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Â èíòåðâàëå òåìïåðàòóð 250–350 îÑ èçó÷åíî âëè-
ÿíèå ïðèðîäû è êîíöåíòðàöèè ìîäèôèêàòîðîâ
(Mg, P) íà òåêñòóðíûå, êèñëîòíûå è êàòàëèòè÷åñ-
êèå ñâîéñòâà öåîëèòà òèïà ZSM-5 â ðåàêöèè àëêè-
ëèðîâàíèÿ òîëóîëà èçîïðîïàíîëîì. Íà íåìîäè-
ôèöèðîâàííîì êàòàëèçàòîðå ÍZSM-5 àëêèëèðî-
âàíèå ïðîòåêàåò íåñåëåêòèâíî. Ïðè 330–350 îÑ
ñîäåðæàíèå èçîïðîïèëòîëóîëà (4-ÈÏÒ) â ñìåñè
èçîïðîïèëòîëóîëîâ (ÈÏÒ) ñîñòàâëÿåò 34.3–44.2 %.
Îêñèä ìàãíèÿ èãðàåò âàæíóþ ðîëü â ñåëåêòèâ-
íîñòè ïðîäóêòîâ ðåàêöèè è â ðàñïðåäåëåíèè
èçîìåðîâ ÈÏÒ. Ìîäèôèöèðîâàíèå öåîëèòà
ÍZSÌ-5 ìàãíèåì ñïîñîáñòâóåò óâåëè÷åíèþ ñå-
ëåêòèâíîñòè ïî ÈÏÒ äî 69.6% ìàñ. è ðåçêîìó
óâåëè÷åíèþ ñîäåðæàíèÿ 4-ÈÏÒ â ñìåñè ÈÏÒ äî
70.8%. Äîïîëíèòåëüíîå ìîäèôèöèðîâàíèå êàòà-
ëèçàòîðà 5% Mg-ÍZSÌ-5 ãèäðîôîñôàòîì àììî-
íèÿ ñóùåñòâåííî âëèÿåò íà åãî êàòàëèòè÷åñêèå
ñâîéñòâà. Ðàñïðåäåëåíèå èçîïðîïèëòîëóîëîâ çà-
âèñèò îò ñîäåðæàíèÿ è îò êîíöåíòðàöèè ôîñôî-
ðà â êàòàëèçàòîðå. Óâåëè÷åíèå êîíöåíòðàöèè
ôîñôîðà â ñîñòàâå 5% Mg-HZSM-5 äî 3.0% ìàñ.
ïðèâîäèò ê çíà÷èòåëüíîìó ñíèæåíèþ ïîáî÷íûõ
ïðîäóêòîâ, óâåëè÷åíèþ ñåëåêòèâíîñòè ïî ÈÏÒ
(73.5–76.0 %), à òàêæå óâåëè÷åíèþ ñîäåðæàíèÿ
4-ÈÏÒ â ñìåñè ÈÏÒ äî 76.2%. Äàëüíåéøåå óâåëè-
÷åíèå ñîäåðæàíèÿ ôîñôîðà â 5% Mg-HZSM-5 çà-
ìåòíî ñíèæàåò ñåëåêòèâíîñòü ïî ÈÏÒ (69.6–72.1 %).
Óñòàíîâëåíî, ÷òî c óâåëè÷åíèåì ñîäåðæàíèÿ
ìîäèôèêàòîðîâ ïðîèñõîäèò óìåíüøåíèå óäåëü-
íîé ïîâåðõíîñòè, îáúåìà ïîð è êîíöåíòðàöèè
ñèëüíûõ êèñëîòíûõ öåíòðîâ öåîëèòà, ÷òî îêàçû-
âàåò ðåøàþùåå âëèÿíèå íà ñåëåêòèâíîñòü ðåàêöèè
è ñåëåêòèâíîñòü ïî ï-ÈÏÒ .Ìàêñèìàëüíàÿ ñåëåê-
òèâíîñòü ïî ï-ÈÏÒ (76.2%) äîñòèãàåòñÿ íà öåîëè-
òå, ñîäåðæàùåì 5.0% ìàñ. Mg è 3.0% ìàñ. Ð.

Êëþ÷åâûå ñëîâà: àëêèëèðîâàíèå; èçîïðîïà-
íîë, ìàãíèé; ïàðà-ñåëåêòèâíîñòü; òîëóîë; ôîñ-
ôîð; öåîëèò ZSM-5.

In the temperature range 250–350 îC, the effect
of the nature and concentration of modifiers (Mg,
P) on the textural, acidic and catalytic properties
of a zeolite of the ZSM-5 type in the alkylation of
toluene with isopropanol has been studied. On
the unmodified HZSM-5 catalyst, the alkylation
proceeds nonselectively. At 330–350 îC, the
isopropyltoluene (4-IPT) content in the
isopropyltoluene (IPT) mixture is 34.3–44.2 %.
Magnesium oxide plays an important role in the
selectivity of the reaction products and in the
distribution of isopropyltoluene isomers.
Modification of the HZSM-5 zeolite with
magnesium increases the selectivity for IPT to
69.6 wt % and a sharp increase in the content of 4-
IPT in the IPT mixture to 70.8%. Additional
modification of the catalyst with 5% Mg-ÍZSÌ-5
with ammonium hydrogen phosphate significantly
affects its catalytic properties. The distribution of
isopropyltoluenes depends on the content and
concentration of phosphorus in the catalyst. An
increase in the phosphorus concentration in the
composition of 5% Mg-HZSM-5 to 3.0 wt.%
Leads to a significant decrease in by-products, an
increase in IPT selectivity (73.5–76.0 %), as well
as an increase in the content of 4-IPT in the
mixture. IPT up to 76.2%. A further increase in
the phosphorus content in 5% Mg-HZSM-5
significantly reduces the selectivity for IPT.69.6–
72.1 decisive influence on the selectivity of the
reaction products and the selectivity for p-
isopropyltoluene (p-IPT). The maximum
selectivity for p-IPT (76.2%) is achieved on a
zeolite containing 5.0 wt% Mg and 3.0 wt% P.

Key words: alkylation; isopropanol;
magnesium, para-selectivity; phosphorus;
toluene; zeolite ZSM-5.



48 Башкирский химический журнал. 2021. Том 28. № 3

Aromatic hydrocarbons are widely used in
the chemical and petrochemical industries 1,2.
Among aromatic hydrocarbons, p-substituted
alkylaromatic hydrocarbons occupy a special
place 2. The products of toluene alkylation with
isopropanol, m-and p-isopropyltoluenes (IPT)
are technically important products of organic
synthesis 3–5. Currently, there is no perfect
technology for producing isopropyltoluene
(IPT). Complexes based on AlCl3, TiCl4, BF3
and phosphoric acid have been proposed as
catalysts 4, 5 on kieselguhr, which do not provide
a high yield of IPT, in particular, 4-IPT in
industrial production. Most catalysts give a
mixture of IPT containing all isomers. The nature
of the catalyst significantly affects the isomeric
composition of IPT obtained by alkylation of
toluene 4, 5. H2SO4, BF3⋅H3PO4 and H+, a mixture
of 2-IPT, 3-IPT and 4-IPT is obtained 4, 5, where
the content of 2-IPT is 13–40 % wt. The use of
phosphoric acid on kieselguhr leads to a mixture
enriched with 2-IPT (59% wt), and the use of
AlCl3 gives a mixture enriched with 3-IPT (86%
wt) and practically free of 2-IPT. The acid
catalysts used in industry do not allow obtaining
a mixture of IPT enriched with the p-isomer
(4-IPT). In addition, the alkylation processes
carried out in the presence of Friedel-Crafts
catalysts have significant disadvantages:
environmental pollution with acid waste,
corrosion of equipment, high consumption and
unregenerability of the catalyst 6. These
disadvantages have led to the need for the search
for heterogeneous catalysts based on zeolites
that exhibit high activity and selectivity in the
reactions of alkylation, isomerization,
disproportionation, oligomerization of various
organic compounds due to their molecular sieve
and acidic properties 7–11 on zeolites of the X, Y
type; beta and mordenite with large pores
required for the synthesis of p-IPT 12,13.
Recently, high-silica zeolites of the ZSM-5 type,
due to their unique structure with intersecting
straight and sinusoidal channels, size of input
windows ~55nm and adsorption properties, are
everywhere replacing traditional Friedel-Crafts
catalysts 14, 15.

One of the possible ways to change the
catalytic and molecular sieve properties of
zeolites in order to obtain para-selective
catalysts for the alkylation of alkylaromatic
hydrocarbons with monoatomic saturated
alcohols C1–C4 is their chemical modification
2,7,16–18. The nature of the modifying metal (Mg,
La, Ho, Yb, Pr) significantly affects the para-
selectivity of a catalyst based on a zeolite of the

ZSM-5 type in the alkylation of toluene with
isopropanol.

In this regard, the goal of this work is to
study the effect of the combined modification of
high-silica zeolite ZSM-5 with magnesium and
phosphorus on its physicochemical and catalytic
properties in the alkylation of toluene with
isopropanol.

Experimental part

The initial H-form of zeolite ZSM-5 was
obtained by ion exchange ZSM-5 (ZAO
Nizhnenovgorodskie sorbents, Russia, SiO2/
Al2O3 = 33) with NH4Cl: 5.0 g of ZSM-5 was
refluxed twice in 100 ml of 1.0 M NH4Cl
solution for 6 hours, washed with distilled
water, dried at 110 îC and calcined at 550 îC,
respectively, for 4 hours 19, 20. Modification of
HZSM-5 with magnesium was carried out by
impregnation using an aqueous solution of
magnesium acetate. Samples of Mg-P-HZSM-5
were obtained by impregnation of zeolite, Mg-
HZSM-5 with an aqueous solution of ammonium
hydrogen phosphate. The content of Mg and P in
the catalysts was 5.0% wt and 1.0–3.0 % wt,
respectively.After impregnation, the samples
were dried for 4h at 110 îC and finally pierced
for 4 h in a muffle furnace at 550 îC.

The acidic properties of the modified zeolites
were studied by the method of thermogrammed
thermal desorption of ammonia 19.

The study of the porous structure of the
samples was carried out by the method of low-
temperature adsorption of nitrogen at 77K on an
ASAP-2010 setup from Micromeritics. Before
measurement, samples (about 220 mg) were
degassed at 250 oC and 1 ⋅ 10-3 Pa for 4 hours.
The specific surface area was calculated using
the BET method.

Catalytic experiments were carried out in a
quartz reactor (inner diameter 1.0 cm and length
10 cm), which was placed in a microprocessor
controlled furnace. The loading of the catalyst
was 2.0 g. Before the start of the experiments,
the catalysts were activated in an air atmosphere
at 500 îC for an hour. The reaction was carried
out at atmospheric pressure in the presence of
hydrogen in the temperature range 300–400 îC
with a volumetric feed rate of 1 h-1 and a molar
ratio of C7H8 : i-C3H7OH : H2 = 2 : 1 : 1 7.

The reaction products were analyzed on an
Agilent HP gas chromatograph using a capillary
column (100 m × 250 mm) with flame ionization
detector (FID). The analysis was carried out in
the temperature programming mode from 500 to
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250 oC with a heating rate of 10 îC per minute.
The selectivity and product yield were
calculated from the results of gas
chromatographic analysis.

Results and its discussion

Unmodified ÍZSÌ-5 zeolite catalyst
Table 1 show the effect of reaction

temperature on catalytic performance of ÍZSÌ-
5 catalyst for alkylation of toluene with
isopropanol. From table 1, it can be seen that the
product, contains benzene, isopropyltoluene
(IPT) mixture, propyltoluene mixture, liquid
aliphatic hydrocarbons C5+ and alkylaromatic
hydrocarbons C8+.With an increase in the
reaction temperature to 330 îC, the yield of by-
products increases and the content of 4-IPT in
the mixture of IPT decreases from 44.2% to
34.3%,isomerization of p-cymene to m- and o-
IPT occurs.

Modified ÍZSÌ-5 zeolite catalyst
1.Magnesium modified ÍZSÌ-5 zeolite

catalyst.
The results of the alkylation of toluene with

isopropanol using 5% Mg- ÍZSÌ-5 as a catalyst
are presented in Table 1. As can be seen from

Table 1, the introduction of magnesium with
ÍZSÌ-5 impregnation with a solution of
Mg(CH3COO)2, followed by decomposition of
the salt at 550 îC leads to a significant change in
the catalytic properties of the catalysts. The
magnesium oxide has an essential on the
selectivity of the reaction products and the
distribution of isopropyltoluene isomers.

Modification of zeolite HZSM-5 with
magnesium promotes an increase in the
selectivity for IPT to 69.6% wt and a sharp
increase in the content of p-IPT in the IPT
mixture up to 70.8%.

2. Phosphorous and magnesium modified
ÍZSÌ-5 zeolite catalyst.

The effect of temperature and phosphorus
concentration on the catalytic properties of the
5% Mg-HZSM-5 catalyst is shown in Table 2.
From the data obtained, it can be seen that the
introduction of 1.0% wt phosphorus into the 5%
Mg-H-ZSM-5 composition significantly affects on
its catalytic properties. For example, at 300 îC,
the conversion of toluene decreases from 17.4 to
15.2 %, and the selectivity to 4-IPT increases
from 70.8 to 72.3 %. An increase in the
phosphorus concentration in the composition of
5% Mg-HZSM-5 to 3.0% wt leads to a signifi-

Table 1
The composition of the alkylation products of toluene with isopropanol

on HZSM�5 and 5% Mg�НZSМ�5

Conversion, % 
wt Selectivity for products in catalyst, % Isomeric composi-

t ion of IPT, % Catalyst t, 
оC 

toluene isopro-
panol benzene IPT propytolu-

ene 
C5+ alip. 

carbohyd. 
АRC С8 

and higher 3-IPT 4-IPT 2-IPT 

250 9.2 94.5 0.4 52.4 33.6 12.2 1.4 50.6 44.2 5.2 
300 19.8 99.4 2.2 54.0 30.4 8.6 4.8 23.6 40.1 6.3 HZSM-5 
330 27.7 99.9 2.7 55.8 29.8 6.1 5.6 57.3 34.3 7.9 
300 14.1 94.1 1.4 66.8 23.8 6.4 1.6 24.2 70.8 - 
330 21.8 98.0 1.7 67.9 21.5 5.7 3.2 32.7 67.3 - 5% Mg-

НZSМ-5 
350 24.7 98.8 1.9 69.6 19.4 5.3 3.4 38.0 61.2 0.8 

Table 2
The effect of temperature and phosphorous content in the composition of 5% Mg�HZSM�5

on the composition of the products of alkylation of toluene with isopropanol

Conversion % Content  
at P,  
% wt 

t, оC toluene alcohol Benzene IPT Propyl-
toluene 

C5+ aliph. 
hydro 

carbons 

ARH С8 
and higher 3-IPT 4-IPT 2-IPT 

300 15.6 91.2 1.2 68.4 22.9 6.1 1.4 27.7 72.3 - 
330 19.5 95.4 1.5 69.4 20.7 5.5 2.9 30.9 69.1 - 1.0 
350 23.1 97.1 1.7 71.3 18.8 5.1 3.1 36.2 63.2 0.6 
300 13.8 89.6 0.9 69.9 21.1 5.4 1.1 25.8 74.2 - 
330 17.7 93.7 1.1 71.7 19.9 4.9 2.4 29.4 70.6 - 2.0 
350 21.6 95.1 1.4 73.1 17.9 4.7 2.8 34.6 65.4 - 
300 12.4 86.8 0.3 73.5 20.6 4.8 0.8 23.8 76.2 - 
330 15.6 90.7 0.5 74.3 19.3 4.4 1.5 27.9 72.1 - 3.0 
350 20.1 93.6 0.9 76.0 17.1 4.0 2.0 22.2 67.8 - 
300 7.4 79.8 0.2 69.6 21.4 6.9 0.9 22.9 77.1 - 
330 10.9 84.6 0.6 71.1 20.7 6.3 1.3 28.2 71.8 - 4.0 
350 14.8 88.3 0.8 72.1 19.8 5.6 1.7 22.7 67.3 - 
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cant decrease in by-products, an increase in IPT
selectivity (73.5–76.0 %), as well as an increase
in the content of 4-IPT in the mixture IPT up to
76.2%. A further increase in the phosphorus
content in 5% Mg-HZSM-5 significantly
decreases the selectivity for IPT (69.6–72.1 %)
and slightly increases the selectivity for 4-IPT
(77.1%). A sharp decrease in conversion is
observed on a catalyst containing 4% phosphorus
toluene. For example, at 300 îC, the conversion
of toluene is reduced to 7.4%.

The manifestation of the para-selectivity of
catalysts, depending on the nature and
concentration of modifiers in the HZSM-5, can
be due to a change in the acidic and textural
properties of the catalysts as a result of chemical
modification.

As can be seen from Table 3, when
modifying the HZSM-5 zeolite with magnesium
in an amount of 5.0% wt, the concentration of
strong acid sites decreases from 542 μmol/g to
227542 μmol/g. An increase in the phosphorus
concentration in the 5% Mg-HZSM-5 catalyst
from 1.0% wt to 4.0% wt leads to a gradual
decrease in the concentration of strong acid sites.
The greatest decrease in the concentration of
strong acid sites is achieved on a sample containing
4.0% wt phosphorus and is 89 μmol/g. Apparently
for this reason, a decrease in the conversion of
toluene with an increase in the phosphorus
content in the catalysts is associated.

Table 3
 Acid characteristics of modified catalysts

Тmax, оС of the 
maximum peak of 

ammonia desorption

Concentration 
of acid sites, 

μmol/g 

Catalyst 

I II С1 С2 
НZSМ-5 198 418 628 542 
5%Mg-НZSМ-5 188 314 347 227 
5%Mg-1%P-НZSМ-5 187 286 324 192 
5%Mg-2%P-НZSМ-5 185 274 282 164 
5%Mg-3%P-НZSМ-5 183 261 228 127 
5%Mg-4%P-НZSМ-5 180 242 197 89 

Ñ1 and Ñ2 – concentration of acid sites in forms (I)
and (II).

 Table 4 shows the effect of modification on
the textural characteristics of the catalysts. It is
seen. that with an increase in the concentration
of the modifier, the specific surface area and pore
volume of the zeolite decrease, which indicates a
partial blocking of the zeolite channels by
modifiers, which leads to a change in the size of the
channels and the entrance windows from them.

 Thus, the para-selectivity of the modified
catalysts in the alkylation of toluene with
isopropanol with respect to 4-IPT is due to a
significant decrease in the concentration of
strong acid sites and a decrease in the pore
volume of the zeolite as a result of modification.

Table 4
Textural characteristics of modified catalysts

Catalyst SBET, (m2/g) Vpore, (sm3/g) 
НZSМ-5 288 0.24 
5%Mg- Н-ZSМ-5 253 0.20 
5%Mg-1%P-НZSМ-5 238 0.20 
5%Mg-2%P-НZSМ-5 238 0.19 
5%Mg-3%P-НZSМ-5 221 0.17 
5%Mg-4%P-НZSМ-5 194 0.17 

SBET – BET specific surface area;
Vpore – total pore volume

The introduction of magnesium and
phosphorus by impregnation of HZSM-5 with a
solution of magnesium acetate and ammonium
hydrogen phosphate, followed by calcination at
500 îC leads to a significant change in the acidic,
textural and catalytic properties of the catalysts.
Modification and calcination of the zeolite leads
to the localization of modifiers in micropores and
their distribution on the surface of the zeolite,
where, when interacting with surface OH groups,
they reduce the strength and concentration of
strong acid sites, and also increase the
concentration of acid sites of a more moderate
strength. Catalyst 5% Mg-2% P-ÍZSÌ-5
demonstrates high selectivity for 4-IPT (76.2%).
Apparently the modifying effect of Mg and P is
associated with a decrease in the concentration of
strong acid sites and the formation of acid sites of
moderate strength on the catalyst surface and a
change in its porous structure.
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