ISSN: 0042-8469

ISSN: 2217-4753
vojnotehnicki.glasnik@mod.gov.rs
University of Defence

Serbia

@ Vojnotehnicki glasnik/Military Technical Courier

SHILITARY TECHMICAL
uuuuuuu

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

Veli#kovi#, Zlate S.; Vuji#i#, Bogdan D.; Stojanovi#, Vladica N.; Stojisavljevi#, Predrag N.; Baji#, Zoran J.;
#oki#, Veljko R.; lvankovi#, Negovan D.; Otrisal, Pavel P.

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

Vojnotehnicki glasnik/Military Technical Courier, vol. 69, no. 4, 2021

University of Defence, Serbia

Available in: https://www.redalyc.org/articulo.oa?id=661770260005

DOI: https://doi.org/10.5937/vojtehg69-32844
http://www.vtg.mod.gov.rs/copyright-notice-and-self-archiving-policy.html

This work is licensed under Creative Commons Attribution 4.0 International.

) A PDF generated from XML JATS4R by Redalyc
r@& a‘yC' ;T g Project academic non-profit, developed under the open access initiative



https://www.redalyc.org/articulo.oa?id=661770260005
https://doi.org/10.5937/vojtehg69-32844
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ZLATE S. VELI#KOVI#, ET AL. PULVERIZED RIVER SHELLFISH SHELLS AS A CHEAP ADSORBENT FOR REMOVING OF...

Original scientific papers

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

HMsmearuennnie PaKOBHHBI IPCCHOBOAHBIX MOAAIOCKOB B Ka9€CTBC ACIIICBOI'O a,A,COP6CHTa AAT YAAACHUST MAAATHOHA
us BOAHOﬁ CPCABIL: HCCACAOBAHUA U30TCPMbI, KHHCTHKH, TCPMOAMHAMHKHU U OIITUMU3AIN SIKCIICPUMCHTAADBHBIX
YCAOBI/Iﬁ MCTOAOM ITOBCPXHOCTH pCarupoBaHUsI

CHP&LHCHC SYIITYPC PCYHHUX IIKOMSKH KA0 qu)TI/IHI/I aACOp6CHT 3ayKAAbahC MAAATHOHA U3 BOAC: HCIIUTHBAHC
H30TCPMH, KUHCTUKC, TCPMOANHAMUKC 1 OHTI/IMI/I3aLII/Ija CKCIICPUMCHTAAHHUX YCAOBAMCTOAOM OA3HMBHUX ITOBPIIMHA

Zlate S. Velickovi¢ DOL: https://doi.org/10.5937 /vojtehg69-32844
University of Defence in Belgrade, Serbia Redalyc: https://www.redalyc.org/articulo.oa?

zlatevel @yahoo.com id=661770260005

® heeps://orcid.org/0000-0001-5335-074X

Bogdan D. Vujicic
University of Defence in Belgrade, Serbia
bogdanvujicic47 @gmail.com

® heeps://orcid.org/0000-0003-3026-4544

Viadica N. Stojanovié
University of Defence in Belgrade, Serbia

vllajkoo.vs@gmail.com

® heeps://orcid.org/0000-0002-9844-2477

Predrag N. Stojisavljevié
Serbian Armed Forces, Serbia

pedjastojis@yahoo.com
® https://orcid.org/0000-0002-1170-7912

Zoran J. Baji¢
University of Defence in Belgrade, Serbia
angrist2@gmail.com

® heeps://orcid.org/0000-0002-8492-3333

Veljko R. Doki¢
University of Belgrade, Serbia
vdjokic@tmf.bg.ac.rs

® heeps://orcid.org/0000-0003-2541-0420

Negovan D. Ivankovié
University of Defence in Belgrade, Serbia

negovan.ivankovic@gmail.com

® https://orcid.org/0000-0003-0202-8210

AUTHOR NOTES

zlatevel @yahoo.com

871


https://orcid.org/0000-0001-5335-074X
https://orcid.org/0000-0001-5335-074X
https://orcid.org/0000-0003-3026-4544
https://orcid.org/0000-0003-3026-4544
https://orcid.org/0000-0002-9844-2477
https://orcid.org/0000-0002-9844-2477
https://orcid.org/0000-0002-1170-7912
https://orcid.org/0000-0002-1170-7912
https://orcid.org/0000-0002-8492-3333
https://orcid.org/0000-0002-8492-3333
https://orcid.org/0000-0003-2541-0420
https://orcid.org/0000-0003-2541-0420
https://orcid.org/0000-0003-0202-8210
https://orcid.org/0000-0003-0202-8210
https://doi.org/10.5937/vojtehg69-32844
https://www.redalyc.org/articulo.oa?id=661770260005
https://www.redalyc.org/articulo.oa?id=661770260005

VOINOTEHNICKI GLASNIK/MILITARY TECHNICAL COURIER, 2021, VOL. 69, NO. 4, OCTOBER-DECEMBER, ISSN: 004...

Pavel P. Otrisal
Palacky University, Czech Republic
pavel.otrisal@upol.cz

https://orcid.org/0000-0002-9345-3978
Received: 21 June 2020

Revised document received: 28 September 2021
Accepted: 30 September 2021

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 quantities 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.

KEYWORDS: removal, adsorbent, kinetics, isotherms, optimization, pesticide, water, river shells.
Pe 310M € :

Beeacnue/ueab: B AaHHOI cTaTbe IIPeACTABACHBI PE3YABTATHI HCCACAOBAHHUS BO3MOXKHOCTH yAaACHUsST $OCHOPOPraHMIECKOro
IIECTHLIMAA MAAATHOHA M3 BOAHOH CPEABI C IIOMOLIBI0 HOBOIO aACOPOEHTA Ha OCHOBE GHOOTXOAOB — PaKOBUH IPECHOBOAHBIX
MOAAIOCKOB ceMeiicTBa Anodonta Sinadonta woodiane, mMatepuana, KOTOpbIH B GOABIINX KOAUYECTBAX HAKAINAMBACTCS B BUAE
OTXOAOB Ha TOGEPEXbSIX KPYIHBIX PEK.

Mertoast: Brian ucnbiTanB ABa apcOpGEHTa — MeXaHHYECKH M3MEABYEHHbIC pedynble pakoBunbl (MRM) u ruppoxcuamatur
M3 MSMCABICHHBIX pCUHBIX pPAaKOBHH, NoOAydeHHbIH MexaHocunTesom (RMHAp). IToayuennsie apcopbentst 6pian
HCCACAOBAHBI (IACMEHTHBIH aHAAMS, CKAHUPYIOIas 3ACKTPOHHask Mukpockorns — SEM, sHepropucrepcHoHHas: peHTTEHOBCKAs
cnekrpockonus — EDS, penrrenocrpykrypabiit anaaus — HRD, undpaxpacHas cnexrpockonusi ¢ npeoGpasosanuem Pypoe
(MK®C, FTIR) u HCIBITAaHB METOAOM HPEPBIBAHUS HA YAAACHHE OPraHOPOCHOPHOrO NECTHLHMAA MAAATHOHA M3 BOAHOMH
cpeabl. ONTUMH3aLUsT YCAOBUIL 2ACOPOLIUN IIPOBOAMAACH METOAOM IIOBEPXHOCTEH oTKAnKa — RSM, npu aToM uccaepoBaroch
BAMHHE NIEPEMEHHBIX PakTOpOB (ycAoBHH apcopbuun), sHavenuit pH, A03 aacopbeHTa, BpeMeHN KOHTAKTa U TEMIIEPATyphl Ha
aACOPOLIMOHHYIO CIOCOGHOCTD apcopbeHTa.

Pesyabrarsi: Hamayuimas apcop6uust MasaTroHa 6b1aa AOCTUTHYTA IpU cpeaHHX 3HaueHusx pH ot 6,0 a0 7,0. MakcumaabHas

aacopbumonnas cnocobrocts Aerrmopa mo MRM u RMHAp nipu 25 °C cocrasasiaa 46 462 mr rlu78311 mrrl. PesyabraTst
IIOKAa3aAH, YTO AACOPOLMS MaAaTHOHA HA 06OMX aACOPOEHTAX COOTBETCTBYCT KMHETHIECKOH MOAEAH IICEBAO-BTOPOTO MOPSIAKA
u Moaeau usorepmbl Pperiinpanxa. TepMosMHAMUYECKHE TAPAMETPBI YKASBIBAIOT HA SHAOTEPMUYCCKUH, CAMOIIPOU3BOABHBIH
XapakTep, IPUEMAKMMBII B IIpoLiecce aAcopOuum.

BsiBopbl: B xope mccaepoBaHms 6bla MOAydeH ACIICBBIA OHOCOBMECTHMBIH aACOPOEHT C OTAMYHBIMU AACOPOLIMOHHBIMH
CBOJICTBAMM B OTHOIICHHH MAAaTHOHA. TaKUM 06pasoOM U3 OTXOAOB MOAAIOCKOB H3BACKACTCS ABOHHAS BBITOAQ: UCIIOAB3YIOTCS
OTXOABI, KOTOPBIMH 32BAACHBI IIOOCPEXDS PASAHMYHBIX BOAOTOKOB, U YAAASIIOTCS 3aIPsASHSIOLINE BOAY BEIECCTBA, OKA3bIBAOLINE
HETaTHBHOE BOACHCTBUE HA OKPY>KAIOILYIO CPEAY B LICAOM.

KnoueBhoe CJ0Ba: YyAaACHHC, aACOPOCHT, KHUHETHKA, H30TEPMbl, ONTHMMSALMS, IICCTHLHABL BOAQ,
IPECHOBOAHBIC MOAAKOCKH.

ABSTRACT:
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VBoa/unm: Y OBOM MCTpaskuBalby MCIUTHBaHE Cy MOryhHOCTH yKaamarma OpraHo$pocPOpHOr MECTHLMAA MAAATHOHA U3 BOAE
nomohy HoBuX apcop6eHara Ha 6asu 6HOOTIIAA2 peYHUX IKOAKH U3 oposunie Anodonta Sinadonta woodiane, Matepujasa xoju
Ce Y BEAUKUM KOAMYMHAMA HAKYILba KAO OTIIAA Ha 06araMa BEAMKHX PEKa.

Mertoae: CunreTHCaHa cy ABa aACOpOEHTa: MEXaHMYKH YcUTHeHa pedHa mkomka (MRM) u xuapoxcuamatur pobujen
MEXaHOCHHTE30M U3 YCHTHeHHX pedrnx mkoskd (RMHAp). Aobujenn apcopbentn cy oxapakTepucanu (eaeMeHTapHa
aHaau3a, ckeHupajyha eaexrporcka mukpockomuja — CEM, eaextpoaucnepsusna crekrpockonnja — EAC, penarencka
audpakimona aHaansa — XPA, ®Pypujesa tpancdopmanuja VP spaka — OTHP) u ucnnraHu y MApKHOM CHCTEMy 3a
YKAQEaEbe OpraHoPpocGOPHOr MECTHIIMAL MAAATHOHA 13 Boae. ONMTHMU3AIIN]a YCAOBA AACOPIILIHjC H3BPLICHA j¢ METOAOM OA3UBHHX
nospunta — PCM, rae je ucnuran yTuiaj npomeHsusux dakropa (ycaosa ascopnuuje), X BPEAHOCTH, A03€ aACOPOeEHTa,
BPEMCHA KOHTAKTa M TEMIICPATyPE Ha KAIlALUTET aACOpPOEHTa.

Pesyararu: Haj60A>a aACOPIILIMja MAAATHOHA MOCTUTHYTA je MPU CPEABHM IX BPEAHOCTHMA usmeby 6,0 u 7,0. Makcumaanu

Aanrmyupos kananuret aacopnuuje 338 MRM u RMHAp na 25°11 usnocuo je 46,462 mr rlu 78,311 mr r'l, peaom. Pesyararu cy
IIOKA32AU A2 AACOPIILIHja MAAATHOHA Ha 062 aACOPOEHTA CACAH IICCYAOAPYTH KHHETHIKE MOACA U PPOJHAANXOB H30TCPMHHU MOAEA.
TepMOAMHAMITIKY MAPAMETPHU YKa3Yjy HA CHAOTEPMHY, CIIOHTAHY U H3BOAMSHBY HPHPOAY IPOLIECA AACOPIILIH)E.

3akmydak: Y TOKy ucTpakuBama AOOHMjeH je je¢pTuH OHOKOMIATHOMAHM aACOPOEHT Ca OAAMYHHM AACOPILIMOHHUM
KapaKTEPUCTUKAMa IIPeMa MAaAATHOHY. Kopnmhe}bc OTIaAA OA IIKOASKH BPAO j€ KOPUCHO: jep OTHaA KOjU onTcpehyje obase
PaSAI/I‘II/ITI/IX BOAOTOKOBa yKAaH)a SarabI/IBan KOjI/I OHTCPChyjy BOAy nu HBaSI/IBajy HETaTHUBHC C@CKTC Ha )KI/IBOTHY CPCAI/IHY yOHU_[TC.

KEYWORDS: YKAQBABE, aACOpGCHT, KMHETHKA, U30TEPME, OHTI/IMI/IsaLII/Ija, MECTULMAU, BOAQ, PEYHE IIKOMKE.

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 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 ctal, 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
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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).

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
acheap, 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 H;POj (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% cthyl 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.

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 2 0.5 -1 mm granulation
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powder. The shell powder was washed in vacuo with deionized water, ethyl alcohol and dried in vacuo for 24
hat 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 H3POy4 - CaCOj ratio: H3PO4 > 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 seccond 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 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}, and the adsorbent dose was varied from 100 to 1000 mg L'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):

C,—C

g=—1—Ly

m W

where q is the adsorption capacity in mg ¢!, C; and Crare the initial and final malathion concentrations
q p pacity g8

in mg L ug L'l), respectively, V is the volume of the solution in L, and . is the adsorbent mass, expressed in g.
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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, pscudo-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).

TABLE 1
Kinetic model equations
Kinetic model Nonlinear form Model parameters Equation
k- pseudo first-order rate
constant, (min'")
Pseudo-first-order _ kgt g.- adsorption capacity at time f,
equation q=qe(1—e™) (mgg”) @)
- adsorption capacity, (mg g™”)
t - time, (min})
. t
ePSﬁ:EgnSECOHd order q= 1 n k> - pseudo-second order rate 3
q =4 — constant, (g mg™ min~') (3)
(Lagergreen) kag: e
t
q= k, - second order rate constant,
Second order 1 4 t (L mg" min") (4)
kaq; e
TABLE 2
Equations of the diffusion kinetic models
Kinetic model Nonlinear form Equation
Weber-Morris q=kVi+C (5)
6 1
4_1- —ZZ—zexp[— n?K t]
Dunwald-Wagner | 9e L (6)
model q\? K
tog(1- (L) ) = -
0d ( 70 ) 2.303
dg D.ad ( ) ﬂf;:)
_ —_—=——|rf—
Homogenous Solid | dt r2adr\ ar
Diffusion Model o= s 2 (7)
(HSDM) q 2R (-1"  nar =D.tm*n
—_—=14+— sin exp >
qs mrid n R R

The activation energy for arsenate adsorption was calculated using Arrhenius (Eq. 8):
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_Ea

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, E, (k] 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

Isotherms

MNonlinear form

Model parameters

Equation

Langmuir

_ qmKLCe

Qe =1TK,C.

g.- adsorption capacity at
th eequilibrium, (mg g)
gm- maximum adsorption
capacity, (mg g

Ki- Langmuir equilibrium
constant, (L mg™)

C.- metal ion
concentration at the
equilibrium (mg L")

)

Freundlich

a = KeCl/"

Ke Freundlich equilibrium
constant, (mg g”'){L mg-
Ty1n

n- Freundlich equifibrium
constant (intensity of the
adsorption or surface
heterogeneity)

(10)

Temkin

. == (4C)

A -Temkin isotherm
equilibrium binding
constant (L g)

b - Temkin isotherm
constant R-universal gas
constant (8.314.J mol'K™)
T-Temperature at 298K,

(11)

Dubinin-
Radushkevich

Thermodynamic studies

I

[

)

4. = quex —B{Rr}"[f{n—,

3

(12)

The feasibility of the experimental data obtained from the adsorption studies were analyzed through the
thermodynamic investigation. The parameters of free energy change (AG?®, kJ/mol), enthalpy change (AH

°, kJ mol™ ), and entropy change (AS°, ] mol 'K ) were calculated using the Van't Hoff equations (13) and
(14) (Karanac et al, 2018):

AGY =—

ﬂSﬂ

In(b) =

AHY

RTIn(b)

R (RT)

(13)

(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):

878



Z1LATE S. VELI#KOVI#, ET AL. PULVERIZED RIVER SHELLFISH SHELLS AS A CHEAP ADSORBENT FOR REMOVING OF...

R =_1
L = THh o) -
where Co (mol dm™ ) is the initial adsorbate concentration, b (dm® mol™ ) is the Langmuir constant. The
value of Ry, points out to the isotherm type: irreversible (R = 0), favorable (0 < Ry <1), linear (Ry = 1),
unfavorable (Ry > 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:

2
ﬂ@'{%) — Z [(qexp qca!)xqexp] x100
N-1 (16)
where qexp and eyl are the experimental 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
coeflicient (R) from the regression analysis. (Pantié¢ 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 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
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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

_ A Dose Response
giiigﬁ; ads. Bt(mn) |CpH  |p1foy | % M8
(mg/L) Y
1. 1000 |95 7 45 14.1
R 1000 |95 7 25 126
3. 100 95 4 35 30.11
4 550 35 4 45 12.05
5. 1000 180 7 35 1506
6. 100 95 10 35 27.4
7 1000 |95 10 35 B
) 550 95 10 25 3.38
) 550 95 7 35 24 3
10 550 10 7 25 13.2
11 100 95 7 45 712
12 100 180 7 35 5115
13 550 a5 4 25 101
14, 550 10 4 35 B
15, 550 35 10 45 15.1
16 100 10 7 35 27 3
17 550 180 7 25 28.5
18, 550 10 7 45 14
19, 550 95 7 35 243
20. 1000 10 7 35 521
21, 550 180 7 45 28.75
22 550 a5 7 35 24 3
23, 550 180 10 35 13.8
24. 550 35 7 35 24.3
o5, 550 95 7 35 244
26. 1000 |95 4 35 6.75
o7 550 180 4 35 1511
28. 100 95 7 25 64.4
29. 550 10 10 35 56

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 (Wei 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.
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Concentrations of major minor and trace elements obtained

in this study using the ICPAES and ICPMS methods
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Element Ca(wt%) | Fe(wt%) | Mg (wt%) | Si(wt%) Na (wt %) Mn_1
(g g™)
ICP-AES
Method 34.1 0.003 0.104 0.004 0.182 30.4
Cd Co Cu . - Pb Zn
Element -1 -1 -1 Ni(bg g™') -1 -1
ICP-MS (Lgg’) (ugg™) (Mg g™) (ugg™’) (Mg g™)
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 CaCOj3 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)

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 pm 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

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 um.

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 pHpzc value occurred under the influence of the change in
the surface properties of the adsorbent due to modification (Table 6). At pH <pHpzc, negatively charged
species participate in electrostatic attraction with a positively charged adsorbent surface and vice versa, at
pH> pHpzc, electrostatic repulsion is a major factor leading to low adsorption efficiency.

FIGURE 3
SEM representation of the shells modified by mechanosynthesis at different magnifications
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TABLE 6

Physical properties of MRM and RMHAp adsorbents

Specific
surface Pore volume | €30 pore
Adsorbent 2 3 1 diarneter PHpg -
arel'a i ez (e
g )
MEM 2,58 0,096 6,7 7.2
RMHAD 1,95 0,088 2,18 7,05
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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 CaCOj. In addition,

small infrared absorption spectra are shown at ~ 1790, and ~ 2874 cm ! and have been attributed to regimens

of combining different ranges of CO3 * (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 POy ¥ and 1064 cm™ corresponding to the asymmetric stretching
regime of the PO, > 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 (CQO3), which is more pronounced before mechanosynthesis, i.e. before the conversion of calcium
carbonate into hydroxyapatite.
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FIGURE 4
FTIR spectrum of shellfish shards and modified shards before

and after the adsorption of malathion from aqueous solution

The characteristic vibration peaks of shell dust before and after modification with a comparative review
by other researchers are given in Table 7.
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TABLE 7

FTIR shell powder vibration mode before and after
mechanosynthesis MRM and RMHAp and references

Vibration frequency (cm'l)

Our research (Khiri et al, tSalma et al, fdslam et al,
FTIR 2016) 2010 2013)
Syrnmmetrical
deformation 710 708 206
o
3
ASyrrnmetric
dem;maﬂons 856, 1460 855, 1454 857, 1455
CO3 -
SyTIrnetric
stretching ,_ 1083 1082 1082
vibration CO, B
-
CO3 17390 1786 1794
deformations
PO43_ bending 560 565 Se0, 599
PO43_ stretching | 1064 1024 1046
Cogz_group 1460 1454 1424

After sorption of malathion (spectraband 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 CaCOj, primarily calcite as shown by the diffraction peak at 2# 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.
a) . b)
g e
. Cocite o Hydroxyapatite
~ Iron hydroxy carbonate
5
s
=
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FIGURE 5

X-ray diffraction analysis (XRD) spectrum of shellfish shards
before (a) and after modification by mechanosynthesis (b)
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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, H3O" ions attract surface oxygenated adsorbent groups,
which could lead to the formation of a bond between H;0" 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.c.
precipitation contributes to ion removal.

80
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FIGURE 6

Influence of the pH value of the initial solution on malathion removal

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.
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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.

TABLE 8
The kinetic parameters for malathion adsorption on MRM and RMHAp

adsorbents (Cimalachion =20.32 mg LY pH=6; m/V=100 mg L', T=25°C)

Adsorbent Model Psendo-first | Pseudo-second | Second-order
parameters
T 37.247 53.589 53.589
MREM klky, kol 0.01589 0.00054 0.000093
g2 0.980 0.992 0,931
T £7.425 92.142 92,142
RMHApR fe(ky, ko) 0.02041 0.00031 0.00025
_2 AT A ~Aonna oA

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 (Cimalathion=20.32 mg LY pH=6; m/V=100 mg L T=25°C

Adsorberit Model Model pararmeters Walues
Weber-Morris Step 1 Ky (mg g™ min™%) 36188
Intra-particle diffusion) Cimg g™ 3.175
RZ 0.995
Weber-Morris Step 2 ko (g g7 min ™ 0.304
MEM fequilibriurm) Camgg™h 40.247
I 0.999
5 o el K 0.00711
Iwald = wa ZT1eT 1T1008 R2 0.953
Homogenous Solid Diffusion | Ds 93410
Model (H5DM) Rz 0,950
Weber-Morris Step 1 by (mg g™ min ™) 6.792
Intra-particle diffusion) Cimg g™ 2.288
g2 0.998
Weber-Morris Step 2 ko (mg g™ min™%) 0.608
RMHAp fequilibriurm Cimg g™ B7.719
e 0.999
5 o l K 0.00693
Il = Wa ST1ET 1TI00E R2 0,956
Homogenous Solid Diffusion | D a2qe 10t
Model (HSDM) RE 0950

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:

InK' = Ea InA
I ——ﬁ‘l'ﬂ

(19)

where K'is the reaction rate constant at a certain temperature, Ez 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
Pseudosecond kinetic model parameters for malathion adsorption on MRM

and RMHAp adsorbents (Cimalathion=20.32 mg L pH=6; m/V=100 mg Lt

Adsorbent |Temperature |4, (Mg | ky (M2 (52

-1 -1
g min) )

o5 B 53.594 | 0.000537 0932

MEM s 57658 | 0.000636 |0.932

45 % £62.271 | 0.000706 (0232

o5 9 92,142 | 0.000308 (0234

RMHap 35 9 92,333 | 0.000351 (0935

Uy Qd A 1N Nnn=7FL 10 QGE

Physosorption or physical adsorption generally possesses energy up to 40 kJ mol ™, while hemisorption
requires higher energy and activation energy over 40 k] mol ™ (Karanac et al, 2018). Based on the obtained

results where Ea for MRM is 10.816 k] 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 coefhicient 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

Temperature
Adsor-bent | Isothermal models and parameters o o o
25 °C 35 °C 45 "C
Gy lTTIE gl 46462 |48.135 | 49.789
o K Lmg™h 1.918 1.968 2.027
Langruir isotherm T
K, (Lmol ) £33570 |650164 663551
B2 0.992 0.994 0.995
1 3 _-11/m
Kptmg g7 (dm” mg ) oR469 | 29.252 | 30.066
Freundlich isotherrn 1/n 0182 0.189 0,195
R? 0.997 0.993 0.988
MEM s
Apdm® g™ 443.06 |376.95 |329.44
Terrlkan isotherm E‘JT 4 95 g og 5G4
g2 0.980 0.980 0.978
Gy (12 g 34.25 35.18 36.12
Dubinin-Radushkovich | K, tmol’ k] ™% 917 9.15 9.12
isotherm
. Ea (k] ol 7.38 739 7.40
R? 0.202 0.796 0.791
Gy, (112 g 78311 |84.502 |87.485
o K Lmg™h 1.531 1.614 1.715
Langruir isotherm T
K, (Lmol ) 505829 |533409 |S6E567
B2 0.980 0.982 0.985
1 3 _-11/m
Kpmg g ) @m’mg ) 39432 42473 | 44.313
Freundlich isotherrn 1/n 0275 0.279 0.289
R? 0.99% 0.996 0.987
RMHAp s
Apdm® g™ 80959 |100.297 |99.363
Terrkin isotherm br 10.03 10.17 11.05
g2 0.938 0.933 0.958
Gy (12 g 4782 49,43 51.05
Dubinin-Radushkovich | K, tmol’ k] ™% 8.84 8.81 8.78
isotherm
. Ea (k] ol 752 753 7.55
R? 0792 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 higher values indicate combined adsorption, e.g.
physisorption and hemisorption with different process contributions at different system balancing steps. The
values in Table 11 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:
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1
R, = ———
“ (1 +bCy) (20)

where Co (mol L) is the initial adsorbate concentration and b (L mol™) is the Langmir constant. The
value of Ry indicates the feasibility of the adsorption process: irreversible (R = 0), favorable (0 <Ry <1), linear
(RL= 1), and unfavorable (R.> 1). The Ry, 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.
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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)

Thermodynamic studies

Gibbs free energy (4G °), enthalpy (4H °) and entropy (45 °) were calculated by Van’t Hoff equation (21)
and (22):

AG® = —RT In(b)

(21)

AS®  AHO
R (RT)

In(b) =
(22)
where T is the absolute temperature in K, R is the universal gas constant (8.314 mol”’ K) 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.
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TABLE 12
Calculated Gibbs free adsorption energy, enthalpy and entropy for

malathion adsorption on MRM, and RMHAp at 25, 35, and 45 °C

- M5
AG® k] mol Y AR (K] g
Adsorbent -1, |mel TK |R?
0 o 0 mol 73 Y
25°C 35 C 45 "C y
MMEM -42.07 |-4458 |-46.11 |2.18 15175 0 996

Negative values of Gibbs free energy (4G°) and positive values of entropy (45°) at all temperatures indicate
that reactions in the adsorption process take place spontancously. A decrease in the Gibbs free energy (4G°)
with an increase in temperature also indicates that the spontaneity of the reaction increases.

Positive values of 48° indicate a tendency of greater disorder of the MRM and RMHAp surface systems
and malathion solution. In Table 12, we can sce that the Gibbs free energy values (4G°) for both adsorbents
are approximate, and the positive entropy values (45°) at all temperatures, while the positive enthalpy

values (AHO ) 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.

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.

893



VOINOTEHNICKI GLASNIK/MILITARY TECHNICAL COURIER, 2021, VOL. 69, NO. 4, OCTOBER-DECEMBER, ISSN: 004...

TABLE 13
ANOVA variance analysis for a square response surface model for
the removal of malathion from water using the RMHAp adsorbent

Sumof p-value
Source square df |Mean Square |F Value Prob » F
Model 310220579 |14 | 6501575566 | 8986135 | 0.0001

significant

A-dose 437288213 |1 48732 882133 | 67.36423 | < 0.0001
adsorbernt
E-t 991.173633 |1 991.1736333 | 1269945 | 0.0004
C-pH 2.8988 1 3.8988 0.053887 |0.B138
D-T 138000232 |1 153.80002332 | 0.259844 |0E1382
AB 484 1 484 £.688593 | 00215
AC 0.9604 1 09504 0.013274 | 0.8053
AD 70225 1 70225 0.097081 | 07600
EC 0.297025 1 02397025 0.004105 | 0.89458
ED 0075625 1 0075625 0.001045 | 09747
cD 0783225 1 0783225 0010825 | 09186
AAZ 75617519 |1 F5E.1751903 | 1045145 | 0.00&0
EAZ 374530282 |1 3745302815 | 0517656 | 04837
CAZ 1399.36143 |1 1399.3614588 |19.34124 | 0.000&
DAz 2751482 1 2751492005 | 0.380287 | 05473
Residual 1012916658 |14 | 7235119167
Lack of 101290868 |10 | 1012908683 | 50845 43 | < 0.0001

Fit significant
Pure Error | 0.008 0002
Cor Total (101151225

N

r
[

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
_—® _®
— l 5
- o ,
25.00 °c) 45.00 5.21 (malg) 81.15
T=4499 q=77.992
FIGURE 8

Optimization of the input parameters in relation to the maximum capacity of the adsorbent
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Design-Expert® Software

[
qm (mg g1)
= @

180.00

8500

w250 B: t (min)

100000 10,00

FIGURE 9
3D diagram of the mutual interactions of dependence
of significant input variables (adsorbent dose and time)

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 LY,
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 successtully used in the optimization of experimental adsorption conditions, the goal of optimization
being to determine the optimal adsorption conditions with a smaller number 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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