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В работе нами изучена кинетика адсорбции 4,4-диметил-1,3-диоксана синтети-

ческими цеолитами из водных растворов в присутствии фосфорной кислоты. Механизм 

адсорбции ДМД из водных растворов синтетическими цеолитами рассмотрен с позиций 

трех кинетических моделей: диффузионной модели (модель Бойда и Морриса-Вебера), 

Лагергерена (псевдо-первого порядка) и псевдо-вторвого порядка. В качестве сорбентов 

использовались синтетические цеолиты KA, NaA, CaA, CaX, NaX с диаметром пор 3-9Å. 

ДМД (температура кипения 113-114 °С) получен из изобутилена. Хроматографический 

анализ проводили на приборе Хроматек «Кристалл 5000.1» (Россия), длина колонки 2,0 м 

с неподвижной фазой силикона SE-30 (5%) (0,16-0,20 мм, рабочая температура 50-220 °C), 

газ-носитель - азот. Адсорбция ДМД из водных растворов изучалась при (75 ± 1) °С из 

ограниченного объема при постоянном перемешивании (лабораторная механическая 

мешалка 17 об/мин). Время контакта раствора с образцами сорбентов варьировалось от 

120 до 3600 с. Концентрацию ДМД в растворе определяли хроматографическим методом 

(внутренний стандарт 4,4,5-триметил-1,3-диоксан). Получены значения коэффициен-

тов диффузии внешнего и внутреннего массопереноса. Установлено влияние размера пор 

цеолитов на вклад внешнего или внутреннего диффузионного массопереноса в процесс 

адсорбции 4,4-диметил-1,3-диоксана. Определено время установления сорбционного рав-

новесия. Нами обнаружено, что процесс адсорбции ДМД синтетическими цеолитами в 

присутствии фосфорной кислоты определяется значениями диаметра пор. Показано, 

что значение диаметра пор синтетических цеолитов не влияет на равновесное время 

адсорбции ДМД. Время равновесия адсорбции для всех используемых марок цеолитов со-

ставляют 900 с. Кинетика адсорбции ДМД на синтетических цеолитах может быть 

адекватно описана уравнением псевдо-второго порядка, что указывает на наличие взаи-

модействия сорбата (ДМД) с сорбентом (синтетическим цеолитом). 
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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 Å. DMD (boiling point is 113-114 ºC) 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 аdsorption 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-

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 Å 

produced by the "Ishimbay Catalyst Plant" (Bashkor-
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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. 

 

 
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) 

Рис. 1. Кинетические кривые адсорбции ДМД из растворов в 

присутствии фосфорной кислоты синтетическими цеолитами 

при 75 °C (1 - KA, 2 - NaA, 3 - CaA, 4 - CaX, 5 - NaX) 

 

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]: 

а = [(с0 – сt)·V]  MDMD  1000 / m,  (1) 

сt – adsorbate concentration at various time points, 

mol/l; с0 – adsorbate concentration at the initial time, 

mol/l; V – solution volume, l; MDMD = 116 g/mol, m – 

weight of synthetic zeolites.  

Relative approach of the adsorption to equi-

librium () was calculated according to the equation 

(2) [15-18]:  

 = а/аeq,                                  (2) 

аeq – adsorption at equilibrium, mg/g 

Changing adsorbed DMD (T) at different 

times was calculated according to the equation (3) 

[15-18]:  

Т = -ln(1-)                              (3) 

External diffusion mass transfer coefficients 

(βn) and internal diffusion of DMD from solution 

were calculated using the equation (4) [15-18]: 

βn = tgα/T,                               (4) 

tgα – 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 

quantitative 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. 

 

 
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) 

Рис. 2. Изменение количества адсорбированного вещества 

при адсорбции ДМД из раствора в присутствии фосфорной 

кислоты синтетическими цеолитами при 75 °C (1 - KA, 2 - NaA, 

3 - CaA, 4 - CaX, 5 - NaX) 

 



 

G.А. Оvchinnikov, V.А. Gorskikh, I.I. Fassаlova, V.S. Тukhvatshin, R.F. Тalipov 

 

84   Изв. вузов. Химия и хим. технология. 2018. Т. 61. Вып. 12 

 

 

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 

Таблица 1. Кинетические параметры адсорбции 

ДМД из растворов синтетических цеолитов в при-

сутствие фосфорной кислоты при 75 °C 

Zeolite 

marks 

Zeolite 

pore diame-

ter, Å 

External mass 

transfer coefficient 

(βn × 103) s-1 

Internal diffusion 

coefficient × 104, 

s-1 

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 Å 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 (βn) 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 Å) (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 Å [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. 

ln (aeq − а) = ln aeq – k1t                   (5) 

t/a = 1/k2aeq
2 + t/aeq,                         (6) 

aeq, а – adsorption at equilibrium and adsorption 

(mg/g) at the time point (sec); k1 – the adsorption rate 

constant for the pseudo-first-order model; k2 – the 

adsorption rate constant for the pseudo-second-order 

model. 

 

 
 

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 

Рис. 3. Кинетические кривые адсорбции ДМД из водных рас-

творов синтетическими цеолитами в присутствии фосфорной 

кислоты при 75 °С в рамках моделей псевдо-первого порядка 

 

 
 

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 

Рис. 4. Кинетические кривые адсорбции ДМД из водных рас-

творов синтетическими цеолитами в присутствии фосфорной 

кислоты при 75 ° С в рамках модели псевдо-второго порядка 
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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 

Таблица 2. Кинетические константы адсорбции ДМД из водных растворов синтетическими цеолитами в 

присутствии фосфорной кислоты при 75 °С в рамках моделей псевдо-первого и псевдо-второго порядка 

Zeolite 

mark 
 ln(aeq−а) = ln aeq– k1t t/a=1/k2a2

eq+t/aeq 

 aexp. eq., mg/g k1·103, s-1 аeq., mg/g R k2·103, mg/g×s аeq., mg/g R 

KA 14.73±0.74 1.48±0.09 14.90±0.90 0.973 2.12±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 (aeq) 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 (aeq) 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. 

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 аdsorption 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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