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KHUHETHUKA AJACOPBLHNU 4,4-JUMETHJI-1,3-IUOKCAHA U3 BOJAHbBIX PACTBOPOB
CUHTETUYECKHAMH MEOJUTAMHU B IPUCYTCTBUA ®OCPOPHOM KAUCJIOTHI
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B pabome namu usyuena kunemuxa aocopouuu 4,4-oumemun-1,3-ouoxcana cunmemu-
YeCKUMU YeoIumamu u3 600HbIX PACMEOPO6 6 npucymcmeuu gochopuoii kuciromul. Mexanum
aocopoyuu /IM/] u3 600HbIX pacmeopos cunmemuyecKUMU Yeoaumamu pacCmMompen ¢ RO3UYUil
mpex KuHemuueckux mooenei: ouggysuonnoit mooenu (modeav boitoa u Moppuca-Bebepa),
Jlazepzepena (ncee0o-nepeozo nopsadka) u nceeoo-emopeo2o0 nopadka. B kauecmee copoenmos
ucnoas3zoeanucy cunmemuyeckue yeoaumol KA, NaA, CaA, CaX, NaX c ouamempom nop 3-94.
JAMJ] (memnepamypa kunenus 113-114 °C) nonyuen uz uzodymunena. Xpomamozpaghuueckui
ananusz npoeoounu Ha npudope Xpomamex «Kpucmann 5000.1» (Poccus), onuna kononku 2,0 m
¢ Henoosudicnou ¢azou cunuxona SE-30 (5%) (0,16-0,20 mm, pabouas memnepamypa 50-220 °C),
2az-Hocumens - azom. Aocopoyus /IM/] u3 eoonvix pacmeopos uzyuanace npu (75 £ 1) °C us3
0ZDAHUYEHHO020 00bemMa npU NOCMOAHHOM nepeMeuiueanuu (1adopamopnas MexaHuiecKas
mewanka 17 00/mun). Bpema konmaxkma pacmeopa c odpazyamu copbenmos 6apoupoeanocs om
120 00 3600 c. Konuyenmpayuio /IM/] ¢ pacmeope onpedenanu Xpomamozpaguueckum memooom
(snympennuii cmanoapm 4,4,5-mpumemun-1,3-ouoxcan). Ionyuenvt 3nauenus Koygpguuyuen-
moe oughgpy3uu enewinezo u 6HYmMpeHHez0 MACCOnEPeHoca. YcmaHnoeieHo 6usaHue paimepa nop
UeO0/IUMO8 HA 6K1aA0 6HEUIHE20 WU GHYMPEHHe20 Ou@y3uoHHO020 macconepenoca é npouecc
aocopoyuu 4,4-oumemun-1,3-ouoxcana. Onpeodeneno epems yCmano61eHUsL COPOUUOHHO20 PAG-
Hosecusn. Hamu obnapyxnceno, umo npoyecc aocopovuu /IMJ/] cunmemuueckumu yeoaumamnu
npucymcmeuu pocghopnoii Kucromul onpeoensemcs 3Hauenuamu ouamempa nop. Iloxazano,
Ymo 3HaueHue ouamMempa nNOp CUHMEMUUECKUX YeoIUmoe He 61usAem HA PAGHOBECHOE 8PeMs
aocopouuu /IM/l. Bpemsa pasnosecus aocopoyuu 01 6cex UCHOIb3YEMbIX MAPOK UEOTUNO08 CO-
cmaenawom 900 c. Kunemuka aocopouuu /IM/] na cunmemuueckux yeojiumax Moxcem ovimo
A0eKeamHo ONUCAHA YPABHEHUEM NCEBO0-6MOPO20 NOPAOKA, YMO YKA3bleaem HA HATUYUE 63aAU-
Mmooeiticmeus copoama ([IM/I) ¢ copbenmom (cunmemuuecKum yeoaumom).
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Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2018. V. 61. N 12 81



G.A. Ovchinnikov, V.A. Gorskikh, I.1. Fassalova, V.S. Tukhvatshin, R.F. Talipov

KINETICS OF ADSORPTION OF 4,4-DIMETHYL-1,3-DIOXANE FROM AQUEOUS SOLUTIONS
BY SYNTHETIC ZEOLITES IN PRESENCE OF PHOSPHORIC ACID

G.A. Ovchinnikov, V.A. Gorskikh, L.I. Fassalova, V.S. Tukhvatshin, R.F. Talipov

Grygoriy A. Ovchinnikov, Valentina A. Gorskikh, llyana I. Fassalova, Vadim S. Tukhvatshin *, Rifkat F. Talipov

Department of Organic and Bioorganic Chemistry, Bashkir State University, Validi st., 32, Ufa, 450076, Russia
E-mail: defronzak@mail.ru, valushka.1.10.2012@yandex.ru, fassalova.ru@yandex.ru, vadimtukhvasin@yandex.ru *,

talipovrf@mail.ru

In this paper we studied the kinetics of adsorption of 4,4-dimethyl-1,3-dioxane by synthet-
ic zeolites from aqueous solutions in the presence of phosphoric acid. Kinetic mechanism of
DMD adsorption from aqueous solutions by synthetic zeolites were considered from the position
of three kinetic models: the diffusion model (Boyd and Morris-Weber model), Lagergeren (pseu-
do-first order), and pseudo-second order. As sorbents we have used synthetic zeolites KA, NaA,
CaA, CaX, NaX with a pore diameter of 3-9 4. DMD (boiling point is 113-114 °C) was synthesized
from isobutylene. Chromatographic analysis was performed on Chromatec Crystal 5000.1 in-
strument (Russia) using columns (2.0 m in length) with silicone SE-30 (5%) stationary phase
(0.16-0.20 mm, operating temperature is 50-220 °C) with nitrogen as a carrier gas. An adsorp-
tion of DMD from aqueous solutions was investigated at (75+1) °C from a limited volume under
constant mixing (laboratory mechanical stirrer, 17 rps). The contact time of the solution with
samples of sorbents varied from 120 to 3600 s. The DMD concentration in solution was deter-
mined by the chromatographic method (the internal standard is 4,4,5-trimethyl-1,3-dioxane). The
values of the external and internal mass transfer diffusion coefficients were obtained. The effect
of the size of zeolite’s pores on the contribution of the external or internal diffusion mass transfer
in the process of adsorption of 4,4-dimethyl-1,3-dioxane was founded. The time of establishment
of sorption equilibrium was determined. We have found that the process of adsorption of DMD by
synthetic zeolites in the presence of phosphoric acid is determined by the values of the diameter of
the pores. It is shown that the value of pore diameter of synthetic zeolites does not influence on
the adsorption equilibrium time of DMD. The adsorption equilibrium time for all used family zeo-
lites is 900 s. The kinetics of adsorption of DMD on synthetic zeolites can be correctly described
by a pseudo-second-order equation, which indicates the presence of sorbate (DMD) interaction

with the sorbent (synthetic zeolite).
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INTRODUCTION

The Prins reaction consists in the interaction
of aldehydes with alkenes in the presence of a mineral
acid and forms the basis for the industrial method of
isoprene synthesis through 4,4-dimethyl-1,3-dioxane
(DMD) [1-13]. DMD is obtained by condensation of
the aqueous formaldehyde with isobutene in the pres-
ence of phosphoric acid. In the last decade, synthetic
zeolites were used for the above process [4]. Howev-
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er, in these papers the interaction of products of Prins
reaction with porous materials was not considered.
Therefore, the aim of this work was to study the ad-
sorption kinetics of DMD by synthetic zeolites in the
presence of phosphoric acid.

EXPERIMENTAL

As sorbents we have used synthetic zeolites
KA, NaA, CaA, CaX, NaX with a pore diameter of 3-9 A
produced by the "Ishimbay Catalyst Plant" (Bashkor-

U3B. By30B. Xumus u xum. textosorus. 2018. T. 61. Bein. 12



I'.A. OBunnHEKOB, B.A. T'opckux, .M. ®@accanosa, B.C. TyxBatmuH, P.®. Tanumnos

tostan, Ishimbay). For the preparation of aqueous
formaldehyde we used the paraformaldehyde (brand
C) (mass fraction of formaldehyde is 94-98%). DMD
(boiling point is 113-114 °C) was synthesized from
isobutylene. Chromatographic analysis was performed on
Chromatec Crystal 5000.1 instrument (Russia) using
columns (2.0 m in length) with silicone SE-30 (5%)
stationary phase (0.16-0.20 mm, operating temperature
is 50-220 °C) with nitrogen as a carrier gas.

An adsorption of DMD from aqueous solu-
tions was investigated at (75+1) °C from a limited
volume under constant mixing (laboratory mechanical
stirrer, 17 rps).

Samples of a synthetic zeolites [weight
(2,65+0,10) g] were introduced into the solutions con-
taining 0.104-0.127 g of DMD, 50 ml of aqueous
formaldehyde with the initial concentrations of 5.85-
7.07 mol/l and 2.5 ml of 81% phosphoric acid (5% by
weight). The contact time of the solution with sam-
ples of sorbents varied from 120 to 3600 s. The DMD
concentration in solution was determined by the
chromatographic method (the internal standard is
4,4,5-trimethyl-1,3-dioxane) [14].

RESULTS AND DISCUSSION

Experimental DMD adsorption Kinetic curves
from aqueous solutions by synthetic zeolites are
shown in Fig. 1.
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Fig. 1. Kinetic curves of DMD adsorption from solutions in the pres-
ence of phosphoric acid by synthetic zeolites at 75 °C (1 — KA,
2 —NaA; 3 - CaA; 4 - CaX; 5—-NaX)
Puc. 1. Kunernueckue kpusbie agcop6uun JM/l u3 pactBopoB B

HpHCYTCTBHH (OCHOPHOIT KUCIOTHI CHHTETHYECKUMHU 1ICOJIUTaMH
npu 75 °C (1 - KA, 2 - NaA, 3 - CaA, 4 - CaX, 5 - NaX)
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For the study the kinetics mechanism of ad-
sorption of DMD from aqueous solutions by synthetic
zeolites, Kinetic curves were considered from the po-
sition of three kinetic models: the diffusion model

(Boyd and Morris-Weber model), Lagergeren (pseu-
do-first order), and pseudo-second order.

Adsorption of DMD (a) from aqueous solu-
tions by synthetic zeolites was evaluated according to
the equation (1) [15-18]:

a=/[(co— Ct)'V] - Mpwmp - 1000 / m, (1)
ct — adsorbate concentration at various time points,
mol/l; co — adsorbate concentration at the initial time,
mol/l; V — solution volume, |; Mpmp = 116 g/mol, m —
weight of synthetic zeolites.

Relative approach of the adsorption to equi-
librium (y) was calculated according to the equation
(2) [15-18]:

Y = alae, (2)
aeq — adsorption at equilibrium, mg/g

Changing adsorbed DMD (T) at different
times was calculated according to the equation (3)
[15-18]:

T =-In(1-y) 3)

External diffusion mass transfer coefficients
(Bn) and internal diffusion of DMD from solution
were calculated using the equation (4) [15-18]:

Bn = tgo/T, 4)
tgo. — the tangent of linear portion of the graph ac-
cording to the inclination angle T = f (t).

In the framework of the diffusion model, a
guantitative approach is used for the primary demar-
cation of intra- and externally diffusion-limited ad-
sorption, assuming an analysis of the kinetic data in
the coordinates — T —t.
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Fig. 2. Change in quantity the adsorbed substance during DMD
adsorption from solution in the presence of phosphoric acid by
synthetic zeolites at 75 °C (1 — KA; 2 — NaA; 3 — CaA,; 4 — CaX;
5 — NaX)

Puc. 2. MI3MeHeHHe KOJII4YecTBa aJcCOPONPOBAHHOTO BEIECTBA
mipu axcopoiwm JIM/] 13 pactBopa B mprCyTCTBHH (OCHOpPHOI
KUCIOTHI cuHTeTHaeckumu teosiramu tipu 75 °C (1 - KA, 2 - NaA,
3-CaA, 4-CaX, 5 - NaxX)
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For the all used synthetic zeolites there is a
high rate of adsorption of DMD in the initial period
(for up to 900 s). Adsorption rate decreases signifi-
cantly with the increase of contact time. Adsorption
equilibrium time for all used samples of zeolites is 900 s.

In the all period of time for KA the kinetic da-
ta (R = 0.996) depend only on the concentration of
DMD in the solution (Fig. 2). In the case of used syn-
thetic zeolites NaA, CaA, CaX, NaX kinetic data
(R = 0.995) indicate a mixed-diffusion mechanism:
the initial period of time (for up to 900 s) (Fig. 2) the
process is characterized by the transfer of DMD mol-
ecules to the surface of the synthetic zeolite; the sec-
ond section shows the diffusion of DMD molecules
inside the sorbent. Mass transfer coefficients of exter-
nal and internal diffusion were calculated by equa-
tions (3) and (4) (Table 1).

Table 1
Kinetic parameters of DMD adsorption from solutions by
synthetic zeolites in the presence of phosphoric acid at 75 °C
Taonuya 1. KuHeTudyeckue napamMerpbl acopouuun
JAM/I 13 pacTBOPOB CHHTETHYECKHX 1[€0JTUTOB B IPH-
cyrcrBue dochopHoii kucaorsl npu 75 °C

. Zeolite External mass | Internal diffusion
Zeolite . o . 4
marks PO diame-|transfer coefficient| coefficient x 104,

ter, A (Bn x 10%) s st
KA 3 (1.63+0.08) -
NaA 4 (6.89+0.39) (5.77+0.31)
CaA 5 (3.21£0.17) (6.31£0.28)
CaX 8 (2.29+0.11) (6.38+0.32)
NaX 9 (1.96+0,09) (909+0.45)

In the case of KA zeolite with the pore diame-
ter of 3 A the DMD adsorption process from an aque-
ous solution has been determined only by the mass
transfer of the volume of the external solution. The
values of the external mass transfer coefficient (Bn) iS
decreased and the values of internal diffusion coeffi-
cients increase with the change of pore diameter of
the zeolites NaA, CaA, CaX, NaX (4-9 A) (Table 1).
Its facts can be explained by the value of diameter
adsorbate molecule (value of critical diameter of the
molecule DMD is 4.02 A [19-21]).

For analyze the obtained kinetic curves of
DMD adsorption on synthetic zeolites, two kinetic
models were also used: pseudo-first (equation 5) and
pseudo-second (equation 6) order.

In (8eq — @) = IN @eq — K1t (5)
t/a = 1/Koaeq® + t/aeq, (6)
a8, a — adsorption at equilibrium and adsorption
(mg/g) at the time point (sec); ki — the adsorption rate
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constant for the pseudo-first-order model; k; — the
adsorption rate constant for the pseudo-second-order
model.
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Fig. 3. Kinetic curves of adsorption of DMD from aqueous solu-
tions by synthetic zeolites in the presence of phosphoric acid at 75 °C
in the framework of pseudo-first order model
Puc. 3. Kunernueckue kpusble agcopbrmu IM/] 13 BogHBIX pac-
TBOPOB CHHTETHUECKUMH LIEOJIUTAMH B MIPUCYTCTBHUHU (HochOopHOI
xucnotsl mpu 75 °C B pamkax Mojenel IceBao-IepBoro nopsaka
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Fig. 4. Kinetic curves of adsorption of DMD from aqueous solu-
tions by synthetic zeolites in the presence of phosphoric acid at 75 °C
in the framework of pseudo-second order model
Puc. 4. Kunernueckue kpussie ancopbmu JJM/] u3 BomHBIX pac-
TBOPOB CHHTETHYECKUMH IIEOJIUTAMHU B MIPUCYTCTBUU POCPOpHOIA
KHC0THI Iipu 75 © C B paMKax MOJEIH I1CEBJ0-BTOPOTO MOPSIIKA
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Table 2

Kinetic constants of adsorption of DMD from aqueous solutions by synthetic zeolites in the presence of phosphoric
acid at 75 °C in the framework of pseudo-first and pseudo-second order models
Taﬁﬂuua 2. Kunernyeckne KOHCTAHThI aIICOpﬁlll/ll/l ﬂMﬂ U3 BOAHBIX PACTBOPOB CUHTCTUYCCKUMU LE€O0JIUTAMU B
npucyrcTeun gocdopHoii kucjaoTel npu 75 °C B paMKax MojieJieii IICeB0-NePBOro M NCeB10-BTOPOro MopsjaKa

Zeolte In(@eq-a) = In e kit Ya=1/koaeq+2cq
Bexp.eq, MY/g | ki-10% st aeq,, MY/Q R ko-10%, mg/gxs| aeq, Mg/g R
KA 14.73+0.74 | 1.48+0.09 | 14.90+0.90 0.973 2.124+0.13 15.87+0.80 0.992
NaA 16.23+1.14 | 2.30+0.12 2.83+0.14 0.872 3.78+0.16 16.33+0.98 0.999
CaA 37.32+2.22 | 1.84+0.13 | 23.20+1.20 0.982 1.72+0.09 41.54+2.10 0.990
CaX 7.22+0.40 | 0.68+0.034 | 3.36+0.14 0.777 4.04+0.04 7.36+0.37 0.984
NaX 9.50+0.50 1.17+0.06 8.20+0.40 0.978 2.12+0.11 10.57+0.53 0.981

From the data obtained, it follows that the
values of the equilibrium adsorption (a.q) of DMD on
synthetic zeolites calculated using equation 5 differ
significantly from the experimentally calculated val-
ues. Therefore, the application of the pseudo-first-
order model to describe the kinetics of DMD adsorp-
tion on synthetic zeolites is not correct (Fig. 3, Table 2).
The values of the equilibrium adsorption (ae) of
DMD on synthetic zeolites calculated using equation
6 are close to experimentally determined parameters
(Fig. 4, Table 2). Therefore, the pseudo-second-order
equation is applicable for describing the kinetics of
DMD adsorption on synthetic zeolites.
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CONCLUSIONS

We have found that the process of adsorption
of DMD by synthetic zeolites (KA, NaA, CaA, CaX,
NaX) in the presence of phosphoric acid is determined
by the values of the diameter of the pores. With in-
crease in pore diameter of the zeolite the internal diffu-
sion effect on the adsorption process is increased. It is
shown that the value of pore diameter of synthetic zeo-
lites does not influence on the adsorption equilibrium
time of DMD. The adsorption equilibrium time for all
used stamps zeolites is 900 s. The kinetics of adsorp-
tion of DMD on synthetic zeolites can be correctly de-
scribed by a pseudo-second-order equation.
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