgrade,
Republic of Serbia,
e-mail: pedjastojis@yahoo.com,
ORCID iD: ‘“https://orcid.org/0000-0002-1170-7912

€ University of Defence in Belgrade, Military Academy, Department for
Military Chemical Engineering, Belgrade, Republic of Serbia,
e-mail: angrist2@gmail.com,
ORCID iD: "“https://orcid.org/0000-0002-8492-3333

fUniversity of Belgrade, Faculty of Technology and Metallurgy,
Belgrade, Republic of Serbia,
e-mail: vdjokic@tmf.bg.ac.rs,
ORCID iD: “https://orcid.org/0000-0003-2541-0420

9 University of Defence in Belgrade, Military Academy, Department for
Military Chemical Engineering, Belgrade, Republic of Serbia,
e-mail: negovan.ivankovic@gmail.com,
ORCID iD: ‘“https://orcid.org/0000-0003-0202-8210

h Palacky University, Olomouc, Czech Republic,
e-mail: pavel.otrisal@upol.cz,
OR CID iD: &https://orcid.org/0000-0002-9345-3978

pp.871-904

Velickovi¢, Z. et al, Pulverized river shellfish shells as a cheap adsorbent for removing of malathion from water: examination of the isotherms, kinetics, thermodynamics ...,

ACKNOWLEDGMENTS: This work was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia (Contract No.: 213-1/21 -08-03-2021).

871



mailto:zlatevel@yahoo.com
mailto:bogdanvujicic47@gmail.com
mailto:vllajkoo.vs@gmail.com
mailto:pedjastojis@yahoo.com
mailto:angrist2@gmail.com
mailto:vdjokic@tmf.bg.ac.rs
https://www.scopus.com/redirect.uri?url=https://orcid.org/0000-0003-2541-0420&authorId=36679885000&origin=AuthorProfile&orcId=0000-0003-2541-0420&category=orcidLink%22
mailto:negovan.ivankovic@gmail.com
http://orcid.org/
http://orcid.org/
http://orcid.org/
http://orcid.org/
http://orcid.org/
http://orcid.org/
http://orcid.org/
http://orcid.org/

QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2021, Vol. 69, Issue 4

DOI: 10.5937/vojtehg69-32844; https://doi.org/10.5937/vojtehg69-32844

FIELD: Environmental protection, Chemical engineering
ARTICLE TYPE: Original scientific paper

Abstract:

Introduction/purpose: In this study, we investigated the possibility of
removing the organophosphorus pesticide malathion from water using a
new adsorbent based on the biowaste of river shell shards from the
Anodonta Sinadonta woodiane family, a material that accumulates in large
guantities as waste on the banks of large rivers. Two adsorbents were
tested - mechanically comminuted river shells (MRM) and
mechanosynthetic hydroxyapatite from comminuted river shells (RMHAp).

Methods: The obtained adsorbents were characterized and tested for the
removal of the organophosphorus pesticide malathion from water. In order
to predict the optimal adsorption conditions using the Response Surface
Method (RSM), the authors investigated the influence of variable factors
(adsorption conditions), pH values, adsorbent doses, contact times, and
temperatures on the adsorbent capacity.

Results: The best adsorption of malathion was achieved at mean pH
values between 6.0 and 7.0. The adsorption data for malathion at 25, 35,
and 45 °C were compared using the Langmuir, Freundlich, Dubinin-
Radushkevich (DR), and Temkin isothermal models, as well as pseudo-
first order, pseudo-second order and Elovic kinetic models for modeling
adsorption kinetics. The maximum Langmuir adsorption capacity for MRM
and RMHAp at 25 °C was 46,462 mg g and 78,311 mg g, respectively.

Conclusion: The results have showed that malathion adsorption on both
adsorbents follows the pseudo-second kinetic model and the Freundlich
isothermal model. The thermodynamic parameters indicate the
endothermic, feasible, and spontaneous nature of the adsorption process.

Key words: removal, adsorbent, kinetics, isotherms, optimization,
pesticide, water, river shells.

Introduction

The development of technology undoubtedly contributes to the
development of society; however, it also causes environmental pollution.
A distinct surge in the world’s population and an increase in food needs
condition the development of intensive agricultural production based on
the use of inputs to overcome factors that limit production such as
insects, fungi, weeds, and land scarcity (Kamga, 2019). The usage of
pesticides is intended to combat animals and plants that are harmful to
crops, thus enabling increased yields and ensuring the sustainability of
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the human population. Non-selective use of pesticides in agricultural
activities leads to the pollution of surface and underground water
accumulations. Due to its potential danger to health by entering the food
chain for humans and animals, pesticide pollution has reached alarming
proportions. (Chatterjee et al, 2010)

Pesticides are ecologically very important because of their high
toxicity to living organisms, including humans; the toxicological profile of
this pollutant poses a potential risk to the environment and public health
(Kamga, 2019). According to numerous studies, many insecticides such
as DDT, deildrin, heptachlor, and aldrin bioaccumulate in blood, milk, and
tissues and are also found in food products (Singh et al, 2010).

It has been confirmed that patients with acute organophosphate
poisoning suffer from problems such as vomiting, nausea, miosis,
excessive salivation, blurred vision, headache, dizziness, and
disturbances of consciousness (Singh et al, 2010). In the case of
malathion, which is one of widely used organophosphorus pesticides,
almost all the observed effects occur due to its active metabolite malacon
(Singh et al, 2010) on the nervous system or gives secondary effects to
its primary action.

Malathion is slowly absorbed through the skin, but is more rapidly
and efficiently absorbed via ingestion. Once they are absorbed,
phosphorothioates such as malathion are metabolically activated to the
“oxon” forms which have greater toxicity than the parent insecticide. The
metabolism of malathion leads to the formation of malathion
monocarboxylic acid, malathion dicarboxylic acid, dialkyl phosphate
metabolites, and other metabolites (Bouchard et al, 2003).

In recent years, research on the removal of pollutants from water
has been intensified, based on the phenomenon of adsorption, among
which the removal of pesticides from water occupies a special place. We
have a large number of potentially highly effective adsorbents for
removing pesticides from water such as activated carbon (Kamga, 2019;
Ohno et al, 2008; Hameed et al, 2009), but the high price of activated
carbon limits its mass use in many poor countries. Therefore, the
attention of researchers is increasingly focused on finding a cheap,
environmentally friendly, and highly efficient adsorbent to solve this
problem. Various adsorbents such as agricultural by-products, waste
materials, cheap minerals and biomass have been used to remove
various pollutants from wastewater (Chatterjee et al, 2010; Panti¢ et al,
2019; Baji¢ et al, 2013; Stevanovi¢ et al, 2020; Karanac et al, 2018;
Perendija et al, 2021).
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Malathion, an organophosphorus highly selective insecticide, is
widely used in agriculture worldwide (Chatterjee et al, 2010), primarily in
the control of insects, including mosquitoes, aphids, grass insects, and
many other parasites of vegetable crops and fruits. Until today, the
removal of malathion from wastewater has not been studied in detail and
only a few studies are available in this regard (Chatterjee et al, 2010).

The shards of river shells are waste that burdens a large number of
beaches and the banks of rivers, seas, and lakes. They also appear as
waste after use in human nutrition. The aim of this paper is to apply
shellfish as a cheap, widely available, environmentally friendly material
for removing organophosphorus pesticides from water. In this way, we
get a double benefit: we use waste that burdens the shores of different
watercourses to remove pollutants that load the water and cause
negative effects on life and health of humans and animals as well as on
the environment in general.

Materials and methods

Materials

A large number of different chemicals were used during the
research. Bearing in mind that the properties of the adsorbent, as well as
the research results largely depend on the purity of the reagent, high
purity chemicals were used:

— 5% hydrogen peroxide solution - H,O, (Sigma-Aldrich, PA),

— concentrated nitric acid HNOs (Fluka, ultrapure) - used for
digestion of shells in order to determine the elemental
composition and adjust the pH level,

— concentrated phosphoric acid HsPO4 (Sigma-Aldrich, PA),

— sodium hydroxide - NaOH (Sigma Aldrich, PA) - used to adjust
the pH of the solution in the adsorption process and titration
during the synthesis of adsorbents,

— 96% ethyl alcohol (Sigma Aldrich, PA) - used in the washing of
adsorbents,

— deionized water (resistance of 18 MQ cm) - used for sample
preparation and dilution of the solution,

— malathion, 60% technical solution (Galenika-Fitofarmacija) — used
for performing an adsorption experiment (as 20 mg dm™
concentration solution),

— biowaste of shellfish from the genus Anodonta Sinadonta
woodiane, collected from the banks of the Tisza River.
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Synthesis of adsorbents

During the research, two types of adsorbents based on river shell
shards were synthesized and tested in the process of adsorption:
1. shells, washed, mechanically ground, sieved, washed, and dried
in a vacuum oven - clean shells (MRM), and
2. fish carp scales chemically modified by converting calcium
carbonate to hydroxyapatite by mechanosynthesis (RMHAp).

The shards of the Anodonta Sinadonta woodiane river shell were
thoroughly washed and rinsed in distilled water, air-dried for 24 h, ground
in a steel mill for crushing sediments and sifted into a 0.5 -1 mm
granulation powder. The shell powder was washed in vacuo with
deionized water, ethyl alcohol and dried in vacuo for 24 h at 110 °C to
give the first MRM adsorbent (mechanically prepared river shells).

In the stainless steel vessel of a planetary ball mill (Retsch PM100
CM), 10 g of MRM was mixed with 11.23 ml (18.92 g) of concentrated
H3:PO4 - CaCOs ratio: HsPOs — Ca / P = 1.67; zirconium beads were
added in ratio 20:1 of the bead mass to a sample and the mixture was
treated in a ball mill for 10 h at 500 grp for further mechanosynthesis.
After the treatment in a ball mill, the obtained mixture was washed
copiously in vacuo with deionized water to remove unreacted parts of the
acid and dried in vacuo for 24 h at 110 °C to obtain a second RMHAp
adsorbent (hydroxyapatite).

Material characterization methods

The synthesized adsorbents were characterized by FTIR, XRD,
SEM and EDS techniques. The elemental composition was determined
by a chemical elemental analyzer, the content of individual elements was
determined by dissolving in acids and measuring the content on a
plasma mass spectrometer with a plasma-coupled plasma ICP-MS
system Agilent 7500C (Agilent Technologies, Inc.) and an atomic
adsorption spectrometer. The concentration of malathion before and after
adsorption was determined using a gas chromatograph (GC) equipped
with a flame ionization detector (FID) - Varian 3400 with FID operating
system. The specific surface area of the adsorbent, the specific pore
volume, and the pore diameter were determined by the BET method of
adsorption / desorption in a stream of nitrogen at 72.4 K, using a gas
sorption analyzer Micromeritics ASAP 2020MP v 1.05 H. The infrared
Fourier transform spectrum (FTIR) was recorded in the transformation
mode between 400 and 4000 cm-1 at a resolution of 4 cm-1 using an
infrared (IR) spectrometer with Fourier transformation (FT) - Nicolet iS 50
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manufactured by Thermo Scientific. The adsorbents morphology was
observed using Tescan Mira 3 FEG scanning electron field microscopy
(FESEM). The morphological structure was determined by x-ray
diffraction, XRD, using an ENRAF NONIUS FR590 XRD (Bruker AKSS,
MA, USA) diffractometer with Cu Ka 1,2 radiation and a step / scan time
regime of 0.05/ 1 s. The pH value of the zero charge point (pHPZC) of
adsorbents was determined by the "drift" method (Gao et al, 2009).

Malathion adsorption research

Adsorption experiments were performed in a batch system where
the initial concentration of malathion solution was fixed Co = 20.32 mg L
1, and the adsorbent dose was varied from 100 to 1000 mg L. In order
to examine the pH value influence on the adsorption process, the pH
value was varied from 4.0 to 10.0. Thermodynamic and kinetic adsorption
experiments were performed at temperatures of 25, 35 and 45 °C, and
the adsorption process was monitored in a time interval of 10 to 180
minutes. The amount of adsorbed molecules was calculated as the
difference between the initial and equilibrium concentration.

The adsorbent capacity was calculated in accordance with Eq. (1):

_Gi-Cry,
m

q (1)

where ¢ is the adsorption capacity in mg g, Ci and Cs are the initial and
final malathion concentrations in mg L* (ug L?), respectively, V is the
volume of the solution in L, and m is the adsorbent mass, expressed in g.

Kinetic studies

The study of kinetics provides an insight into a possible mechanism
of adsorption along with the reaction pathways. The adsorption data were
analyzed by linear, non-linear least-squares and graphic methods in the
form of pseudo-first, pseudo-second-order (Lagergreen) and second
order models (Table 1).

Diffusion models such as Weber-Morris, Dunwald-Wagner model,
and Homogenous Solid Diffusion Model (HSDM) were used for modeling
diffusional processes/limiting step of the overall process (Table 2)
(Budimirovi¢ et al, 2017; Taleb et al, 2015; Taleb et al, 2019).
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Table 1 — Kinetic model equations
Tabnuua 1 — YpasHeHusi KuHemu4Yeckux modenel
Tabena 1 — JeOHaqyuHe KUHeMUYKUX mooerna

Kinetic model Nonlinear form Model parameters Equation
ki- pseudo first-order rate
constant, (min‘?)
Pseudo-first-order _ kgt ge- adsorption capacity at time t,
equation 9= 4.1 =e5) | (mg gt @
g- adsorption capacity, (mg g%
t - time, (mMin)
Pseudo-second order q= ‘ k2 - pseudo-second order rate
- 5 - .
equation 1 > L constant, (g mg* min?) ®)
(Lagergreen) ko,qé Qe
t
q= k> - second order rate constant,
Second order 1 - (L mg™ min) 4)
kzqe e
Table 2 — Equations of the diffusion kinetic models
Tabnuya 2 — YpasHeHus1 0ughghy3UOHHbIX KUHEMUYECKUX Modered.
Tabena 2 — JeOHa4uHe 0ughy3UOHUX KUHEMUYKUX Moderna
Kinetic model Nonlinear form Equation
Weber-Morris q=kVE+C 5)
6 1
4_y ——ZZ — exp[—n*K t]
Dunwald-Wagner | 9e meidn ©)
model 2
g (1- (1)) = - % e
g Py 2303
dq Dg 0 < 5 6q)
—_— = ——rc—
Homogenous Solid | dt  r2dr\ or
Diffusion Model (7)

(HSDM)

q 2R~ (- nar —Dg t w2 n?
— = 1+—2 xp [————
qs TT

n=1

sin—e
R

n RZ
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The activation energy for arsenate adsorption was calculated using
Arrhenius (Eg. 8):

5

k' = kyexp [RT

8)

where k (g mg? min?) is the pseudo-second order rate adsorption
constant, ko ( g mmol? min?) is the temperature independent factor, Ea
(kJ mol?) is the activation energy, R (8.314 J mol* K?) is the gas
constant, and T (K) is the adsorption absolute temperature. A plot of In K
versus 1/T gave a straight line with a slope —E«/R from which the
activation energy was calculated.

Isotherm models

The equilibrium adsorption data were fitted by the isotherm models
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isothermal
models (Karanac et al, 2018).

The Langmuir equation is based on the assumption that the point of
maximum adsorption corresponds to a saturated mono-layer of
adsorbate molecules on the adsorbent surface - where the energy of
adsorption remains constant and no transfer of the adsorbate in the
surface plane occurs.

The Freundlich sorption isotherm, widely and reliably utilized as a
mathematical determining expression, allows for a calculation
encompassing surface heterogeneity and exponential distribution of
active sites as well as their respective energies (Karanac et al, 2018).

Temkin conceived this equation for subcritical vapors in micropore
solids where the adsorption process follows a pore filling mechanism
onto an energetically non-uniform surface.

The Temkin isotherm is based on the assumption that the decline of
the heat of sorption as a function of temperature is linear rather than
logarithmic. The Dubinin-Radushkevich model states that the adsorption
capacity depends on the adsorbed amount on the surface of the material,
differently from the Langmuir model." (Karanac et al, 2018).

The equations of adsorption isotherms models are presented in
Table 3.
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Table 3 — Adsorption isotherms equations
Tabnuua 3 — YpasHeHusi usomepmbi adcopbyuu
Tabena 3 — JedHavyuHe adcoprnyuUoHUX usomepmu

Isotherms Nonlinear form Model parameters Equation

ge- adsorption capacity at
th eequilibrium, (mg g%
Om- Maximum adsorption
K;C capacity, (mg g)
e = AmTLe K- Langmuir equilibrium 9)
1+K,C, constant, (L mg™)
C.- metal ion
concentration at the
equilibrium (mg LY)

Langmuir

Kg- Freundlich equilibrium
constant, (mg g*)(L mg
1\1/n

Freundlich q = KpCt/" n- Freundlich equilibrium (10)
constant (intensity of the
adsorption or surface
heterogeneity)

A -Temkin isotherm
equilibrium binding
RT constant (L g*)
Temkin g. =—In(AC,) b - Temkin isotherm (11)
¢ b € constant R-universal gas
constant (8.314J molK?)
T-Temperature at 298K.

e

2
Dubinin- 1
Radushkevich | % = qmexp{— B(RT )2[|n(1+CD ] (12)

Thermodynamic studies

The feasibility of the experimental data obtained from the adsorption
studies were analyzed through the thermodynamic investigation. The
parameters of free energy change (AG®, kdJ/mol), enthalpy change (AH®,
kJ mol?), and entropy change (AS°, J mol* K1) were calculated using the
Van't Hoff equations (13) and (14) (Karanac et al, 2018):

AG® =—RT In(b) (13)
AS?  AHO
|n(b) = ? - ﬁ (14)

The separation factor (Ry) is in relation to the Langmuir isotherm and
it is used to assess adsorption feasibility on the given adsorbent. It is
calculated using the next Eq (15):

_ 1
R.=mhey (15)
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where Co (mol dm3) is the initial adsorbate concentration, b (dm3®mol?) is
the Langmuir constant. The value of R, points out to the isotherm type:
irreversible (R. = 0), favorable (0 < R. <1), linear (R. = 1), unfavorable
(RL>1).

Statistical analysis of the experimental data

All adsorption experiments were repeated three times and the mean
values were taken for further processing and modeling. The obtained
results were analyzed using the normalized standard deviation Aq (%)
which is calculated using the following equation:

Aq(%) = \/Z [(Qexp QCal)/Qexp] +100 (16)

where Qexp and gca are the experlmental and calculated values of
adsorbed malathion, and N is the number of data used in the analysis.
The maximum deviation is <3%, which is an experimental error. Standard
errors for isothermal, kinetic, and thermodynamic parameters were
determined using the commercial software Microcal Origin 8.0 (Panti¢ et
al, 2019).

In order to confirm the adsorption model that best corresponds to the
experimental data, they were analyzed by the ANOVA variance analysis,
using the F value together with the values of the correlation coefficient
(R) from the regression analysis. (Panti¢ et al, 2019; Baji¢ et al, 2019)

Optimization of the experimental adsorption conditions

The optimization of the adsorption conditions was performed using
the RSM (Surface Response Methodology) method. Classical adsorption
optimization usually involves examining the impact of each variable
separately. However, it is difficult to predict optimal reaction conditions
based on such results due to possible interactions between different
independent variables involved in adsorption reactions. (Panti¢ et al,
2019; Baji¢ et al, 2019) Recently, various statistical programs have been
used that are useful to help establish the design of the experiment. Using
response surface methodology (RSM) as a mathematical function, it is
possible to examine the individual and interactive influences of different
variables in relation to different predictors. In that way, we get the optimal
conditions that are needed to get the best results. (Panti¢ et al, 2019) In
addition, it has been proven that the central composition design (CCD)
and the Bok-Behnken design (BBD) are efficient designs of RSM models
in optimizing the adsorption process. (Panti¢ et al, 2019) In this study, the
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synthesized modified adsorbent RMHAp was used to remove malathion
from water. The adsorption process is optimized by numerical and
graphical optimization methods using the Bok-Behnken design. We used
the design with four factors (input variables) and three levels of values in
which 29 experiments with five replications in the central point were
performed. The capacity of the adsorbent was taken as a response.
Extremely optimized conditions were confirmed by additional
experimental testing. The conditions of the adsorption experiment are
given in Table 4.

Table 4 — An experimental malathion adsorption plan was performed using a four-factor
BBD design with three levels of value
Tabnuua 4 — SkcriepumeHmarbHbIU rnaH adcopbyuu MaramuoHa € UCrofb308aHUEM
YembipexghakmopHozo BBD modenuposaHusi ¢ mpemsi ypOSHSIMU 8€1TUHUH
Tabena 4 — EkcnepumeHmarnHu nnaH adcopnyuje manamuoHa 0obujeH kopuwhermem
yemeopoghakmopckoz bb/] dusajHa ca mpu Hugoa epedHocmu

ordinal | o A B c D Resggnse
. H 0
number (mg/L) t (min) pH T(°C) (mg g
1 1000 95 7 45 14.1
2 1000 95 7 25 12.6
3 100 95 4 35 30.11
4. 550 95 4 45 12.05
5. 1000 180 7 35 15.06
6 100 95 10 35 27.4
7 1000 95 10 35 6
8 550 95 10 25 9.38
9. 550 95 7 35 24.3
10. 550 10 7 25 13.2
11. 100 95 7 45 71.2
12. 100 180 7 35 81.15
13. 550 95 4 25 10.1
14. 550 10 4 35 8
15. 550 95 10 45 13.1
16. 100 10 7 35 27.3
17. 550 180 7 25 28.5
18. 550 10 7 45 14
19. 550 95 7 35 24.3
20. 1000 10 7 35 5.21
21. 550 180 7 45 28.75
22. 550 95 7 35 24.3
23. 550 180 10 35 13.8
24. 550 95 7 35 24.3
25. 550 95 7 35 24.4
26. 1000 95 4 35 6.75
27. 550 180 4 35 15.11
28. 100 95 7 25 64.4
29. 550 10 10 35 5.6
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Results and discussion

Physical and chemical characterizations of adsorbents

The elemental composition of shellfish shards is given in Table 5.
This elemental composition is similar to that of other authors (Vei et al,
2018; Buasri et al, 2013) and indicates that shellfish shards are mostly
composed of calcium carbonate-based minerals ( calcite and argonite)
and the organic part of chitin that connects calcite structures. The
composition of shells also includes various microelements - ions, which
replace Ca?* in the structure of calcium carbonate and are incorporated
into the shell during its formation. The availability and rate of
bioaccumulation of these ions is a function of environmental and
biological factors. Thus, different habitats, contamination - the presence
in the water of different ionic species, different stages of shell
development can represent different patterns of metal incorporation.

Table 5 — Concentrations of major, minor and trace elements obtained in this study using
the ICP-AES and ICP-MS methods
Tabnuua 5 — KoHueHmpayuu 0CHOBHbIX, BMOPOCMENEHHbIX U MUKPO3IEMEHMOS,
rosly4eHHbIx 8 0aHHOM uccriedosaHuu ¢ nomouwibto memodos ICP-AES u ICP-MS.
Tabena 5 — KoHueHmpauuje enasHux, criopedHUX u MUKpoesieMeHama y mpazosuma
dobujeHe y osom ucmpaxusary npumeHom memoode UKIM-AEC u UKTI-MC

Element | Ca(wt%) | Fe(wt%) | Mgt%) | Siwt%) | Nawt%) | M”_1)
ICP-AES H9 g
Method 34.1 0.003 0.104 0.004 0.182 30.4
Cd Co Cu . _ Pb Zn
Element -1 -1 -1 Ni(ug g™") -1 -1
ICP-MS (bg 97 (b9 97) (b9 97) (bg 97 (bg 97)
Method 0.094 0.079 31.2 2.01 3.09 21.5

The analyzed shards of the river shell Anodonta Sinadonta
woodiane are composed of two polymorphs of calcium carbonate: calcite
and aragonite, with calcite being the dominant form. Recent studies have
found that the dominant CaCO; polymorph may be temperature
dependent - aragonite deposition is at high temperature and calcite
deposition is at low temperature (Kuklinski and Taylor, 2009; Ramajo et
al, 2015; Krzeminska et al, 2016). The confirmation of the composition of
the shells can also be seen on the spectrum of energy dispersive
spectrometry (Figure 1) where the main building blocks are observed
before (a) and after the modification of the shells (b). After modification,
we notice the presence of phosphorus in the adsorbent, which confirms
the transition of calcium carbonate to hydroxyapatite.
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Figure 1 — EDS spectrum of shellfish powder before (a) and after modification (b)
Puc. 1— Cnekmp EDS nopowka pakosuHb! 0o (a) u nocne modugpukayuu (6)
Cnuka 1 — E[JC cnekmap npaxa WkKosrbKe rpe (a) u HakoH mooughukayuje (6)

In the scanning electron microscopy photographs (Figure 2) with
different magnifications, we can clearly see the lamellar structure of the
shell. The lamellae consist of materials based on calcium carbonate
(calcite and argonite) with a thickness of about 1 um and with cavities
between the lamellae with a diameter of about 50 to 100 nm. They are
interconnected by organic polymer chitin; nanopores are observed on the
lamellae surface.
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Figure 2 — SEM representation of mechanically prepared shells at different magnifications
Puc. 2 — COM-u3o6bpaxeHue MexaHU4eCcKU No020MOoB/IeHHbIX PaKO8UH MpU PasiuyHOM
yesenuyeHuu
Cnuka 2 — CEM npuka3 MexaHUu4Ku rnpurnpemMrbeHUX WKOSbKU Npu pasnuyumum
yseharuma

After mechanosynthesis, the lamellar structure derived from calcium
carbonate is lost and we get the granular morphology of hydroxyapatite,
presented in Figure 3. Electron scanning microscopy images showed the
presence of rounded HAp microparticles in isolated and agglomerated
forms. Based on the observations, HAp particles can be considered as
microspheres whose crystal size is well below 1 pm.

The physical properties of the adsorbent, the specific surface area,
the pore volume and the zero charge point are given in Table 6. The
change in the pHezc value occurred under the influence of the change in
the surface properties of the adsorbent due to modification (Table 6). At
pH <pHezc, negatively charged species participate in electrostatic
attraction with a positively charged adsorbent surface and vice versa, at
pH> pHezc, electrostatic repulsion is a major factor leading to low
adsorption efficiency.

884



Figure 3 — SEM representation of the shells modified by mechanosynthesis at different
magnifications
Puc. 3 — COM-usobpaxeHue pako8uH, MOOUhULUPOBaHHbLIX MEXaHOCUHME30M, rpu
pasnuyHoOM ysenuyeHuu
Crniuka 3 — CEM npuka3 mexaHOCUHMe30M MOOUGDUKOBaHUX WKOBKU MPU pasnuyumum
yseharuma

Table 6 — Physical properties of MRM and RMHAp adsorbents
Tabnuya 6 — ®usuyeckue ceoticmea adcopbeHmose MRM u RMHAp
Tabena 6 — ®usuyke kapakmepucmuxke MRM u RMHAp adcopbeHama

Specific Pore volume Mean pore
Adsorbent surface area (cmdg) diameter pHpzc
(m?g) d (nm)
MRM 2,58 0,096 6,7 7,2
RMHAp 1,95 0,088 9,18 7,05

Figure 4 shows the FTIR spectra of both adsorbents (MRM and
RMHAp) before and after the adsorption of malathion from aqueous
solution. In the spectrum a, the characteristic peaks at 710, 856 and
1460 cm indicate the carbonate group in the sample which confirm that
the sample contains CaCOs. In addition, small infrared absorption
spectra are shown at ~ 1790, and ~ 2874 cm™ and have been attributed
to regimens of combining different ranges of COs? (Khiri et al, 2016). The
spectrum at ~ 1083 cm ! is related to the C — O tensile vibrations as CO;
adsorbed on the CaO surface (Khiri et al, 2016).

The FTIR spectrum (c) of the RMHAp adsorbent showed
pronounced peaks at 560 cm™ corresponding to the symmetrical bending
regime of PO,> and 1064 cm® corresponding to the asymmetric
stretching regime of the PO4* group corresponding to the vibrational
structures of hydroxyapatite (Khiri et al, 2016). The large peak in Figure 4
in the spectrum a and a smaller peak in the spectrum c at 1460 cm '
represent carbonate (COs3), which is more pronounced before

885

pp.871-904

Velickovi¢, Z. et al, Pulverized river shellfish shells as a cheap adsorbent for removing of malathion from water: examination of the isotherms, kinetics, thermodynamics ...,



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2021, Vol. 69, Issue 4

mechanosynthesis, i.e. before the conversion of calcium carbonate into
hydroxyapatite.

a) 1083 _
2874”7

W
3422 3384
c)

Transmittance

c)— HApg,
d) S HApShR/MaIathlon

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4 — FTIR spectrum of shellfish shards and modified shards before and after the
adsorption of malathion from aqueous solution

Puc. 4 — FTIR-criekmp OCKOJIKO8 pakos8uH U MoAUbUUUPO8aHHbIX OCKOIKoe A0 U rocsie
adcopbuyuu manamuoHa u3 600HO20 pacmeopa

Cnuka 4 — FTIR cnekmap sbywmypa WKOSbKU U MOOUGbUKOBaHUX Sbywimypa rpe U HakoH
adcopnyuje MmanamuoHa
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The characteristic vibration peaks of shell dust before and after
modification with a comparative review by other researchers are given in
Table 7.

Table 7 — FTIR shell powder vibration mode before and after mechanosynthesis (MRM
and RMHAp) and references
Tabnuya 7 — FTIR pexum subpayuu rnopolwka pakosuHbl 00 U ociie MexaHocuHme3a
(MRM u RMHAp) u ccbinku
Tabena 7 — FTIR pexum subpayuja rnpaxa WKosbKe ripe u rnocne mexaHocuHmese (MRM
u RMHAp) u pecbepeHuye

Vibration frequency (cm™)
Our research (Khiri et al, (Salma et al, (Islam et al,
FTIR 2016) 2010) 2013)
Symmetrical
deformation CO3s? 710 708 706
Asymmetric
deformations 856, 1460 855, 1454 857, 1455
COs%
Symmetric
stretching 1083 1082 1082
vibration CO3z%
COs> 1790 1786 1794
deformations
PO4* bending 560 565 560, 599
PO4* stretching 1064 1024 1046
COs? group 1460 1454 1424

After sorption of malathion (spectra b and d) on both adsorbents,
changes were observed in the appearance of new peaks, decrease in
their intensity as well as in their disappearance and displacement.

The diffraction analysis (XRD) results showed that the composition
of the river shell (spectrum a) mainly consists of two forms of CaCO3,
primarily calcite as shown by the diffraction peak at 26 about 29.52,
39.56, 43.27, 47.6, and 48.63 (Wei et al, 2018) and argonite (Islam et al,
2013). Other minerals are present in smaller quantities as a
consequence of the uptake of these minerals from the water during shell
formation. The XRD spectrum of synthesized HAp also shows relatively
high intensities and sharp peaks in the range of 23—-39 (about 25.80 and
32.90 (Skwarek et al, 2014) corresponding to (hkl) indices) at (002) and
(300), and lower peak intensities in the range of 40-39. 60, which is
consistent with the formation of the lower crystal structure of HAp.
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Figure 5 — X-ray diffraction analysis (XRD) spectrum of shellfish shards before (a) and
after modification by mechanosynthesis (b)
Puc. 5 — Cnekmp peHmaeHoscko20 dughpakyuoHHo20 aHanusa (XRD) ockonkoe pakoguH
0o (a) u nocne modugpukayuu mexaHocuHme3om (6)
Cnuka 5 — Cnekmap dugppakyuoHe aHanuse nomohy X-3paka (XRD) sbywmypa WKorbku
npe (a) u HakoH modughukayuje mexaHocuHme3om (6)

Influence of the solution pH on adsorption

The influence of the pH value on the system is manifested through
surface tension, surface properties, degree of ionization of groups
present on the surface of the adsorbent, as well as through the
speciation of ions in aqueous solution at a certain pH value.

The pH effect on malathion removal is presented in Figure 6. As
mentioned above, malathion retention depends on the nature of the
adsorbent. Removal by RMHAp adsorbent is greater than removal by
MRM. Similarly to the Saib study (Bouchenafa-Saib et al, 2014), the pH
value of 6 appears to be optimal for malathion sorption for both
adsorbents. At this pH, HsO" ions attract surface oxygenated adsorbent
groups, which could lead to the formation of a bond between H;O* and
any doublet without malathion-sulfur. Below and above this pH value,
adsorption is lower due to the hydrolysis of malathion at values higher
than 8 and lower than 5 and the formation of ionic species with lower
affinity for the adsorbent surface, i.e. precipitation contributes to ion
removal.
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Figure 6 — Influence of the pH value of the initial solution on malathion removal
Puc. 6 — BnusiHue 3HayeHusi pH nepsu4Ho20 pacmeopa Ha ydaneHue kapboghoca.
Crniuka 6 — Ymuuaj pH epedHocmu rnoyem+oz pacmeopa Ha yKiarmare ManamuoHa

Adsorption largely depends on the solution pH so the process itself
is more favorable at medium pH values. Also in the natural environment
(water) at pH values lower than 5 and higher than 8, malathion easily
hydrolyzes to metabolites that are more toxic than malathion itself
(Bouchard et al, 2003), which is another reason why sorption
experiments are performed at pH 6.

Adsorption kinetics

The effect of time on malathion adsorption was monitored in the
range of 10 to 180 minutes. The final equilibrium was established after
300 minutes but, since the difference in the removal of As (V) ions from
180 to 300 minutes ranged from 3 to 7% in order to speed up the
process, we took 180 minutes as the final time.

In order to determine the kinetic model that accompanies adsorption
in order to interpret the adsorption mechanism, we used pseudo-first,
pseudo-second-order and second-order models (Table 3).

Table 8 shows the kinetic parameters for malathion absorption on
MRM and RMHAp adsorbents.
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Table 8 — The kinetic parameters for malathion adsorption on MRM and RMHAp
adsorbents (Cimalathion) = 20.32 mg L}, pH=6; m/V =100 mg L, T =25 °C)

Tabnuua 8 — Kunemuydeckue napamempbi adcopbyuu manamuoHa Ha adcopbeHmax
MRM u RMHAp (Cl [manamuoH] = 20.32 mg L'l, pH =6; m/V = 100 mg L'l, T=25 OC)

Tabena 8 — KuHemuyku napamempu adcopnyuje manamuoHa Ha adcopbeHmuma MRM u

RMHAp (Cifmalathion] = 20.32 mg L'!, pH =6; m/V =100 mg L%, T =25 °C)

Adsorbent Model Pseudo-first Pseudo- Second-
parameters second order
Qe 37.247 53.589 53.589

MRM K (K, k2) 0.01589 0.00054 0.000093
R? 0.960 0.992 0.931
Qe 67.425 92.142 92.142

RMHAp K (k, k2) 0.02041 0.00031 0.00025
R? 0.974 0.994 0.941

The results shown in Table 8, according to the regression coefficient
(R?) and the standard error for all model parameters, indicate that the
kinetics for all adsorbents is best described using a pseudo-second order
model.

The rate constants of diffusion kinetic models, intra-particle diffusion,
Weber-Morris, Dunwald-Wagner and homogeneous solid diffusion
models for malathion adsorption on MRM and RMHAp adsorbents under
the same experimental conditions are presented in Table 9.

The complex nature of the kinetics of adsorption processes can be
described by observing the adsorption of all ions adsorbed on the
adsorbent as a single step, as described by a pseudo-second order
equation, but can also be described by consecutive / competitive steps.

The Weber-Morris model reveals two linear steps that describe the
adsorption process: fast kinetics in the first step and slower in the
second. The first linear part describes the external mass transfer to the
adsorbent surface, while the second part describes the process of
material transfer into the porous structure of the adsorbent, and strictly
depends on the size and shape of the pores as well as on the density of
their network on MRM and RMHAp adsorbents. Intra-particle and film
diffusions slow down the transport of adsorbates. In the final phase of the
process, adsorption takes place slowly until saturation is achieved on the
entire available surface of the adsorbent.
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Table 9 — Parameters of diffusion kinetic models (Ciimalathion] = 20.32 mg L, pH = 6; m/V =
100 mg L%, T =25 °C)
Tabnuya 9 — MNapamempbi Oughghy3uoHHbIX KuHemuyeckux modenel (Ci manamuonj = 20.32
mg L1, pH=6; m/V=100mgL?, T=25°C)
Ta6ena 9 — MNapamempu Oughy3uoHux kKuHemudkux moderna (Ciimalation] = 20.32 mg L2,
pH =6; m/V =100 mg L%, T = 25 °C)

Adsorbent Model Model parameters Values
Weber-Morris Step 1 kp1 (mg g min®5) 3.6188

(Intra-particle diffusion) C (mg g?h) 3.176

R? 0.995

Weber-Morris Step 2 kp2 (Mg g min??®) 0.304

(equilibrium) C (mgg? 40.247

MRM R’ 0.999
K 0.00711

Dunwald-Wagner model R? 0953

Homogenous Solid Ds 9.34 - 10°%?

Diffusion Model (HSDM) R? 0.950

Weber-Morris Step 1 kp1 (mg g min5) 6.792

(Intra-particle diffusion) C (mg g?h) 2.286

R? 0.998

Weber-Morris Step 2 kp2 (mg g! min%5) 0.608

(equilibrium) C (mgg?h 67.719

RMHAp R’ 0.999
K 0.00698

Dunwald-Wagner model R? 0956

Homogenous Solid Ds 9.24 - 10+
Diffusion Model (HSDM) R? 0.950

Adsorption activation energy

In relation to the results of the kinetic research performed at
temperatures of 298, 308, and 318 K, it is possible to determine the
activation energy using the Arrhenius equation (Table 10). The linear
form of the Arrhenius equation (19) is:

a
' E 19
InK' = — T+lnA (29)

where K' is the reaction rate constant at a certain temperature, Ea shows
the activation energy, R is the universal gas constant (8.314), T is the
temperature in K and A is the Arenius factor (frequency for a given
reaction).
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Table 10 — Pseudo-second kinetic model parameters for malathion adsorption on MRM
and RMHAp adsorbents (Cimalathion) = 20.32 mg L1, pH = 6; m/V = 100 mg L1)

Tabnuua 10 — Napamempsbi ncegdo-8mopo2o nopsidka KuHemudeckol modenu
adcopbuyuu manamuoHa Ha adcopbeHmax MRM u RMHApP (Ci anamuor = 20.32 mg L1,
pH = 6; m/V =100 mg L?)

Tabena 10 — NMapamempu nceydodpyeoe KuHemu4ykoz modesna adcopryuje MaiamuoHa
Ha adcopbeHmuma MRM u RMHAp (Cimalathion] = 20.32 mg L, pH = 6; m/V = 100 mg L%)

Adsorbent | Temperature | ge (mgg?) k2 (g (mg min)- R?

1
)

25°C 53.594 0.000537 0.992

MRM 35°C 57.658 0.000636 0.992

45°C 62.271 0.000706 0.993

25°C 92.142 0.000308 0.994

RMHAp 35°C 92.333 0.000351 0.995

45°C 94.224 0.000374 0.995

Physosorption or physical adsorption generally possesses energy up
to 40 kJ mol?, while hemisorption requires higher energy and activation
energy over 40 kJ mol! (Karanac et al, 2018). Based on the obtained
results where Ea for MRM is 10.816 kJ mol* and for RMHAp 7.711 kJ
mol?, we can conclude that the main mechanism of adsorption is
physical adsorption.

Adsorption isotherms

The state of interactions / bonds on the surface of the adsorbate /
adsorbent can be observed by fitting the experimental data with different
adsorption isotherms. The normalized correlation coefficient and
standard deviation were used to estimate the fit of the adsorption data.

The experimental data were compared with the Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich isotherm models already
discussed, the parameters of which are shown in Table 11. By analyzing
the experimental data on the adsorption of malathion molecules on the
tested adsorbents, the best fit for both adsorbents is given by the
Freundlich isothermal model. The results of modeling malathion
adsorption on the tested adsorbents are given in Table 11.
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Table 11 — Parameters of the adsorption isotherms of malathion adsorption on MRM and
RMHAp adsorbents
Tabnuua 11 — MNapamempsl usomepmbl adcopbyuu manamuoHa Ha adcopbeHmax MRM

u RMHAp.
Tabena 11 — lNapamempu3domepmu adcopryuje MaramuoHa Ha adcopbeHmuma MRM u
RMHAp
Agsr?tr' Isothermal models and parameters 5500 Temspseorgture 25°C
gm (Mg g 46.462 | 48.135 | 49.789
Langmuir KL (L mg?) 1.918 1.968 2.027
isotherm KL (L mol %) 633570 | 650164 | 669551
R2 0.992 0.994 0.995
. Ke (mg g) (dm3 mgH)tn 28.469 | 29.252 | 30.066
ﬁ;%‘:;‘g:‘;h 1in 0.182 | 0.189 | 0.195
R? 0.997 0.998 0.988
MRM Temkin A7 (dmég?) 443.06 | 376.95 | 329.44
isotherm br 4.95 5.25 5.54
R2 0.980 0.980 0.978
- gm (Mg g 34.25 35.18 36.12
R Kad (Mol k1) 917 | 915 | 9.2
h isotherm Ea (kJmol?) 7.38 7.39 7.40
R2 0.802 0.796 0.791
gm (Mg g 78.311 84.502 87.485
Langmuir KL (L mg?) 1.531 1.614 1.715
isotherm Kc (L mol'}) 505829 | 533409 | 566567
R? 0.980 0.982 0.985
. Ke (mg gb) (dm® mg)U | 39.432 | 42.473 | 44.313
Freundlich 1in 0.275 | 0.279 | 0.289
R? 0.998 0.996 0.987
RMHAP ek At (dm*gY) 80.950 | 19929 | 99368
isotherm br 10.03 10.17 11.05
R2 0.938 0.933 0.958
- gm (Mg g?) 47.82 49.48 51.05
Ra%ﬁg'ﬁl'(g'vic Kad (mol? kJ?) 8.84 8.81 8.78
h isotherm Ea (kJ molY) 7.52 753 7.55
R2 0.792 0.766 0.766

According to the Freundlich isotherm, the mechanism of ion
adsorption on MRM and RMHAp can be described as heterogeneous
adsorption, where the adsorbed ions / molecules have different
enthalpies and adsorption activation energies. The value of n from the
Freundlich isotherm is a measure of adsorption intensity or surface
heterogeneity. Values of n near zero indicate a highly heterogeneous
surface. Values of n <1 (Table 11) imply a hemisorption process, and
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higher values indicate combined adsorption, e.g. physisorption and
hemisorption with different process contributions at different system
balancing steps. The values in Table 16 indicate that the adsorption was
combined in all cases.

The calculation of the separation factor (R.) according to equation
(20) which is based on the parameter b of the Langmir isotherm indicates
the feasibility of adsorption on a given adsorbent. It is calculated using
the following equation:

R 1

L= a+ncy
where Co (mol L?) is the initial adsorbate concentration and b (L mol?) is
the Langmir constant. The value of R_ indicates the feasibility of the
adsorption process: irreversible (R. = 0), favorable (0 <R. <1), linear (R
= 1), and unfavorable (R.> 1). The R. for adsorption of malathion ions on
MRM ranges from 0.023 to 0.204 and for RMHAp from 0.027 to 0.243
indicating that the adsorption process is favorable.

(20)
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Figure 7 — Review of the results of the adsorption experiments with the best-fitting models
of isotherms (solid line) for the removal of malathion on adsorbents MRM (a) and RMHAp
(b)

Puc. 7 — O630p pe3ynbmamosg adcopbyUOHHbIX SKCrepuMeHmMos ¢ Hauboriee
noodxodsawumMu ModensiMu u3omepm (CriyiowHasi JIuHusi) 0ns ydaneHusi ManamuoHa Ha
adcopbeHmax MRM (a) u RMHAp (6)

Cnuka 7 — lNpeaned pe3ynmama adcoprnyuoHux ekcriepumeHama ca Hajéorne
YKIoMbeHUM Modesiuma u3omepmu (MyHa fluHuja) 3a yKnarbare ManamuoHa Ha
adcopbeHmuma MPM (a) u RMHAp (6)

Thermodynamic studies

Gibbs free energy (AG°), enthalpy (AH°) and entropy (AS°) were
calculated by Van’t Hoff equation (21) and (22):
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AG® = —RT In(b) (21)
ASY  AH®
In(b) = = @D (22)

where T is the absolute temperature in K, R is the universal gas constant
(8.314 mol! K1) and the adsorption constant b is calculated using the
Langmir isotherm (Table 12). AH® and AS° were calculated from the
slope and the sections in the diagram In(b) - T, assuming that the
adsorption kinetics values are stationary. The calculated thermodynamic
parameters are shown in Table 12.

Table 12 — Calculated Gibbs free adsorption energy, enthalpy and entropy for malathion
adsorption on MRM, and RMHAp at 25, 35, and 45 °C
Tabnuya 12 — Pac4em ceobodHoul adcopbuyuoHHoU aHepauu, rno [ubbcy, sHmanbnus u
aHmponusi adcopbuyuu manamuoHa Ha MRM u RMHAp npu 25, 35 u 45 °C
Tabena 12 — NpopayyH Nubcose criobodHe eHepauje, eHmarnmuje u eHmpornuje
adcopnyuje manamuoHa Ha MRM u RMHAp Ha 25, 35 u 45 °C

AG° (kJ mol?) AH° AS°
- -1 K- 2
Adsorbent o50C | 350C | a5°C (ler)noI J mf)l K R
MRM -43.07 | -44.58 | -46.11 2.18 151.75 0.996
RMHAp -42.51 | -44.07 | -45.66 4.47 157.56 0.997

Negative values of Gibbs free energy (AG®°) and positive values of
entropy (AS°) at all temperatures indicate that reactions in the adsorption
process take place spontaneously. A decrease in the Gibbs free energy
(AG®) with an increase in temperature also indicates that the spontaneity
of the reaction increases.

Positive values of AS® indicate a tendency of greater disorder of the
MRM and RMHAp surface systems and malathion solution. In Table 12,
we can see that the Gibbs free energy values (AG®) for both adsorbents
are approximate, and the positive entropy values (AS°) at all
temperatures, while the positive enthalpy values (AH°) for MRM and
RMHAp are noticeable, which indicates the endothermic process. In
general, the exchange of free energy in the case of physisorption is
somewhere between -20 and 0 kJ mol?, for simultaneous hemisorption
and physisorption between -20 and -80 kJ mol?, and hemisorption less
than -80 kJ mol®. The obtained results indicate that in these cases,
hemisorption and physisorption are present at the same time.
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Optimization of adsorption conditions

The individual interaction and the impact of various variables in
relation to different predictors were tested using the response surface
methodology (RSM) as a mathematical function by commercial software
design Expert 9. The mutual influence of the input variables was
analyzed by analyzing the variances of ANOVA using the quadratic
model of the equation shown in Table 13.

Table 13 — ANOVA variance analysis for a square response surface model for the
removal of malathion from water using the RMHAp adsorbent
Tabnuua 13 — JucnepcuoHHbiti aHanu3z ANOVA keadpamHoli Mmodesniu nogepxHocmu
omkrnuka 0ns ydaneHus manamuoHa u3 800kl ¢ Ucrornb3oeaHuem adcopbeHma RMHApP
Tabena 13 — Ananu3sa eapujaHcu ANOVA 3a keadpamHu moden jedHaqduHe memoode
003UBHUX MOBPWUHA 3a yKnarare ManamuoHa u3 eode rnomohy adcopbeHma RMHApP

p-value
Source Sum of square df Mean Square F Value Prob > F
Model 9102.20579 14 650.1575566 8.986135 0.0001
significant
A-dose 4873.88213 1 4873.882133 67.36423 < 0.0001
adsorbent
B-t 991.173633 1 991.1736333 13.69948 0.0004
C-pH 3.8988 1 3.8988 0.053887 0.8198
D-T 18.8000333 1 18.80003333 0.259844 0.6182
AB 484 1 484 6.689593 0.0215
AC 0.9604 1 0.9604 0.013274 0.9099
AD 7.0225 1 7.0225 0.097061 0.7600
BC 0.297025 1 0.297025 0.004105 0.9498
BD 0.075625 1 0.075625 0.001045 0.9747
CD 0.783225 1 0.783225 0.010825 0.9186
AN2 756.17519 1 756.1751903 10.45145 0.0060
B"2 37.4530282 1 37.45302815 0.517656 0.4837
Ccn2 1399.36149 1 1399.361488 19.34124 0.0006
D2 27.51492 1 27.51492005 0.380297 0.5473
Residual 1012.91668 14 72.35119167
Lack of Fit 1012.90868 10 101.2908683 50645.43 < 0.0001
significant
Pure Error 0.008 4 0.002
Cor Total 10115.1225 28
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A graph of the optimal conditions with respect to the input variables
for removing malathion from water using RMHAp is shown in Figure 7.

100.00 6.00

/\
100.00  (mg/L)  1000.00 10.00 (min)  180.00 4.00 10.00
dose ads. = 100.00 t=180.00 pH = 6.00
45.00 Desirability = 0.994
5
2500  (°C) 45.00 5.21 (mg/ig)  81.15
T=44.99 q=77.992

Figure 8 — Optimization of the input parameters in relation to the maximum capacity of
the adsorbent
Puc. 8 — Onmumu3sayusi 8X00HbIX napamempos 8 3agucUMOCMU Om MakcumMasibHOU
emkocmu adcopbeHma.
Cnuka 8 — Onmumu3sayuja ynasHux napamemapa y oOHOCY Ha MakcuMarHu Kkanayumem
adcopbeHma

Actual Factors Design-Expert® Software

C:pH=7.00
D:T=45.00

0.00 B: t (min)
100000~ 10.00

Figure 9 — 3D diagram of the mutual interactions of dependence of significant input
variables (adsorbent dose and time)
Puc. 8 — TpexmepHasi Ouagpamma 83aumodelicmaull 3agucumocmeli 3Ha4UMbIX 8XOOHbIX
nepemeHHbix (do3a u epemsi adcopbeHma)
Cnuka 8 — 3D dujazpam meljycobHUX uHMepakyuja 3agUcHOCMU 3Ha4YajHUX ynasHux
npomeHsbugux (0o3a adcopbeHma u epeme)
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Conclusion

MRM and RMHAP showed excellent malathion removal
performance. The results of isothermal, kinetic, and thermodynamic
studies suggested simultaneous physisorption and hemisorption between
malathion molecules and the surface of MRM and RMHAP adsorbents
during the adsorption process. The optimal parameters for the maximum
malathion adsorption were: system pH value - 6, adsorbent dose - 100
mg L*, adsorption time - 180 minutes, and temperature - 45 °C.
Adsorption was spontaneous and endothermic as described by
thermodynamic parameters. The Bok-Behnken's design within the
response surface method has been successfully used in the optimization
of experimental adsorption conditions, the goal of optimization being to
determine the optimal adsorption conditions with a smaller nhumber of
experiments. Optimization methods are maximally harmonized with the
principles of environmental protection thus reducing: the number of
experiments, the amount of consumed expensive and environmentally
harmful chemicals, and the generation of waste. The errors and the
predicted response values, derived from a mathematical model, showed
acceptable results and confirmed the favorable effect of the studied
factors on malathion adsorption using RMHAP. This paper investigates
the sustainable use of biowaste for the treatment of water contaminated
with organophosphorus pesticides, whereby the biowaste that burdens
the banks of rivers is used to remove water pollutants, thus leading to a
double benefit for the environment.
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N3MEJIbYEHHBIE PAKOBWHbI MPECHOBOAHbLIX MOJINOCKOB B
KAYECTBE AEWEBOIO AOCOPBEHTA ANA YOAJIEHUA
MAJNATUOHA 13 BOOAHOW CPE[bI: UCCINEAOBAHWA
N3OTEPMbI, KUHETWKWN, TEPMOONHAMUKA N ONTUMUSALINA
OKCMEPUMEHTAJbHbIX YCNIOBU METOAOM MOBEPXHOCTW
PEATMPOBAHWA

3name C. BenunykoBun4?, koppecnoHaeHT, boadaH [1. Bynuny?,

Bnaduya H. CtoaHoBu4?, Mpedpaz H. Ctoucasnesuy®, 3opar WN. Bany?,

Benbko P. [xokny®, HezosaH [1. BaHkoBnY?, [Mages . Otpucan'

@ YHuBepcuteT 060poHsl B I. benrpag, BoeHHast akagemus, genaptameHT
BOEHHOIO XMMWYECKOrO MHXWHUPUHra, . Benrpaa, Pecny6nuka Cepbus

6 BoopyéHHble Cunbl Pecny6nnkn Cep6usi, OnbITHO-3KCNEPUMEHTASTbHBIN
TEeXHUYeCKU LeHTp, r. benrpaa, Pecny6nuka Cepbus

® Benrpaackuii yHnBepcuTeT, akynbTeT TEXHONOMMN U MeTannypriu,
r. benrpag, Pecnybnuka Cepbus

" YHuBepcuteT um. Manaukoro, Onomoyu, Yewuckas Pecnybnuvka

PYBPUKA TPHTWU: 61.00.00 XMNYECKAA TEXHOJIOINA.
XUMUNYECKAA MPOMBbILWUNEHHOCTb:
61.01.00 O6Lme BONPOCHI XMMUYECKOM TEXHOMNOMUU 1
XUMMUYECKON NPOMBbILLIIEHHOCTH.
61.01.91 OTxo4bl XMMUYECKMX NPOU3BOACTB U UX
nepepaboTka. BropuyHoe cbipbe.
PecypcocbepexeHue.
61.01.94 OxpaHa okpyxatLuewn cpeabl
BWO CTATbW: opurmHanbHasa Hay4yHas cTaTtbs

Pesrome:

BeedeHue/uenb: B daHHOU cmambe npedcmasrneHsbl pesyrbmams!
uccnedosaHusi B803MOXHOcmU  ydarneHusi ¢ocghopopaaHU4eCcKo20
necmuyuda ManamuoHa U3 800HOU cpedbl C MOMOWbIO HOB020
adcopbeHma Ha ocHogse buoomxodo8 — pPaKkoBUH MPECHOBOOHbIX
morockos cemelicmea Anodonta Sinadonta woodiane, mamepuana,
Komopbil 8 bonbwux Kosuyecmeax Hakariueaemcsi 8 aude omxo0o8
Ha nobepexbsix KPYrHbIX PEK.
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Memodebi: bbinu ucnbimaHbl 08a adcopbeHma — MexaHUYecKuU
U3MeJsIb4YeHHbIe peyYHble pakosuHbl (MRM) u eudpokcuanamum u3
U3BMEJIbYEHHbIX PEeYHbIX PaKOBUH, [OyYEHHbIU MexaHOCUHMEe30M
(RMHAp).  [lony4yeHHble  adcopbeHmbl  b6binu  uccriedosaHbl
(3nemeHmMHbIU aHanu3, CKaHupyowasi 31eKmpoHHas MUKPOCKOMUS —
SEM, sHepaoducriepcUoHHas peHmeeHoeckas criekmpockonusi — EDS,
peHmMeaeHoCmMpPyKMypHbIU aHanus - HRD, UHGbpakpacHas
criekmpockonusi ¢ npeobpaszosaHuem @ypbe (MK®C, FTIR) u
ucnbimaHbl MemodoM rpepbieaHuUsi Ha yoarneHue opaaHogphoCcpHopHOE0
necmuyuda manamuoHa u3 800HOU cpeldbl. Onmumu3sayusi ycrosut
adcopbuyuu nposodusiace MemodoM rosepxHocmel omknuka — RSM,
npu  amom  uccriedoeasiocb  8/USHUE epeMeHHbIX akmopos
(ycnosull adcopbuyuu), 3HaveHuli pH, 0o3 adcopbeHma, epemeHu
KOHmMakma u memMnepamypbl Ha adcopbyUOHHY0 CriocobHOCMb
adcopbeHma.

Pesynbmamsbi:  Haunyywasi  adcopbuusa  manamuoHa  Obina
docmueHyma npu cpedHux 3HadeHusx pH om 6,0 do 7,0.
MakcumarnbHasi adcopbyuoHHasi criocobHocmb JleHamiopa no MRM u
RMHAp npu 25 ° C cocmaensna 46 462 me 2-* u 78 311 me e-1.
Pesynbmamsi nokasanu, 4mo adcopbuyusi ManamuoHa Ha 0boux
adcopbeHmax coomeemcmeyem KuHemu4yeckol modesnu nceedo-
emopoeo  nopsidka u  modenu  uzomepmbl  DpeliHONuxa.
TepmoduHamudeckue napamempabl yKasblgearom Ha
3HOomepmuyecKkull, camMornpou380osibHbIU Xapakmep, npueMnauMbil 8
npouecce adcopbyuu.

Bbigodbi: B xo0e uccnedogaHus bbi noflydeH — Oewesbil
buocosmecmumbili adcopbeHm ¢ OmMAUYHbIMU adcopbUUOHHBIMU
ceolicmeamMu 8 OMHoWeHUU ManamuoHa. Takum obpa3om u3 omxodos8
MOJIIIOCKO8 U3eriekaemcsi 08oliHasi 8bleoda: UCMoMb3yomces omxoosbl,
KomopbIMU  3aearieHbl  r1obepexnbsi  pasfiudyHbiX 8000MOK08, U
ydanswomces  3agpssHsouue 800y  eewecmea, oOKasblearoujue
HezamusHoe 8o3delicmeue Ha OKpyXatowyro cpedy 8 Uesiom.

Knwouesble crioga: ydaneHue, adcopbeHm, KUuHemuka, U30mepmbl,
onmumu3sayusi, necmuyudbl, 8o0a, MPECHO80OHbIE MOJITFOCKU.

CMNPALLUEHE IbYWTYPE PEYHNX WWKOJIBbKA KAO JESTUHU
AJCOPBEHT 3A YKNAKLAHE MANTATUOHA 13 BOAE:
NCIMNTUBAHE N3OTEPMW, KMHETUKE, TEPMOOVNHAMUKE A
OMNMTUMN3ALUNJA EKCIMEPUMEHTAJIHMX YCNOBA METOJOM
OA3MBHUMX MOBPLINHA

3name C. Benuukosuh?, ayTop 3a npenucky, 5o2d0aH [1. Byjuuuh?,
Bnaduua H. CtojaHosuh?, Mpedpaz H. Ctojucasrbesnh®, SopaH J. bajuh?,
Berbko P. hokuh®, Hezosar [. ViBaHkoBuh?, ages M. OTtpucan'
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@ YHuBep3auTeT ogbpaHe y beorpaay, BojHa akapgemuja, Kategpa
BOjHOXEMWjCKOT MHXenepcTBa, beorpaa, Penybnvka Cpbuja

6 Bojcka Cp6uje, TexHuuku onuTHU LeHTap, Beorpag, Peny6nuka Cp6uja

® YHuBepauTeT y beorpagy, TexHonowko-MmeTanypLiku dakynrer,
Beorpapg, Penybnuka Cpbuja

" YHuBep3uTeT Manauku, Onomoyu, Yewwka Penybnuka

OBJIACT: 3awTnta XUBOTHE CpeanHe, XeMUjCKO UHXEHEPCTBO
BPCTA YJTAHKA: opurnHanHu Hay4Hu pag

Caxemak:

Yeod/uyurb: Y 080M ucmpaxuearsy ucrumueaHe cy MmoayhHocmu
yKnarbarba op2aHoghocghopHoe necmuyuda ManamuoHa u3 8o0e momohy
Hosux adcopbeHama Ha ba3u buoomrmada pedyHUX WKOSbKU U3 rnopoouye
Anodonta Sinadonta woodiane, Mamepujania Koju ce y 8elUKUM
Konu4uHama Hakyrrba Kao omrnad Ha obanama 8efUKUX peka.

Memode: CuHmemucaHa cy 0sa adcopbeHma: MexaHUYKU yCUMmH-eHa
peyHa wkorbka (MRM) u xudpokcuanamum 0obujeH MexaHOCUHMEe30M
u3 ycummeHux peqHux wkorbku (RMHAp). [obujeHu adcopbeHmu cy
OKapaKkmepucaHu (eflemMeHmapHa aHarnusa, ckeHupajyha enekmpoHcka
Mukpockonuja — CEM, enekmpoducrniep3usHa criekmpockonuja — E[]C,
peHOzeHcKa dugbpakyuoHa aHanusa — XP/], ®ypujesa mpaHcgopmayuja
UP 3paka — ©®TUP) u ucnumaHu y WapXHOM cucmeMy 3a yKiarbahe
opzaHoghochopHoz necmuyuda masamuoHa u3 gode. Onmumu3ayuja
ycrnosa adcoprnyuje usepweHa je memodom 003usHUX rogpuiuHa — PCM,
20e je ucriumaH ymuuyaj npomMeHsrbusux ghakmopa (ycrioea adcopnyuje),
nX epedHocmu, 0dQo3e adcopbeHma, e6peMeHa KoHmakma U
memrepamype Ha Karauumem adcopbeHma.

Pesynmamu: Haj6orba adcopnyuja manamuoHa rocmugHyma je npu
cpedrum nX epedHocmuma usmehy 6,0 u 7,0. MakcumarnHu JlaHemyupos
kanayumem adcopnyuje 3a MRM u RMHAp Ha 25°L] usHocuo je 46,462
me et u 78,311 me e, pedom. Peaynmamu cy nokasanu 0a adcopryuja
ManamuoHa Ha oba adcopbeHma criedu riceydodpyeu KUHemuyku moder
u @pojHonuxoe uzomepmHU Modes. TepmoOuHaMuyKu napamempu
yKasyjy Ha eHOoOmepMHy, CrioHmaHy U u3800sbugy npupody mpoueca
adcopnuyuje.

Sakbyyak: Y  moky — ucmpaxuearba  0obujeH je  je¢bmuH
buokomnamubunHu  adcopbeHm ca  00nUYHUM  adCcoPrUUOHUM
Kapakmepucmukama rpema ManamuoHy. Kopuwhewe omnada 00
WKO/BbKU 8prio  je KopucHo: jep omnad Koju onmepehyje obane
pasnudumux eodomokoea yKiarka 3azahueaye Koju onmepehyjy eody u
usasueajy HezamueHe echeKkme Ha XXUOMHY CpeOUHy yoruime.

KmbyyHe peuu: yknamame, adcopbeHm, KuHemuka, u3omepme,
onmumu3auyuja, necmuyudu, 800a, peYHe WKOJbKE.
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