Copbyuonnwvie u xpomamoepaguuecxue npoyeccot. 2023. T. 23, Ne 4. C. 657-666.
Sorbtsionnye i khromatograficheskie protsessy. 2023. Vol. 23, No 4. pp. 657-666.

ISSN 1680-0613

Original article
doi: 10.17308/sorpchrom.2023.23/11574

Kinetic features of the adsorption of menthol enantiomers
on o-toluylic acid and CsCuCl; crystals with supramolecular chirality

Eduard V. Belonogov®, Idris N.Muslimov, Ilya M. Zinoviev, Vladimir Yu. Guskov
Ufa University of Science and Technology, Ufa, Russia, edikbelonogov74@mail.ru™

Abstract. Chirality plays a key role in modern science because it is the distinguishing feature of molecules and
crystals. The spontaneous emergence of chirality in the absence of detectable chiral physical and chemical
sources has recently advanced significantly due to the deracemization of conglomerates through Viedma rip-
ening. As a result, systems based on supramolecular chirality are obtained. Of particular importance to this
type of chirality is the fact that supramolecular chirality underlies the formation of life on Earth. One manifes-
tation of supramolecular chirality is enantiomorphic crystals.

Previously, we studied the mechanism of supramolecular chiral recognition for enantiomorphic crystals in the
case of adsorption of optically active substances on them. However, for a more detailed study of the mecha-
nism, it is required to study a large number of chiral crystals, which differ in their physicochemical properties.
In this work, we studied the adsorption kinetics of menthol enantiomers on the surface of enantiomorphic
crystals of o-toluic acid and CsCuCl; with supramolecular chirality.

The Viedma ripening method was used to obtain homochiral crystals. The crystals obtained in this way were
deposited on the surface of the ASKG silica gel. The kinetics of adsorption has been studied by describing
chemical models of Lagergren's pseudo-first order, Ho and McKay's pseudo-second order, and the Elovich
model, simplified by Chen and Clayton. Boyd model of film diffusion and Weber-Morris and Dumwald-Wag-
ner models dealing with intraparticle diffusion were used as well.

From an analysis of the adsorption curves of menthol enantiomers, it is noticeable that the curves differ on the
crystals under consideration. The enantioselectivity coefficient on crystals of o-toluic acid and CsCuCls a,
calculated as the ratio of higher adsorption to lower one, is 1.04-1.07 and 1.34-1.36 respectively. Using the t-
test, the adsorption values of menthol enantiomers on enantiomorphic crystals of o-toluic acid and CsCuCls
were processed until equilibrium was reached. The variances of all experimental data were checked for homo-
geneity using the F-test. It follows from the obtained data that the difference in adsorption values is statistically
significant for the sample modified with both o-toluic acid and CsCuCls.

Based on the results obtained in the process of modeling the adsorption kinetics of menthol enantiomers by
chemical models, the adsorption rate constants were calculated. It was found that in all methods the rate con-
stants of D-menthol and L-menthol are different, and D-menthol is adsorbed faster than L-. From the data
obtained, it is noticeable that the adsorption equilibrium in the case of both samples is shifted to the right.
Thus, the difference in adsorption rate constants, as well as significant differences in the adsorption values of
enantiomers in the region until adsorption—desorption equilibrium is reached, indicates that the adsorption rate
of menthol enantiomers on crystals of o-toluic acid and CsCuCls obtained under Viedma ripening conditions
is different.
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HA KPUCTAJLIAX OPTO-TOJYHI0BOI KHCI0ThI U CsCuCls
¢ CYNpaMoJIeKyJISAPHON XHPATbHOCTBIO
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AHHOTanusi. X1paJlbHOCTh UIPaET KIIFOUEBYIO POJIb B COBPEMEHHOW HayKe, IOCKOJIbKY OHa MPEJICTABIISIET CO-
0011 OTIINYNTETBHYI0O OCOOCHHOCTh MOJIEKYJ M KpHCTa/LuIoB. CaMOIPOM3BOJIEHOE MMOSIBJIEHUE XUPAILHOCTH B
OTCYTCTBHE OOHAPYKMBAEMBIX XUPATBHBIX (PU3MUECKUX U XUMHUUECKNX NCTOYHUKOB B TIOCIIEIHEE BPEeMs 3Ha-
YUTEIHHO MPOABUHYJIOCH BIIepe ] Oiaromaps IepaneMi3aluy KOHTIIOMEPaTOB IIOCPEACTBOM CO3peBaHus Bu-
eaMel. B pesynmpTaTe 3TOro moay9aroTcsi CHCTEMBI, OCHOBAaHHBIC Ha CYIIPaMOIIEKYIIpHOH xupaipHOCTH. OCo-
OyI0 Ba)KHOCTB JAaHHOMY BHJy XHPAJIGHOCTH NMPHUAAET TO, UYTO CYIPAaMOJIECKYIIpHAasi XHPAIbHOCTH JIS)KHT B OC-
HOBe (hOpMHUpOBaHHS KI3HH Ha 3emiie. OTHUM U3 TPOSIBICHUH CYIIPAMOIIEKYIJIIPHOI XHUPATbHOCTH SBISIOTCS
SHAHTHOMOP(HBIE KPUCTAILIHI.

Panee Hamu OBLIT M3yYEH MEXAHU3M CYNPAMOJIEKYJSIPHOTO XMPAJIILHOTO PACIIO3HABAHMS 15l DHAHTHOMOP(HBIX
KPHUCTAJUIOB B Cllydyae aJcopOLUM Ha HMX ONTHUYECKH aKTHUBHBIX BemiecTB. OmHako, 1y Oojiee AeTalbHOTO
N3Yy4YCHHU MCXaHHU3Ma, Tpe6yeTc;1 HuccieaoBaTb 0O0JIBIIOE KOJIMYECTBO XHUPAJIbHBIX KPUCTAJJIOB, KOTOPBIC OT-
JMYAI0TCS 0 PU3MKO-XMMHYECKUM CBOWCTBaM. B aHHO# paboTe u3yueHa KHHETHKA a/IcopOIMU SHAHTHOME-
POB MEHTOJIa Ha MOBEPXHOCTH SHAHTHOMOP(MHBIX KPUCTAIIIOB 0-TONyroBoit kucinotsl 1 CsCuCls ¢ cynpamo-
JIEKYJIIPHOW XUPAIBLHOCTBIO.

Jis momydeHusl TOMOXUPAIbHBIX KPUCTAJUIOB MPUMEHSIICS METOA co3peBaHus Buenmer. Kpucramisl, momy-
YeHHBIE TaKUM 00pa3oM OblIM HaHeceHHI Ha moBepxHOCcTh cunukarenss ACKI. Kunernka agcopOrmun n3yda-
Jlach OMUCAHHUEM XHMHUYECKUMH MOJIEIIIMHU TICEBIO-TIEPBOTO Mopsiaka Jlareprpena, IceBI0-BTOPOTO MOPSIKa
Xo n Makkes, a Taxoke Moaens EnoBmaa, ynpomiennoe Yenom u Kiretitonom. Takke mpuMeHsuACh U y3u-
OHHBIC ypaBHeHHUs Bebepa-Moppuca, boitna u lymBanbaa-Baraepa.

W3 ananu3a KpUBBIX afcOpOIMK PHAHTHOMEPOB MEHTOJIA 3aMETHO, YTO KPUBBIE Pa3INYalOTCsI Ha pacCMaTpH-
BaeMbIX KpucTauiax. Kod(pGHUIMEHT 3HAHTHOCCICKTHBHOCTH Ha KPUCTAIAX O-TOJYHJIOBOH KHUCIIOTHI U
CsCuCls 0, paccunThIBacMBbIN KaK OTHOIICHHE OOJbINEH afacopOimu K MeHbIel, coctapisieT 1.04-1.07 u 1.34-
1.36 cootBercTBeHHO. C MoMouIbI0 t-KpuTepHs OblIM 00paboTaHbl 3HAYEHHS aJICOPOLIMY SHAHTHOMEPOB MEH-
TOJIa HA YHAHTHOMOP(HBIX KPHCTaIUIaX 0-ToIyHI0BOM krucioTel 1 CsCuCls no moctmxenus paBHoBecus. [uc-
MePCHU BCEX IKCIIEPUMEHTAJIBHBIX JJAHHBIX IPOBEPSUINCH HA IIPEIMET OJTHOPOIHOCTH C TIOMOIIbI0 F-kpurepust.
W3 monmy4YeHHbIX JAHHBIX CIEAYeT, 9TO pa3Indre 3HAYCHUH aJcOpOINHU CTaTHCTHIECKH 3HAaYNMO Ha o0pasie,
MOAN(HUIIMPOBAHHOM KaK O-TOIYMIOBOH KHCIOTOH, Tak M CsCuCls.

ITo pesympTaTam, MONyYEHHBIX B IIPOIECCE MOJCTUPOBAHNS KHHETHKH afCOPOINH YHAHTHOMEPOB MEHTOJIA
XUMHYECKIMHA MOJICIISIMH, BBIYHCIIHIN KOHCTAHTHI CKOPOCTH afcopOImn. bruto ycTraHOBIEHO, 9TO BO BCEX Me-
TOJIaX KOHCTAHTHI CKopocTH D-MeHTONa 1 L-MeHTONa pa3znuyarorces, mpudeM D-MeHToI ancopoupyercst ObICT-
pee, gem L-. VI3 momydeHHBIX TaHHBIX 3aMETHO, YTO aJCOPOIIMOHHOE PaBHOBECHE B Cilydae 000ux 00pas3moB
CMELIEHO BIPaBo.

Takum 00pa3oM, pazandne KOHCTaHT CKOPOCTH aJJCOPOLINH, a TAaKKe 3HAYUMBbIE OTIMYHS 3HAYEHUH aacopOLuu
9HAHTHOMEPOB B 00JIACTH 110 JOCTHIKEHHS aJCOPOLMOHHO-IECOPOLIMOHHOTO PAaBHOBECHUS CBHIETEILCTBYET O
TOM, 4YTO CKOpPOCTH auc0p6u1/m OHAHTUOMCPOB MCHTOJIa Ha IOJYUYCHHBIX B YCJIIOBHUAX CO3PCBAHUSA BI/IG,HM]:I
KpHCTauiax o-toixywioBoi kuciorsl 1 CsCuCls paznuyHa.

KuaroueBsie cioBa: o-tomyminoBas kuciora, CsCuCls, cozpeBanne BrueaMel, KpuBbie aacopOun, XupaasHOe
pacrio3HaBaHne, CynpaMoIeKyJIpHas XHPAIbHOCT, MOJIENb TICEBIO-TIEPBOTO Mopsaka JlareprpeHa, Moaens
TICEeBI0-BTOPOTO Topsiaka Xo u Makkesi, Mojens EnoBuua. monens boitna, moaens Bebepa-Moppuca, monens
dymBanbna-Baruepa.
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Introduction

Chirality is an inherent property of natu-
ral materials, including minerals, organic
molecules, and biological structures. Chiral-
ity can be identified both in molecules and in
supramolecular formations, such as crystals
[1]. Pasteur was the first, who noticed the
analogy between crystals and molecules in
this context. He realized that the non-identity
of a crystal (or a molecule) with its own
specular reflection is due to what he called
dissymmetry. It is known that the two enan-
tiomers differ in their physiological effects:
one enantiomer may be an effective drug,
while the other may be toxic. Therefore, the
development of new methods for chiral
recognition and separation of optical isomers
is of practical importance for drugs and bio-
logically active compounds design. In chro-
matography, in the most cases, enantiomers
are separated by interaction with a chiral se-
lector, which is either fixed to a solid sub-
strate or added to the mobile phase. As a re-
sult of the interaction, diastereomeric com-
plexes are formed between the enantiomers
of the analyzed substance and the chiral se-
lector. They differ in physical and chemical
characteristics. Due to this approach, more
than 50 years ago Davankov [2, 3] and Gil-
Av [4] performed the first chromatographic
separations of enantiomers. Enantioselective
stationary phases based on cyclodextrins
have been used in gas chromatography for
several decades. Cyclodextrins occupy a
leading position in chiral GC, but many
challenges require more selective chiral
stationary phases.

In this context, concepts based on supra-
molecular chirality were tempting. Supra-
molecular chirality implies a dissymmetric
arrangement of molecular components in a
non-covalent assembly. Elements with this
type of chirality can be obtained as a result

npoyeccol.
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of a certain spatial arrangement of molecules
[5]. In this case, they have higher levels of
hierarchy than simple molecules — they con-
sist of several layers of molecules or atoms.
Chiral supramolecular structures can be
formed from both chiral and achiral mole-
cules. The latter can be used either in the
case of an external source of chirality, or by
spontaneous violation of chiral equilibrium.
Enantiomorphic crystals are the examples of
elements with supramolecular chirality.
These objects is usually obtained by crystal-
lization of optically pure substances [6].
However, in some cases optically pure crys-
tals can also be obtained from molecular
achiral compounds. Such crystals are suita-
ble for studying the effect of supramolecular
chiral recognition, because there is no effect
of chiral molecular recognition.

Among a lot of methods for obtaining in-
dividual enantiopure crystals from a racemic
or achiral solution, the method of Viedma
ripening has shown the greatest reliability. In
this process, the ratio of the crystallization
centers of the two optical forms is disrupted
by continuous grinding of the suspension.
Further, the Frank autocatalytic process
leads to a complete shift in the chiral equi-
librium: the crystals of one of the enantio-
morphs completely dissolve and the other
enantiomorph crystallizes.

Previously, Viedma ripening was suc-
cessfully applied to obtain enantiomorphic
crystals of achiral molecules. These crystals
were studied for their ability to recognize en-
antiomers in adsorption processes. It was
found that the chiral recognition of enantio-
mers was caused by different energies of lat-
eral interactions of adsorbate on the crystal
surface. So there was a difference in the ther-
modynamic characteristics of the adsorption
of enantiomers. However, it was previously
determined that the Van Deemter curves for
optical isomers have differed. Therefore,
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there may also be differences in the rate of
adsorption of enantiomers. However, this
phenomenon has not been thoroughly studied.

In this paper, the kinetics of menthol en-
antiomers adsorption on o-toluic acid and
CsCuCls crystals with supramolecular chi-
rality was studied. Various models have
been used to describe kinetic curves, such as
Lagergren's pseudo-first-order model, Ho
and McKay's pseudo-second-order model,
and the Elovich model simplified by Chen
and Clayton. Boyd model of film diffusion
[12] and Weber-Morris [13] and Dumwald-
Wagner [14] models dealing with intraparti-
cle diffusion were used as well.

Experimental part

O-toluic acid crystals (99%, Sigma Al-
drich, China, CAS No. 118-90-1) and
CsCuCls were selected as the compounds for
crystallization. The latter were obtained by
the reaction of CuCl, (>99%, Reachim, St.
Petersburg, Russia, 7447-39-4) and CsCl
(>99%, Reachim, St. Petersburg, Russia,
7647-17-8)

To obtain homochiral crystals, the
method of Viedma ripening was used. To
obtain enantiopure crystals of o-toluic acid,
17 g of o-toluic acid were dissolved in 160
ml of acetonitrile. 9 g of glass beads were
added to create a "mill" effect. The resulting
suspension was stirred at a speed of 1000
rpm for 2 hours, and then left to ripe for two
days [7].

To obtain CsCuCls crystals, a saturated
solution containing 57.2 g of CsCl in acidi-
fied water was gradually added to a solution
containing 110.8 g of CuCl> at 32°C
(pH=1.39). The resulting solution was inten-
sively stirred in the presence of glass beads
ata speed of 1300 rpm. Then the temperature
was reduced to room temperature and stir-
ring was continued for 2 days. The solution
was left for 7 days in an open flask to com-
plete the autocatalytic process. The suspen-
sion was filtered, and the resulting precipi-
tate was dried in a desiccator over CaCl, for
a day. After that, the adsorbent was addition-
ally dried in a nitrogen stream for an hour.

As a result, crystals of a characteristic gar-
net-black color were obtained.

The specific surface area of the crystals is
several m%/g. For this reason, the value of ad-
sorption on crystals is too small for reliable
chiral discrimination determination. There-
fore, to increase the specific surface area, the
obtained crystals were applied on the surface
of ASKG silica gel (Reachim, St. Peters-
burg, Russia, CAS No. 112926-00-8). To ap-
ply o-toluylic acid, 220 ml of acetonitrile
and 10 g of crystals were added to 50 g of
ASCG silica gel. The suspension was stirred
for 2 hours, and then the precipitate was fil-
tered and dried. To apply CsCuCls crystals,
a saturated solution of CsCl in acidified wa-
ter was gradually added to the CuCl; solution
with continuous stirring (pH=1.39). 5 g of
previously obtained CsCuCl; crystals were
added to the solution, then stirred for 30
minutes. Then 50 g of silica gel was added.
The stirred solution was evaporated at room
temperature until stirring became impossible.

The adsorption of menthol enantiomers
from solutions was studied using the follow-
ing algorithm. A 0.5 g silica gel sample mod-
ified with o-toluic acid or CsCuClz was
added to a solution of D-or L-menthol in n-
heptane. The volume of the solution was 20
ml. The concentration of menthol in the case
of studying the adsorption activity of o-to-
luic acid was 70 pg / ml; for CsCuCls — 220
pg/ml. The choice of menthol concentrations
was determined by the analysis of previously
obtained data [8]. The concentration was
chosen when the difference in the adsorption
of enantiomers by modified enantiomorphic
silica gel crystals was maximal. The volume
of the analyzed substance was 5 pl. To ob-
tain kinetic adsorption curves, samples were
taken after adding the sorbent for certain pe-
riods of time.

The amount of the adsorbed substance
was determined using a Crystall-5000.2 gas
chromatograph with a flame ionization de-
tector with an SBP-1 capillary column meas-
uring 30m-0.53mm. The temperature of the
evaporator and detector was 220 C. The ad-
sorbed substances were D-menthol (99%,
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Sigma Aldrich, Germany, CAS No. 15356-
60-2) and L-menthol (99%, Sigma Aldrich,
China, CAS No. 2216-51-5).

The equilibrium adsorption value (a,
umol/g) was calculated as follows:

(co—cx )V
@= ()
where cp was the concentration before ad-
sorption of pg/ml; ¢ was the concentration
after adsorption, pg/ml; ¥ was n-heptane
volume, ml, M was the molecular weight of
menthol, g/mol, and m is the mass of the ad-
sorbent. The relative standard deviation for
adsorption values did not exceed: on
CsCuCl13 for L-menthol — 2.3%, for D-men-
thol — 3.3%, on o-toluic acid for L-menthol
—4.6%, for D-menthol — 9.8%.

The kinetic curves were approximated us-
ing pseudo-first-order Lagergren, pseudo-
second-order Ho and McKay models, as well
as the Elovich model, as well as Boyd, We-
ber-Morris and Dumwald-Wagner diffusion
models.

The pseudo-first-order Lagergrenian
equation in linear form looks like this [9]:

In(ae—a)=lnac—kit, (2)
where a. was the adsorption value when the
adsorption equilibrium was reached, a was
the adsorption value at time t, and k; was the
pseudo-first-order rate constant, min™'. From
a physicochemical point of view, a pseudo-
first-order model will describe experimental
data only if the adsorption is limited by the
transport of molecules from solution to ad-
sorbent. This is because the model describes
cases of film diffusion, which controls the
rate of adsorption during the first few
minutes in experiments with mixing [10].

The pseudo-second-order equation of Ho
and McKay [11] in the integrated form, can

calculated as follows [12]:
t 1 t

0« eat T, 3
where k> is the pseudo-second-order adsorp-
tion rate constant, g/(umol-min).

This equation allows us to consider not
only the sorbate-sorbent interactions, but
also the intermolecular interactions of the

adsorbed substances, which determines the

high adequacy of using the kinetic model of
Ho and McKay.

The Elovich equation is often used to de-
scribe the kinetics of adsorption of sub-
stances in heterogeneous systems, with con-
sidering the sorption capacity. The Elovich
equation simplified by Chen and Clayton
[13], has the following form:

_ L L)+
a=g In(a-B)+ Blnt ,

4
where a was the initial adsorption rate con-
stant, umol/(g-min); f was the desorption
constant, pmol/g.

This equation was previously successfully

used to describe the chemisorption of gas
molecules on a sorbent. A general explana-
tion of this form of kinetic law involves a
change in the chemisorption energy depend-
ing on the surface coverage. But in recent
years this equation has been widely used to
describe the kinetics of gas adsorption by
solids [20].
For the primary distinction between intra-
and external diffusion limitation of adsorp-
tion the diffusion models of Boyd and We-
ber-Morris can be used. The Boyd equation,
proposed in 1947, suggested that the film
diffusion is the rate limiting step. The equa-
tion can be written as follows:

In (1 - ai) = —kpyt, (5)
where k), (min') is liquid film diffusion
constant [21]. Weber-Morris model assumed
that the intraparticle diffusion is the sole
rate-limiting step. In this case, the amount of
adsorbed substance was linked with adsorp-
tion time by the following equation:

a = Kint - t1/2 > (6)
where kit 1s the intraparticle diffusion rate
constant. Additionally, a Dumwald-Wagner
model was used:

a\? K
log (1 - (a_e) ) =T 2,303 t, (7)
where K (min!) is the rate constant of ad-
sorption.

Results and discussion

On Figure 1 the kinetic curves of the ad-
sorption of D-menthol and L-menthol on sil-
ica gel modified with o-toluic acid crystals,
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[ S S
Fig. 1. Adsorption curves of menthols on o-
toluic acid crystals obtained under Viedma

ripening conditions.

obtained under Viedma ripening conditions,
were shown. As can be seen from the pre-
sented data, the kinetic curves of enantio-
mers adsorption have differed. Before reach-
ing equilibrium, D-menthol was adsorbed
more strongly than L-menthol. Thus, after 2
minutes, the L-menthol adsorption was 14.8
umol/g, while the adsorption of D-menthol
was 15.7 umol/g. The enantioselectivity co-
efficient a, calculated as the ratio of higher
adsorption to lower adsorption, was 1.06.
After 4 minutes, the largest difference in ad-
sorption values was observed. They were
15.8 and 16.8 umol/g for L-menthol and D-
menthol, respectively (0=1.07). At the 6th
minute, the adsorption value of L-menthol
was 16.7 pmol/g, D-menthol — 17.3 pg/ml
(0=1.04). By 8 minutes, adsorption-desorp-
tion equilibrium was reached, and no differ-
ences in adsorption values were observed.
Thus, the analysis of the obtained kinetic
curves made it possible to assume differ-
ences in the adsorption rate.

20 & pumol/g

60 Jah MAA A AL AL A -4 N A

© %

o
404 o© 00 o o
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A
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Fig. 2. Adsorption curves of menthols on
CsCuCl; crystals obtained under Viedma rip-
ening conditions.

Figure 2 has shown the kinetic curves of
adsorption on silica gel modified with
CsCuCl; crystals. As can be seen from the
obtained data, the adsorption curves of men-
thol enantiomers have also differed. It
should be noted that the time of establish-
ment of adsorption equilibrium between the
modified samples has differed too. Thus, in
the case of CsCuCls, adsorption equilibrium
was established already at 20 s, which is 24
times faster than in the sample with o-toluic
acid.

The t-test was used to prove the relevance
of the difference in the adsorption values of
enantiomers. This statistical method consists
in proposing and testing a null hypothesis
about the coincidence of two sets of parallel
data by comparing the experimental values
of the t-test and the extreme boundary value
tabulated depending on the number of meas-
urements and the confidence level. If the ex-
perimental value is below the extreme value
(0=0.05), this indicates that the two values

Table 1. Values of t-criterion and F-criterion for pairs of values of menthol adsorption on crystals
of o-toluylic acid and CsCuCl; (critical degree of significance 0=0.05)

o-toluylic acid

t, min t-test F-test
2 0.0017 fulfilled
4 9.95-107 fulfilled
6 2.87-107 fulfilled
8 1.30-10° fulfilled

CsCuCls

t,s t-test F-test
10 0.0147 fulfilled
15 0.0230 fulfilled

662



ISSN 1680-0613

Copbyuonnwvie u xpomamoepaguuecxue npoyeccot. 2023. T. 23, Ne 4. C. 657-666.
Sorbtsionnye i khromatograficheskie protsessy. 2023. Vol. 23, No 4. pp. 657-666.

are different. In this work, the null hypothe-
sis was the assumption that the adsorption
values of menthol enantiomers belong to the
same sample set. Using the t-test, the adsorp-
tion values of menthol enantiomers on enan-
tiomorphic crystals of o-toluic acid and
CsCuCl; were processed until equilibrium
was reached. Previously, the dispersions of
all experimental data were checked for ho-
mogeneity using the F-test. In all cases, the
dispersions were homogeneous. The ob-
tained data of the p values of the t-test are
given in Table 1. As can be seen from the
obtained values, the difference in adsorption
values is statistically significant for the sam-
ple modified with both o-toluic acid and
CsCuCls. Thus, the fact of the difference be-
tween the kinetic curves of menthol enantio-
mers adsorption on the studied adsorbent
samples was confirmed.

In the case of menthols adsorption on sil-
ica gel modified with CsCuCls, due to the
high rate of establishment of adsorption—de-
sorption equilibrium, the use of various ki-
netic models was difficult. Therefore, the ex-
perimental curves were approximated only
for the adsorption of menthols on silica gel
modified with o-toluic acid.

In Figure 3, the kinetics of menthols ad-
sorption in the coordinates of Lagergren's
pseudo-first-order model was described. It
can be seen from the figure, that the adsorp-
tion kinetics was adequately described only
for D-menthol. This was confirmed by high
correlation coefficients (Table 3). Hence, in
the case of D-menthol, the limiting stage was
the diffusion to the adsorbent, and in the case
of L-menthol, it can be otherwise. By Lager-
gren's model, the rate constants of adsorp-
tion were calculated (Table 3). For L-men-
thol the rate constant was 0.7766 min’,
while for D-menthol it was 0.4781 min™..

Ho and McKay's pseudo-second order
equation is widely used to describe the ki-
netic laws of adsorption. The plotting of
curves (Fig. 4) in the #a — ¢ coordinates
makes it possible to analyze the experi-
mental data from the point of view of the Ho
and McKay rate model. As can be seen from

the graph, this model was able to adequately
describe the experimental data on the ad-
sorption kinetics for both D- and L-menthol.
The results of the determination made it pos-
sible to calculate the reaction rate constants
equal to 0.08 g/(umol'min) and 0.17
g/(umol'min) for L-Menthol and D-Men-
thol, respectively.

The Elovich model, simplified by Chen
and Clayton [15], was used to estimate the
adsorption and desorption constants. Data
linearization in the coordinates of the Elo-
vich model also did not cause difficulties
(Fig. 5). The equation constants can be de-
termined by drawing the dependence a — g ¢
from the slope and the segment cut off by the
straight line on the y-axis. The initial rate
constant (o) of adsorption and desorption
constant () for L-menthol were 820
pmol/g'min and 0.51 pmol respectively,
while for D-menthol o and B were 386000
pmol/g min and 0.85 umol/g, respectively.
From the data obtained, it is noticeable that
the adsorption equilibrium in the case of
both samples is shifted to the right. The de-
pendence in the values of the adsorption rate
constants has coincided with the previous
methods - D-menthol was adsorbed faster
than L-. Differences were observed only in
the ratio of rate constants.

The Lagergren, Ho and McKay and Elo-
vich models were used only for comparing
adsorption rate constants of enantiomers.
From the data obtained one can see the dif-
ferent kinetics of adsorption for enantio-
mers. Enantiomer diffusion in solution
should be equal because of solvent achiral
nature. So, if diffusion was rate-limiting
step, no enantioselectivity should be ob-
served. One can conclude that the rate-limit-
ing step was adsorption.

From this insight, it is interesting to ana-
lyze the results of curve approximation using
the diffusion models. Thus, Boyd model de-
scribes diffusion out of particle, but it has ap-
proximated the experimental data with high
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2,5

Fig. 3. Description of the kinetics of adsorp-
tion of menthols in the coordinates of Lager-
gren's pseudo-first-order model.

log(1-F%)

@ Lamenthol
2204 4  D-menthol

£, min

0 2 4 6 8 10

Fig. 4. Description of the adsorption kinetics
of menthols in the coordinates of the
Dumwald-Wagner model

Table 2. Parameters of approximation of the o-toluic acid kinetic curve by the models used

Model name Parameter L-Menthol D-Menthol
Pseudo-first order of Rate constant 0.36 0.56
Lagergren R 0.977 0.997
Pseudo-second order Adsorption rate 0.080 0.11
Ho and McKay constant
R 0.999 0.999
The constant of the
initial rate of adsorp- 1152 2435
The Elovich model tion
Desorption constant 0.51 0.57
R 0.983 0.927
Intraparticle
Weber-Morris model diffusion rate 6.18 6.38
constant.
R 0.936 0.941
Kinetic coefficient 0.45 0.63
Boyd Model R 0.973 0.994
The Dumwald- | N2t Cs"orii)t;g;"f ad- 038 0.55
Wagner model R 0.986 0.999

correlation coefficients. Moreover, the ki-
netic coefficients for enantiomers have dif-
fered. The Weber-Morris model wasn’t fit
data well, unlike of Dumwald-Wagner equa-
tion (see Fig. 4). The last has shown the best
fitting among the diffusion models used.
Non-linearity a—t1/2 dependences in the co-
ordinates of the Weber-Morris equation
could indicate a potential mixed-diffusion
mechanism of adsorption kinetics, when the
process cannot uniquely limited by external
or internal diffusion.

So, there can be two points of view on ki-
netic mechanism. From the one hand, the re-
sults of approximation can indicate the
mixed mechanism, with diffusion and ad-
sorption rate are closed to each other. In the
other hand, the absence of dependence be-
tween the fitting results of pseudo-first- and
pseudo-first -order rate equations and kinetic
mechanisms was thoroughly proved by
Khamizov [22-24]. So there is a question,
how we can trust to use the fitting quality to
making conclusions about kinetic mecha-
nism. Maybe a good fitting of experimental
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Fig. 5. Description of the adsorption kinetics of menthols in the coordinates
of the Elovich models

data by Boyd model has only a mathematical
nature.

Conclusion

Thus, the reliable differences in enantio-
mers adsorption values in the region before
adsorption—desorption equilibrium  were
reached. The difference in adsorption rate
constants was observed as well. It has indi-
cated that the adsorption rate of menthol en-
antiomers on crystals of o-toluic acid and
CsCuCl3 obtained under Viedma ripening
conditions was different. This phenomenon
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