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The relationship of the structural organization and acid-base properties of the surface of
phosphorus titanate oxides prepared from tetra-n-butoxytitanium and phosphorous esters
with the catalytic activity and selectivity of these materials in ethylene glycol oxyethylation
was studied. Single-phase phosphorus-containing oxides synthesized from 2-diethylamido-4-
methyl-1,3,2-dioxophosphorinane and diphenyl(methano)phosphocane have strong surface
aprotic acid sites and exhibit high catalytic activity with respect to oxyethylation and a
record-breaking selectivity in the formation of the lower homolog, diethylene glycol. The
last-mentioned fact is a consequence of the sieve effect exerted by the homogeneous porous
structure of supermicropores (8—10 A) of the oxides. An increase in the concentration of the
strong acid sites (=130 kJ mol~!) on the oxide surface enhances the catalytic activity. On the
basis of the temperature programmed desorption of ammonia and CO, and kinetic measure-
ments, a concerted acid-base mechanism was proposed for the catalytic addition of ethylene
oxide to ethylene glycol on the phosphorus-titanate surface.

Key words: alkoxo method, tetra-n-butoxytitanium, phosphorous esters, structure, poros-
ity, X-ray diffraction, temperature programmed desorption, ammonia, carbon dioxide, re-
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The reactions of ethylene oxide (EO) with alcohols
and glycols underlie industrial processes for the produc-
tion of valuable products, viz., cellosolves, carbitols, non-
ionic surfactants, and polyethers. Most often, these pro-
cesses occur in the presence of homogeneous alkaline
catalysts.!=3 In some cases, homogeneous Lewis acids
are employed.!=3 The main drawback of the acid cata-
lysts is the formation of a by-product (dioxane).l4 A
common disadvantage of homogeneous catalysts is the
difficulty of separating them from the reaction products.
Therefore, the search for active and selective heteroge-
neous catalysts is in progress.

The addition of ethylene oxide to alcohols (oxy-
ethylation) is a consecutive-parallel reaction

C,H,0 C,H,0
ROH —==—= ROCH,CH,OH ——*—>
(1] 1

C,H,0
— RO(H,CH50), T’

The composition of the reaction products depends
on the ratio of the rate constants for the subsequent steps
to the rate constant for the first oxyethylation step, which
is called the distribution coefficient’ C; = k,/k.
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The distribution coefficients are usually C; ~ 2; C; ~ 3
for base catalysts®® and C; ~ C, ~ ... C; ~ 1 for acid
catalysts.# From the practical standpoint, the catalysts
that ensure low distribution coefficients and provide
higher yields of individual glycol ethers are the most
efficient.

Previously,”-8 we showed that phosphorus titanate
oxides prepared by the alkoxo method using etriol phos-
phite and tetra-n-butoxytitanium as precursors possess a
highly organized structure and that variation of the syn-
thesis conditions allows one to change their acid-base
properties.

In this work, we studied the influence of the nature
of phosphorous esters used as the precursors, together
with tetra-n-butoxytitanium, on the structural organiza-
tion of the oxides, the acid-base properties of their sur-
face, and the catalytic activity in oxyethylation of ethyl-
ene glycol.

Experimental

Phosphorus titanate oxides 1—10 were prepared by the
alkoxo method according to a known procedure.” An equimo-
lar amount of acetylacetone was added to a 1.5 M solution of
tetra-n-butoxytitanium in anhydrous benzene. After stirring for
30 min, a specified amount (2% based on the oxide) of a phos-
phite was added under Ar to the resulting solution of tita-
nium alkoxide. The phosphites included 2-diethylamido-4-
methyl-1,3,2-dioxaphosphorinane (C4,H3O,PN) (1a), diethyl-
amido(2,2"-dioxa-5,5"-dimethyl-1,1"-diphenylmethano)phos-
phocane (2a) and 1 : 1 complexes of CuBr with them (3a and
4a, respectively), described previously.?>1® The resulting sol was
stirred for 30 min and then diluted with aqueous alcohol con-
taining water in a stoichiometric amount with respect to the
alkoxide complex. The gel was isolated by evaporating the sol-
vents on a rotary evaporator, dried in air and in vacuo, and
subjected to a stepwise heat treatment for 2 h at 200, 2 h at
300 °C, and 6 h at 500 °C. This gave specimens 1—4. For
comparison, nonmodified TiO, oxides with the anatase (5)

Me Me @ 0]
Q \
/P—NEtQ P—NEL,
S /

2a

Me Me @ 0]
» _CuBr \ _~CuBr
Pl PL
o NEt / NEt,

and rutile (6) structures were synthesized by the alkoxo
method. Oxides containing 2% Al and Cu ions (specimens 7
and 8) were prepared from inorganic precursors, CuBr and
Al,(SOy4)5+ 18H,0. Titanium oxide (rutile) was synthesized by
hydrolysis of tetra-n-butoxytitanium without the addition of
acetylacetone followed by heat treatment of the gel at 550 °C.
In the syntheses of specimens 7 and 8, the inorganic precursors
as solutions in aqueous alcohol were added to a benzene solu-
tion of alkoxide preliminarily chelated by acetylacetone. Upon
the addition of aluminum sulfate (sample 8), the initial solu-
tion grew turbid due to the formation of a highly dispersed gel;
the solution was refluxed for 2 h and then, as in the syntheses
of samples 1—7, the gel was isolated by evaporating the sol-
vent, dried, and annealed.

The catalytic activity of titanate oxides in the oxyethylation
of ethylene glycol (EG) was studied using a pressure-gauge
setup;!! the reaction rate was monitored by a decrease in the
ethylene oxide vapor pressure. The large molar excess of
the alcohol ensured pseudo-first-order reaction conditions:
r = kappPEo, Where pgg is the partial pressure of EO. The
experimental rate constant was found as the slope ratio of the
straight line plotted in the In(pgg)—time coordinates. Since a
noncatalytic reaction takes place in the reaction mixture in
parallel to the catalyzed reaction, then, with the assumption of
the first order with respect to the catalyst

r= (knoncat + kcat*[Cat~])pEO’ (1)

the catalytic rate constant (k,) was found from the relation

Keat = (kaDD — knoncat)/[Cat.],

where k,,,cq 1S the rate constant for the noncatalytic reaction;
[Cat.] is the catalyst concentration. The composition of the
reaction products was studied by GLC on a Khrom-5 instru-
ment (flame ionization detector, a 1 mx4 mm glass packed
column, 15% FFAP on Inerton AW HMDC, nitrogen as the
carrier gas). The temperature of the column thermostat was
programmed from 120 to 230 °C at a rate of 25 K min~!.

The distribution coefficients (C) were determined by solv-
ing a Weibull—Nycander set of equations!? used to describe
the product composition in the case where kq # k| = k, = ...

[HOCH,CH,0(CH,CH,0),H] =

lold | -l 1 Zi
S[HOCH,CH,OHJS Sy 8" 7 it

= ‘[HOCHZCHZOH]C[
cn 1

+ (—][HOCHZCHZOH],
Si’l

where the molar concentrations are given in square brack-
ets, C = k,/ky is the distribution coefficient (the ratio of
the rate constants for the subsequent steps to the rate
constant for the first step), S = C — 1 for C # 1, 7 =
In[HOCH,CH,0H],/[HOCH,CH,0OH].

The sum of squares of the differences between the calcu-
lated and experimental product compositions was minimized.

The selectivity of formation of the first product of EO addi-
tion, diethylene glycol (DEG) based on the initial EG was
calculated by the equation

®pec"Y = [DEGI/([EG], — [EG]).
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X-Ray diffraction analysis was carried out on a Dron-3M
diffractometer using filtered Cu-Ko radiation. The phases were
identified by comparison of the interplanar spacings and the
relative intensities of Bragg reflections with the JCPDS-ICDD
database (1987—1995). The crystal lattice parameters were cal-
culated from the positions of lines characterizing the tetragonal
orientation of the structure ([200] and [004]). The sample scan
velocity was 0.5 deg min~!. The fine structure, viz., the size of
microcrystallites (coherent scattering region) and structure
microdistortions (g), were determined from broadening of X-ray
reflections.!3 To separate the dispersity and microdistortion
effects, the calculations were carried out using two lines and
preliminarily constructed nomographic charts, m /B = ®(B,/B;)
and n,/B, = ®(B,/B;), where B; and B, are true physical
broadenings of the lines with d = 3.52 and 1.89 A, respectively,
and m, and n, are the fractions of physical broadening caused
by the block dispersity and microdistortions, respectively.

The parameters of the porous structure were found from
the isotherms of nitrogen adsorption obtained at 77 K. Experi-
mental adsorption isotherms were measured using an auto-
mated weighing setup (Netch, Germany) with a 1 pg sensitivity
for a sample of up to 1 g at 77 K. The specific surface area was
calculated by the BET method. The average pore size was
determined with the assumption that the pores are slit-like.
The homogeneity of the adsorption pores was assessed using a
method!¥ according to which an adsorption isotherm measured
for a narrow-pore specimen is compared with an adsorption
isotherm of a similar specimen characterized by wider pores.
The theoretical adsorption isotherm in the a,4,—n coordinates,
where a4 is the adsorption pore volume and # is the number of
adsorbed layers of sorbate molecules, was calculated by a
semiempirical method in the whole range of relative pressures
(p/ps)- The construction of the standard (reference) adsorption
isotherm was based on the isotherm for the aluminum titanate
oxide measured’ for the monolayer range, while in the multi-
layer range, the isotherm was calculated by the BET method
assuming the slit-like pores.14

In order to study the acid-base properties of the surface
sites, temperature-programmed desorption of probe molecules,
NH; and CO,, was studied. The NH; and CO, temperature-
programmed desorption (TPD) was carried out as follows.

A sample (0.2 g) was annealed for 2 h at 550 °C in a dry air flow
and for 1 h at the same temperature in a nitrogen flow, cooled,
and purged with a nitrogen—ammonia mixture (1 : 1 v/v) for
0.5 h at ~20 °C or saturated with CO, for 0.5 h at ~20 °C. Then
the loosely bound adsorbate was blown out for 1 h at 50 °C, the
sample was cooled to ~20 °C, and the programmed heating at a
rate of 8 K min—! was carried out until the adsorbate was
completely removed. The TPD data were processed by fitting
the experimental and theoretical curves.!> This made it pos-
sible to determine the total number of adsorption sites and the
distribution function for these sites over the desorption activa-
tion energies (£y) ranging from a minimum (£,;,) to a maxi-
mum value (E,,,,) and to calculate the mean value ((E)) over
the whole desorption region, which characterizes the mean
strength of the sites. The range of the desorption activation
energies was split into equal sections (5 kJ mol~! each), in
which the sites were considered to be homogeneous, their
strength being defined by the mean activation energy corre-
sponding to the midpoint of the section.

Results and Discussion

X-Ray diffraction study of the modified titanate sys-
tems showed that the alkoxo synthesis yields single-phase
oxides with an anatase structure. The titanium oxide
prepared without the preliminary chelation step com-
prises the rutile (60%) and anatase (40%) modifications.

Table 1 presents the precursors and the structures of
the phosphites used in the syntheses, the empirical for-
mula of single-phase oxides determined from X-ray dif-
fraction data and elemental composition, the rate con-
stant for the catalytic reaction, and the distribution coef-
ficient (C) characterizing the selectivity of titanate sys-
tems in the reaction. It can be seen that the nature of the
precursors has a substantial effect on the catalytic activ-
ity of the oxides in ethylene glycol oxyethylation. Tita-
nium oxide containing the rutile modification is inactive
in oxyethylation. Titanium oxide with the anatase struc-
ture and the titanium—aluminum system (specimen 9)

Table 1. Precursors, empirical formulas of oxides, and their catalytic properties in EG oxyethylation

Specimen Precursor Oxide formula keat C DppEo *
/L g ' min~!

1 la Py 7Tig 91055 1.28+102 0.38 88.6
2 2a Py 7Tig 91055 1.47 <1072 0.51 85.5
3 3a Cu0.07P0.07TiO.880275 1.81- 1073 0.52 85.5
4 4a Cu0.07P0.07TiO.880273 3.03 1073 0.37 88.9
5 TBT TiO, (anatase) 0.5-103 0.9 78.6
6 TBT TiO, (rutile+anatase) — —

7 CuBr Cuyg 04Tig 95075 7.6+10~4 —

8 Al (SOy);* 18H,0 Al 09Tip.930,_5(SO,),, 3.66+ 102 1.02 76.8

(dioxane)

9k AICl5 * 6H,0 Al 09Tig930,_5_Cl, <103 0.84 79.6
10%** 10a Py 07Tip.940,_5 0.9-104 0.78 80.6

* Selectivity (%) for DEG based on EG for the initial molar ratio EO : EG =1 : 2.

** See Ref. 7.
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prepared previously 7 exhibit extremely low catalytic ac-
tivities. The rate constant for oxyethylation in the pres-
ence of the phosphorus titanate system synthesized from
4-ethyl-2,8,6-trioxaphosphabicyclo[2.3.2]octane (10a)
(specimen 10), which, according to a previous publica-
tion,” virtually does not contain acid sites, exceeds ap-
preciably the value found for specimes 5 and 9. In the
presence of phosphorus titanate systems

prepared using copper bromide com- 0
plexes with phosphoramidites (speci- Et{O\\P
mens 3 and 4), the rate constant for the /
catalytic reaction increases by an order o
of magnitude. As can be seen in Table 1 10a
(specimen 7), the rate constants are low

in the presence of copper bromide. The highest activity
in oxyethylation is observed for the systems prepared
from phosphoramidite precursors (specimens 1 and 2).
In the presence of these systems, the rate constant is not
lower than that on the most active heterogeneous cata-
lyst for alcohol oxyethylation, LaPO,, where it amounts
to 1.3-1073 Lg ! min—! at 115 °C.16 The system based
on Al,(SO4); (specimen 8) is as active in oxyethylation
as the phosphoramidite specimens. However, in this case,
as in the presence of other known acid catalysts, ~0.1%
by-product, dioxane, is formed for equimolar initial
amounts of EG and EO. Yet another important distinc-
tion of phosphorus titanate systems from sample 8 is the
much higher selectivity with respect to the lower ho-
molog, DEG. For phosphorus titanate and copper phos-
phorus titanate oxides, the C value is 0.37—0.52, which
corresponds to 85—89% selectivity of DEG formation
for an initial EO : EG molar ratio of 0.5. For compari-
son, the patented heterogeneous catalyst of oxyethylation,
which is the ZSM-5 zeolite modified by potassium
hydroxide, ensures a formation selectivity for the first
product of <80% (C = 0.82) under the same initial con-
ditions.1” It is noteworthy that in the presence of all
phosphorus titanate oxides exhibiting high activity in oxy-
ethylation, no dioxane is formed.

Previously,”8 it was shown that the conditions of
synthesis of phosphorus titanate systems based on etriol
phosphite influence the acid-base properties of the sur-
face, the specific surface area, and the total adsorption
volume but not the averaged pore volume or pore distri-
bution. These oxides are characterized by a homoge-
neous distribution of pores with a size of 8—10 A when
calculated for a slit-like configuration. Table 2 presents
data on the porous structure of the oxides based on new
phosphorus titanate precursors. For comparison, the same
Table shows characteristics of the porous structure de-
termined previously’ for samples 9 and 10. It can be seen
that the average pore size for the phosphorus titanate
system based on phosphoramidite is also 8—10 A, al-
though the adsorption volume increases to 3.4 mmol g~!,
and the specific surface area reaches 160 m? g=!. For the
copper phosphorus titanate oxides (specimens 3 and 4),
the average pore size is 18—20 A, which is nearly equal
to the value’ found for the aluminum-containing oxide
(specimen 9).

The linear section of the relative adsorption isotherm
(Fig. 1), which allows one to estimate the homogeneity
of pore distribution, indicates that specimen 2 contains
no micropores with sizes of <10 A, and specimen 3, of
<18—20 A. The pattern of the relative adsorption iso-
therm for specimen 1 is identical to those for specimens
2 (see Fig. 1) and 10 (see Ref. 7). This indicates that the
change in the pore size in specimen 3 is largely caused by
incorporation of copper ions in the structure.

A homogeneous pore structure and a narrow pore
size distribution are also indicated by the theoretical ad-
sorption plots that represent the variation of the adsorp-
tion volume vs. the number (n) of adsorbed layers of the
sorbate (Fig. 2). Figure 2 also shows the adsorption iso-
therms for the oxides studied previously.”>8 It can be
seen that these plots have only one break for any of the
titanates studied, pointing to a narrow pore size distribu-
tion. The difference between the porous structures is
that the break corresponds to n = 2 for phosphorus titan-

Table 2. Selected parameters of the porous structure (from BET) and X-ray diffraction data for compounds

1-5,9, and 10
Specimen Porous structure parameters X-Ray diffraction

So/m?gt Vyg/emd gl r/nm ¢/nm D/nm g+1073 K
1 91 0.11 0.8 0.945 7.7 0.29 15.7
2 160 0.12 0.9 0.941 7.6 6.84 30.6
3 85 0.15 1.9 0.944 10.5 1.89 12.8
4 93 0.26 1.8 0.945 12.9 2.39 14.1
5 3.2 0.009 3 0.947 39.7 0.3 0.5
9* 82 0.18 1.9 0.942 9.6 1.23 14.2
10* 83 0.082 0.9 0.941 8.2 3.12 14.8

* See Ref. 7.
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Fig. 1. Comparative plot for nitrogen adsorption on speci-
mens 2 (a,) and 3 (a3).

ate oxides, whereas for specimens containing aluminum
and copper ions, n = 4. Thus, the inclusion in titanium
oxides of metal heteroatoms, characterized by greater
ionic radii than phosphorus, results in greater pore size
without reducing significantly the homogeneity of the
porous structure as a whole.

X-Ray diffraction and EXAFS studies of the fine struc-
tures of the copper titanium oxides prepared by alkoxo
synthesis!8 showed that the Cu?" ions grow epitaxially
the titanium oxide microcrystallites in the tetragonal ori-
entation of anatase, thus inducing termination of the
microcrystallite growth. The pores might be formed pre-
dominantly in the local sites of this termination. Since
heteroatoms (Cu and P) are joined within the framework
of a single structure, distortions of the long-range order

a/mmol g~
o 3
6r . 4
e v 9
5 -
4t
o P 2
3
o 7S ° 10
2
*
1 ° —e
4 6 8 10 n

Fig. 2. Nitrogen adsorption (a) on the phosphorus titanate
oxides vs. the number of adsorbed layers of molecules (n) for
specimens 2—4, 9, 10 and the specimen (marked by an as-
terisk) prepared4 from etriol phosphite without chelation

(Pg.07Tip.9402_5)-

Fig. 3. Correlation between the specific surface area () and
the fine structure factor (K) for specimens 2—5, 10 and the
specimen (marked by an asterisk) prepared® from etriol phos-
phite without chelation (Pg 7Tij 940,_5).

in the anatase lattice occur most likely at the same posi-
tions, and the pore size distribution does not change
significantly.

It can be seen from X-ray diffraction data (see Table 2)
that the introduction of phosphorus results in a pro-
nounced increase in the microcrystallite dispersity com-
pared to that in nonmodified titanium oxide. The fine
structure factor K = [/D-e=3 (I is reflection intensity,
D is the averaged size of a microcrystallite, ¢ is a struc-
ture microdistortion factor) adequate to the surface ge-
ometry is proportional to the BET specific surface area
for any of the phosphorus-containing oxides (Fig. 3).
This shows that all the phosphorus titanate oxides pre-
pared from phosphite precursors by the alkoxo method
are characterized by highly organized structures with not
only a homogeneous pore distribution but also a homo-
geneous size distribution of microcrystallites.

Previously, it has been shown using TPD of ammo-
nia that specimen 10 prepared from etriol phosphite con-
tains virtually no acid sites.” According to XANES data,
the local charge state of titanium atoms in this specimen
implies an increased electron density.® Thus one may
have expected that the use of phosphoramidite com-
pounds, which are stronger Lewis bases, would increase
the base properties of titanium oxides.

Table 3 contains the activation energy distribution of
the acid sites derived from the TPD data for ammonia. It
can be seen that, contrary to expectations, the oxides
based on phosphoramidites possess clear-cut acid prop-
erties. The strength of the acid sites was assigned accord-
ing to known published data.1%2% It can be seen from
Table 3 that the nature of precursors affects appreciably
the number and strength of the acid sites. When phosphor-
amidites are used, the chemisorption capacity relative
to ammonia markedly increases at high temperatures
(550—600 °C). Some of ammonia is chemisorbed irre-
versibly, resulting apparently in surface amination.
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Table 3. Activity in oxyethylation and active site distribution
over the activation energies of ammonia thermodesorption
(kJ mol~1)

Specimen ay? A kolp(M)]exp®
1 _— SN
/umol g 1 se 37 /kg (g min)
1 386 67 306 13 0.013
2 354 69 248 37 0.037
3 324 71 249 4 0.003
4 300 78 222 0 0.003
8 660 148 493 19 0.015
98 177 34 126 17 0.007

4 Total acidity over all regions.

5 The number of acid sites of an jth region having a particular
activation energy of ammonia desorption Ey, which character-
izes the strength of acid sites in each region.

¢ Experimental rate constants.

4 E4 <90 kJ mol—1,

€90 kJ mol~! < E,4 < 130 kJ mol~!.

7 E; < 130 kJ mol~!.

& See Ref. 7.

The TPD data for CO,, used as a probe molecule in
investigations of the base properties of the surface (Fig. 4),
show that the initial TiO, is responsible for a set of
diffuse peaks in the temperature range in which the TPD
of ammonia has revealed® a diffuse region of acid sites.
Apparently, the CO, desorption region corresponds to
medium-strength Lewis sites, which may be represented
by pn-O bridges connecting positively charged Ti*" ions
and having a partial negative charge. Specimen 8 pre-

V+10=%/mol g~ ! s~!
0.020

T

0.016

0.012

0.008

0.004

T

100 200 300 400 T/°C

Fig. 4. TPD of adsorbed CO, for specimens 1 (1), 2 (2), 5 (3),
and 8 (4); T is the desorption temperature, V' is the volume of
desorbed CO,.

pared by treatment of the gel surface with Al,(SO,4); and
having a high concentration of acid sites (see Table 3)
almost does not contain base sites (see Fig. 4).

This result suggests that treatment of the gel surface
leads to sulfonation giving rise to the Bronsted acid sites.

.
N e One O H
ST 28

The TPD spectra of phosphorus titanate oxides (speci-
mens 1 and 2) prepared from phosphoramidite precur-
sors exhibit a rather sharp peak of CO, desorption in the
region of 114 °C. Despite the relatively low CO, chemi-
sorption, the narrow peak attests to homogeneity of the
base sites. In all probability, these are O atoms in the
phosphorus titanate fragments of the structure.

[ Ti4+/oip5+:|

Thus, TPD data show that the incorporation of phos-
phorus from phosphoramidites markedly increases the
strength of acid sites. The XANES data point to an in-
crease in the positive charge in the local environment of
Ti atoms relative to that in the nonmodified oxide.?! In
view of the fact that the phosphorus-containing system is
a single phase, by analogy with the known views on the
formation of semiconductor materials, one can suggest
that the P atoms generate impurity levels, thus leading to
a higher concentration of positively charged vacancies in
the titanium d-band.2?

Previously,23 etriol phosphite was found to remain
virtually unchanged throughout the sol-gel transforma-
tions of the chelated alkoxide complex up to the forma-
tion of a solid gel. Hence, it was assumed?3 that the P11
atom in etriol phosphite reacts with the surface chelate
groups and suppresses the Lewis acid sites. Conversely,
phosphoramidites undergo alcoholysis even in the initial
solution, and after addition of aqueous alcohol, they are
hydrolyzed to give a four-coordinate P!l atom in the
hydrated phosphite, and the hydrated phosphites con-
dense with titanium oxo hydroxo butoxide. At a subse-
quent stage, during the gel heat treatment, further oxi-
dation of P to PV probably takes place, which may be
responsible for the higher acidity of the system.

To elucidate the role of acid sites catalyzing the EG
oxyethylation, we used regional rate analysis, which pro-
vides correlations between the number and strength of
the acid sites on the catalyst surface and their activity in
heterogeneous catalytic reactions.2425 To this end, the
acidity spectra were split into regions according to the
strength of acid sites (see Table 3). In terms of the re-
gional rate method, the overall reaction rate on the cata-
lyst reduced to unit weight is represented as the sum over
all regions of the products of the regional rate in this



Ethylene glycol oxyethylation

Russ.Chem.Bull., Int.Ed., Vol. 51, No. 6, June, 2002 973

region by the number of acid sites in this region. The
regional rate is also a function of the reagent partial
pressure4

3
Vilr) = 3 ko;[p(M1Sy,
=1

where koj is the specific regional rate constant in an jth
region; S,-j is the number of acid sites in the jth region on
an ith catalyst (umol g !).

Since the number of regions (n = 3) is smaller than
the number of catalysts (N = 6), the specific regional
rate constants averaged over all specimens were calcu-
lated using the least-squares method by minimizing the

functional
N 3
D = (ko[p(r)l), = 2 ko[ p(MISy.

= =1

i

The correlation quality was characterized by the correla-
tion coefficient R, calculated to be 0.88 with allowance
for the number of degrees of freedom. The mean-square
error of approximation ¢ = 0.5%. The input data and the
results of calculations are listed in Table 3. The koj[p(r)]
values are as follows: kg [p(r)] = 0.085+« 1074, kplp(n] =
0.031+ 1074, and kys[p(r)] = 8.7+ 1074,

The results imply the presence of a correlation be-
tween the catalyst activity and the catalyst acidity spec-
tra. Comparison of the kg[p(r)] values shows that the
reaction proceeds almost exclusively at strong acid sites
(region 3) characterized by activation energies of ammo-
nia desorption E > 130 kJ mol~!. The known averaged
specific regional rate constants were used to calculate
the rate constants for each catalyst. Comparison of ex-
perimental and calculated rate constants for all speci-

)
] 1 Tl
M1 2
4
2 Ul
1 2 3 4 8 9

Fig. 5. Diagram of experimental (/) and calculated (2) rate
constants for oxyethylation of EG (regional rate method) de-
pending on the concentration of strong acid sites for specimens
1—4, 8, and 9.

mens is shown in Fig. 5. It can be seen that fairly good
agreement between the experimental and calculated val-
ues is attained for catalysts characterized by high con-
centrations of strong acid sites.

This may imply that the rate-determining step in the
oxyethylation mainly involves the strong aprotic acid
sites of titanate oxides. The base sites activate, appar-
ently, the alcoholic group and thus ensure concerted
acid-base catalysis on the catalyst surface (which is typi-
cal?® of the catalysis of EO reactions by metal oxides).
On the basis of the foregoing, the following scheme for
the reactant activation can be proposed (Scheme 1).

Scheme 1

/
H.C—CH, O

.

N 3

ol
\Ti/@\P/
® ®

Thus, phosphorus titanate oxides with a homoge-
neous distribution of supermicropores containing Lewis
base (medium-strength) and acid (strong) sites ensure
high activity and selectivity of the oxyethylation of
ethylene glycol. The dimensions of cavities represented
by homogeneous supermicro- and small mesopores in
the phosphorus-titanate oxides restrict the process propa-
gation and prevent an increase in the sizes of molecules
of reaction products; i.e., the sieve effect is involved in
the catalytic reaction.
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