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Abstract. Relevance. Pollution of water resources with heavy metal ions remains a
major environmental problem. Wastewater from mining, metallurgical, and chemical
industries often contains toxic Pb**, Cd?*!, Zn?*, and Cu?' ions that bioaccumulate and
threaten ecosystems and human health. Due to the limited effectiveness of traditional
treatment methods, environmentally safe and cost-efficient adsorption technologies
based on natural minerals are gaining importance.

Research objective. This study investigates the kinetics and thermodynamics of heavy
metal ion adsorption on modified diatomite sorbents based on Ca-montmorillonite and
determines diffusion, energy, and practical characteristics of the process.

Research methods. Adsorption of Pb**, Cd**, Zn**, and Cu*" was studied under static
conditions at pH = 5.5 £ 0.5 and 288-313 K. Kinetic parameters were determined using
pseudo-second-order models, while equilibrium data used the Langmuir isotherms. IR
spectroscopy evaluated structural and chemical changes in the sorbent surface.

Results. Heavy metal extraction reached 95-100% within 20—30 minutes and
equilibrium achieved in 40—60 minutes. The kinetics follow a pseudo-second-order
model (R?= 0.99), while equilibrium adsorption is described by the Langmuir isotherm,
which indicates the monolayer nature of adsorption. Activation energies (kJ/mol)
were: Pb?" — 75.5; Cd*" — 51.1; Zn*" — 45.6; Cu*" — 26.1. IR spectroscopy confirmed the
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participation of —-NH,, -COOH, and —OH groups in ion exchange and donor-acceptor
interactions.

Practical significance. Modified diatomite sorbents demonstrate high efficiency in
removing heavy metals from wastewater. The material is inexpensive, environmentally
friendly, and suitable for use in industrial water treatment systems.

Keywords: heavy metals, Ca-montmorillonite, diatomite, polyethylenepolyamine,
adsorption
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AHHOTAUMs. O3eKTUTri. Ayslp MeTall MOHIAPBIMEH CyIBIH JacTaHybl Ka3ipri
3aMaHHBIH €H ©3€KTi dKOJIOTHSIIBIK MacemeNepinin O0ipi 6ompm kama Oeperi. Tay-keH,
METAJUTYPIHsI JKOHE XUMHsI OHEPKOCIOIHEH IIBIFATBIH OHEPKACINTIK aFbIHIBI Cylapaa
KeOiHece OMOAKKYMYISIIMSUTBIK KOHE JKOKYHelep MeH amaM JCHCAyIbIFBIHA Kayil
tenmiperin Pb?*, Cd*", Zn*" sxone Cu?" CHAKTHI Y6 HOHAAp Oomanel. JlocTypii Tazapry
OMICTEepiHIH THIMIUIITI MIEKTEYIi OOJFaHIBIKTAH, TAOMFU MHUHEPAJIbl MaTepuaiiapra
HETi3/IeJITeH AKONOTHSIBIK Ta3a XKOHE YHEeMJIi COPOIMSUIBIK TEXHOJOTHSIIAp EepeKIe
MaHBI3/IbI.

3eprreymid MakcaThl. byt sKYMBICTBIH MakcaThl — Ca-MOHTMOPWLIOHHUT HETi31HACT1
MonuUKaIUsIIaHFaH THATOMIBI JKep afCcOpOCHTTEPIHACTI aybIp METaUT HOHIAPBIHBIH
COpOIMACHIHBIH KHHETUKACKI MEH TEPMOAMHAMHUKACKHIH 3€PTTEY, COHIai-aK MPOIECTIH
T PYy3USICHIH, YHEPTHICHIH JKOHE TMPAKTHUKAIIBIK CHITATTaMaJIapbIH aHBIKTAY.

3eprrey omictepi. Pb*", Cd*, Zn*" xone Cu?*" cOpOIUACH TYPAKTHI ITANKATY
karmaneraaa, pH = 5,5 + 0,5 xone Temmneparypackl 288—313 K Gonranma, CTaTHKAIBIK
JKarmanaa 3epTreni. KnHeTukambslK mapaMeTpIiep sKaJiFaH eKiHI peTTi MOmeIbACpIi
KOJJIaHY apKbUTbI aHBIKTAJIBI, aj Teme-TeHMIK Jepektepi JIeHrMiop m3oTepmanapbi
KOJTaHy apKbUTH TalfgaHAbl. AJCOPOCHT OCTIHIETI KYPBUIBIMIBIK JKOHE XUMUSIIBIK
e3repictrep MK criekTpocKonusIChIH KOJ/TaHy apKbLTbI OaraTaHIbl.
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Hotmxenepi. Ayblp MeTalul HOHIAPBIHBIH SKCTPaKUuUs O KbuiaaMabiFel 20-30
MuHyT imiHae 95-100%-ra sxerteriHi, an Tene-TeHIikke 40—-60 MUHYT inriHIe
JKETETiHI aHbIKTaNbI. [Ipoliecc KHHETUKACKI JKallFaH KIHIII PETTi MOACIbMEH KAKChI
cunarrairad (R? = 0,99), an rtene-tenaik copOuwmsicel JIGHIMIOp HM30TepMachIMEH
cUnarTanajbl, Oy aJcopOIMsIHBIH MOHOKA0ATThl CUTIATHIH KepceTeli. benceHmimik
sHeprusuiapbl (k/x/mMonb) anbikramael: Pb* — 75,5; Cd*" — 51.1; Zn*" — 45.6; Cu* —
26.1. UK-cnexrpockonust -NH*, -COOH xone —OH TonTapbIHBIH HOH aqMacy >KoHe
JIOHOP-aKLENTOPJIBIK ©3apa 9peKeTTECyIepre KaTbICyblH pacTaibl.

[IpakTrKalbIK MaHBI3IBUIBIFBL. HoTikenep MoauduKalUsIaHFaH JHUATOMIBI Kep
cOpOCHTTEPiHIH ayblp MeTajaap/bl aFbIH/bI CyJapAbl Ta3apTyAa *KOFapbl THIMAUIITIH
pactaiinel. Marepuan ap3aH, SKOJOTHSUIBIK Ta3a KOHE OHEPKACINTIK Cy TazapTy
KYHenepinae eHri3y YIIiH YChIHBUTYbl MYMKIH.
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AHHOTammsA. Axmyanronocms.  3arpsa3HEHHE  BOAHBIX  pPECYpCOB  HOHAMH
TOKENBIX METaUIOB OCTAETCsl OJHON M3 HauOoJiee OCTPBIX IKOJOTHYECKHUX MPOOIieM
coBpeMeHHOCTH. CTOYHBIE BOBI TOPHOI0OBIBAOIIEH, METAJUTY PrUY€CKOM M XUMUYECKOM
MIPOMBIIIUICHHOCTH COJIEpKaT TOKCHYHbIe MOHBI Pb**, Cd*", Zn*" u Cu?’, CKIIOHHBIC K
OMOAKKyMYJISLIUU U TIPECTABISIONINE CEPhE3HYIO YIPO3y JJIsl 3KOCUCTEM U 3[0POBbs
yenoBeka. B ycnmoBusix HuU3koW 3(pPEKTHBHOCTH TPAJULIMOHHBIX METOIOB OYMCTKU
BO3pacTaeT 3HAUCHHUE SKOJOTMUECKH OC30MaCHBIX M JKOHOMHYHBIX COPOIMOHHBIX
TEXHOJIOTUI HAa OCHOBE MPUPOIHBIX MUHEPATIOB.

Lenv uccredosarus. VIzyueHre KHHETUYECKUX U TEPMOAMHAMUYESCKUX MTAPAMETPOB
COpOIIMY MOHOB THKENBIX METAIOB HA MOIU(PUIIMPOBAHHBIX aJICOPOCHTaX Ha OCHOBE
Ca-MOHTMOPWJIJIOHNTA, a TaKXKe OmpeieiicHre MU(PQPY3MOHHBIX, IHEPTETUUYCCKUX U
SKCILUTyaTallMOHHBIX XapaKTEPUCTHUK TIpoIecca.
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Memoowvr uccneoosanus. Ancopouust Pb*, Cd*’, Zn*+ u Cu?' ugywanacp B
CTaTUYECKUX YCIOBHUSAX MPU MOCTOSHHOM BeTpsixuBanuu, pH = 5,5 + 0,5 u remneparype
288—313 K. Kunernueckue napaMeTpbl pacCUMTHIBAIUCH IO MO MICEBAOBTOPOTrO
MOpsAJIKa; PABHOBECHBIE JaHHBIE aHAIM3MPOBAINCH 1O H30TepMme JleHrmropa.
CTpyKTypHO-XUMHUYECKHE U3MEHEHHS MMOBEPXHOCTHBIX TPYII OLIEHUBAINCH METOAOM
HK-cnekTpockonuu.

Pesynomamei. TlokazaHo, YTO CTENEHb W3BJICUEHMS] HOHOB TSKEIBIX METAJIOB
cocrasiseT 95—100% B Teuenne 20—30 MUHYT, a paBHOBecHe JocTUraeTcs 3a 40—
60 MunyT. KnuHeTtrka copOunu cCOOTBETCTBYET MOJICNIN MICEBAOBTOpPOro nopsiaka (R? =
0,99), 9TO CBHIETEILCTBYET O XeMOCOPOIIMOHHOM MexaHu3Me. PaBHOBecHast aicopOIust
XOpOIIIO OMHUCHIBAETCS U30TepMoi JIeHrMropa, MoaTBepKaast MOHOCIOWHBIA XapakTep
nporecca. OnpezeneHsl SHepruu aktuBaiyu (k/x/momns): Pb* — 75,5; Cd*— 51,1;
Zn*" — 45,6; Cu*" — 26,1. UK-cnexTpockonus BbIsSIBUIIA y4acTHE (QYHKIHOHAIBHBIX
rpynmn —NH*, —COOH u —OH B HOHOOOMEHHBIX W JIOHOPHO-aKICITOPHBIX
B3aMMOJICHCTBUAX C MOHAMH METaJIIOB.

Ipaxmuueckoe 3nauenue. Pe3ynpraTsl 1eMOHCTPUPYIOT BBICOKYIO 3(Q(QEKTUBHOCTh
MOIM(UIMPOBAHHBIX JHATOMHTOBBIX COPOCHTOB MPU OYMUCTKE CTOYHBIX BOJ OT
TSKENBIX METayuloB. Marepual OTJIMYaeTCss HU3KOH CTOMMOCTBIO, HKOJOTMYECKON
0€30MaCHOCTHI0 U MOXKET OBITh PEKOMEHJOBAH K HCIOJB30BAHUIO B MPOMBIIICHHBIX
CHCTEMaX BOJIOOYHCTKH.

KuaroueBble ciaoBa: Tskénsle  MeTayisl, (Ca-MOHTMOPWUIOHHUT, JHATOMMUT,
MOJIMATHIICHITONUAMUH, afcopOIus

Introduction. Environmental pollution with heavy metal ions is one of the pressing
environmental issues of our time. Wastewater from industrial enterprises, including
mining, metallurgical, and chemical industries, often contains toxic elements such as
lead (Pb*"), cadmium (Cd?"), zinc (Zn**), and copper (Cu?*). Since these elements are
not biodegradable and tend to accumulate in living organisms, they pose a significant
threat to ecosystems and human health (Igbal, 2018).

Currently, various methods are used to remove heavy metals from aqueous
environments: chemical precipitation, ion exchange, membrane and electrolytic
technologies (Azimi et.al., 2017). However, most of these methods require high energy
consumption, large amounts of reagents, and generate additional waste. Therefore,
adsorption methods based on natural and inexpensive mineral materials are a more
environmentally friendly and economically advantageous alternative (Ugwu et.al.,
2019; Barakan et.al., 2021).

In recent years, natural diatomite and montmorillonite clays have been widely
studied as effective sorbents for heavy metals due to their high specific surface area,
porosity, and chemical stability. Modification of these materials with organic polymers,
such as polyethylene polyamine, increases their adsorption capacity and enhances the
activity of surface functional groups (EISayed 2018; Zhao et.al., 2019).

The aim of this work is to study the kinetics and thermodynamics of heavy metal ion
adsorption on modified diatomite sorbents based on Ca-montmorillonite, to determine
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the diffusion and energy characteristics of the process, and to determine the practical
significance of the results obtained in the field of environmental protection.

Materials and methods. Water-washed Ca-montmorillonite clay was used in the
study. The adsorption of heavy metals from solutions was studied in a static mode
with constant shaking. A sample of the sorbent-a solution with a specific sorbate
concentration-was placed in a conical flask, maintained at a pH of 5.5 £ 0.5 for a specific
time and at a specific temperature (Esmail et.al., 2013; Khachatryan 2014).

The components of the sorbent and metal solutions were determined depending on
time and temperature. The kinetics and thermodynamics of the adsorption process were
studied. Various temperatures (288, 293, 303, 313 K) were used to study the effect of

temperature.
The following equations were used to describe the proportion of external diffusion
into the environment: D_ is the external diffusion coefficient, and signal is the

thickness of the solution film.

The Arrhenius equation was used to determine the activation energies (Ea) of the
heavy metal adsorption process on diatomite sorbent. The Langmuir adsorption model
was used to explain the experimental data.

Adsorbed metal ions are desorbed with a 1 M hydrochloric acid solution, with a
deadsorption rate of 95—98%. The adsorbent purified in this way is treated with a 20—
30% alkali solution for 2—3 hours and reused for further purification and extraction of
metal ions.

To determine the mechanism of interaction of the modified diatomite sorbent with the
surface, IR spectroscopy studies of samples were carried out before and after interaction
with Cu?* and Pb*" ions.

Results and Discussion. 3./ Kinetics. The time dependencies of heavy metal
adsorption studied in the temperature range of 288—293 K (Figure 1) show that for
all studied systems, the adsorption values reach constant values after 40—60 minutes.
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Figure 1 — Kinetic curves of heavy metal adsorption on diatomite sorbent

The degree of metal removal reaches 95-100% in about 20-30 minutes.
The contribution of external diffusion to the adsorption of heavy metals in the studied
sorbent can be described (Wagner et.al., 2005; Godymchuk 2003) as follows (1):

3Dgxt
y = (M)

Taking into account this equation, where D___is the external diffusion coefficient,
r, is the radius of the sorbent particles, sigma is the thickness of the solution shell around
the sorbent particles, its value is taken to be equal to 5*103 cm (Adebowale et.al.,
2005), Kp is the distribution coefficient, determined by the equation (Lutsenko 2004;
Vezentsev 2008): Kp = a/Cp, where a is the number of sorbed ions (mmol/g), and Cp
is the equilibrium concentration of these ions in solution (mmol/cm’), tD_  can be
calculated from the tangent of the slope of the line-In(1-F).

Processing of the kinetic adsorption curves of the studied heavy metals using equation
(1) showed that the time of onset of the linear dependence of the function -In(1-F)=f(t)
depends primarily on the temperature of the experiment.

Thus, if at a temperature of 288-293 K a high linear dependence of this function
is observed in the first 20-30 minutes, then at a temperature of 303—313 K this time is
reduced to 5—10 minutes, which is due to a decrease in external diffusion resistance with
increasing temperature. Consequently, the external diffusion coefficient also increases
with increasing temperature. )

In most cases, the dependence @ — t12 s polylinear, characterized by 2—3 sections
and described by the following equation (2):

. =ky-tzt+A )

where A is the segment cut off from the coordinate axis at a =f(t"?), dependence.
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Diffusion parameters. 3.2. In equation (1), d describes the thickness of the boundary
layer. The first part describes the diffusion of the sorbate through the solution layer to
the sorbent surface (Table 1).

Table 1. Diffusion parameters of heavy metal adsorption on diatomite sorbent.

Ton tK [Zf”-’ k, mole*g'*sec. 0 D, cm?/sec. B,
cm*/sec. a ! !
288 1.65*10° 4.60*107 1.70*10°* 5.00
Pb?* 293 4.93*10° 5.60*107 6.81*10°* 3.37
303 5.86*%10° 6.90%107 8.52*10® 3.00
313 1.01*10 9.30*10° 1.19*107 3.10
288 2.07*10° 6.10*10° 5.96*10* 3.13
Cd>* 293 2.80*10° 6.70*10° 7.24%10°% 3.37
303 3.20*10° 8.20*10° 8.94*10® 321
313 5.85*10° 8.20*10° 2.26%107 2.35
288 1.14*10° 6.30*%10° 5.96%10°* 3.37
702 293 1.46*10° 7.40*%10° 7.66%10°* 3.19
n 303 1.53*¥10° 8.90*10° 5.96%10°¢ 4.35
313 2.58*10° 1.25%10~ 9.37*10°¢ 4.74
288 1.18*10° 6.60*10~ 6.39%10°* 3.36
Cu 293 1.41*10° 6.60*10° 8.09*10* 3.19
u 303 1.68*10° 8.40%107 6.81*10° 6.02
313 1.81*10° 9.20*10° 8.52*10° 438

The second part, whose slope determines the internal diffusion rate constant,
describes the internal diffusion process itself [3]. To calculate the internal diffusion
coefficients (Di), the classical equation for internal diffusion from a confined volume
into a spherical body, proposed by Boyd and Adamson (Ivanov 2005; Byurnieva 2009;
Neudachina 2004), was used (3):

o i _ sz
F=1 e EXI}( r® (3)
where Di is the internal diffusion coefficient, cm?/s; r is the radius of the sorbent
. . . Dyt . o
grain, cm; t is the time, s. — l:: = B, — Fourier homochromy criterion.

Based on the determined t-Bt, the Bt—t dependence is constructed, the slope of
which is determined by Di.

The temperature dependence of the internal diffusion coefficient (Wax et.al., 2001)
is expressed by equation (4):

AE
D; = Dexp( =) )
where AEa is the activation energy of the overall diffusion process, and D, is the
factor before the exponential factor.
The Biot coefficient is used to estimate the contributions of external and internal
diffusion in the overall process (5):
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Diggrr
t = Dk (5

As noted in (Kasani 2023), at B, > 20 the adsorption process is limited by internal
diffusion, at B,1 — by external diffusion, intermediate values indicate mixed diffusion
kinetics.

From Table 1, it can be seen that the external diffusion coefficients, being mainly
single-order quantities, depend on the ion type and vary sequentially in the temperature
range 293—313 K:

D_Pb*>D_Cd*>D_Zn*>D_Cu*".

The internal diffusion coefficients of Pb2+ and Cd2+ increase with increasing
temperature, while for Zn2+ and Cu2+, Di does not show a clear temperature dependence.
Studies have shown that the Di values (and, consequently, the internal diffusion rate)
of the ions under investigation depend on their crystallographic radii, decreasing as the
latter increases; a similar dependence (Kostenko 2004).

The ions under study can be arranged in a row according to their crystallographic
radii:

Pb>>Cd*>Zn*
Cu?70.1120.0990.0830.060

The results of the study indicate a mixed diffusion mechanism for the adsorption of
heavy metals in the clay under investigation, with a slight predominance of the external
diffusion mechanism, as also indicated by Bi criterion values ranging from 3.0 to 6.02.

It is assumed that the adsorption stage itself can make a significant contribution
to the kinetics of the entire process. Therefore, to describe the patterns of this kinetic
stage, pseudo-first-order and pseudo-second-order reaction models were used, which
are linearly expressed by equations (6) and (7) (Lukaszczyk et.al., 2004):

In(a.. —a.) = Ina, — kit

Lo+l (6)

ot kzugc_ Do

where a_ and at are the equilibrium adsorption quantity and adsorption quantity
(mmol/g) at time t, respectively, and k, k, are the adsorption rate constants of pseudo-
first and pseudo-second order reactions, respectively.

t/a was calculated from the dependenciest, k,, anda_using equation (6). Acomparison
of the resul