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The paper deals with the measurement of fractal dimension for the acrylonitrile — divinyl
benzene copolymer prepared with alkylate petrol and CCIl, pore formers, copolymer
carbonizate and SCAN carbonaceous sorbent based on the mercury porosimetry results
and using fractal analysis. It is found that copolymer has meso- and macroporous structure,
which parameters have been determined by synthesis conditions. The pore space surface
and volume of the copolymer have a multi-fractal structure. The number of pore radius
ranges, for which the self-similarity of the pore space surface and volume is maintained, is
from 1 to 4. Fractal dimension change within the range of 2.03£0.002 to 3.04+0.11 for the
surface and within the range of 1.951+0.13 to 2.99+0.002 for the volume of pore space. It
is shown that 33.05 to 90.21% of the surface and 6.38 to 87.84% of the volume for pore
space have fractal properties depending upon copolymer synthesis conditions. The changes
of fractal properties in the course of copolymer carbonization and activation are defined.
Multi-fractal structures are formed in the pore space surface and in the volume of carbonizate
and carbonaceous sorbent. An increase of the pore radius ranges, where self-similarity is
maintained, is also observed.
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Nowadays, fractal theory is increasingly applied
for studying various physical and chemical processes
[1] including formation of porous structure in
materials and their properties [2]. To determine
fractal characteristics, physical and physical-chemical
techniques are applied including mercury
porosimetry, which was previously used to measure
fractal dimensions for the pore space surface [3] and
volume [4] for different porous materials.

Polyacrylonitrile-based polymers are widely
applied in various industries. The greatest scientific
and practical interest is due to their usage as a
precursor while manufacturing carbon fibers, where
acrylic acid nitrile (acrylonitrile, AAN) is among
the components. Copolymer based on AAN and
divinyl benzene (DVB) prepared using pore formers
serves as a porous matrix during manufacturing
carboxylic cation exchangers. Authors proposed [5]
a method for producing macroporous cation
exchanger based on AAN and methylmethacrylate
with technical-grade DVB (9 wt.% to 12 wt.%) in
the presence of alkylated petrol (AP) pore former
with volumetric fraction approx. 40 vol.% of the
total monomer volume.

Previously [6], we studied regulations of
producing SCAN carbonaceous sorbent during heat
treatment of AAN-DVB copolymer (DVB weight
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fraction was 10% and 20%) while using the pore
former comprising AP (volumetric fraction was 5%
and 10%) and carbon tetrachloride (volumetric
fraction was 90% and 110%) of the total volume of
monomers. Using mercury porosimetry and low-
temperature nitrogen adsorption, formation of SCAN
porous structure was studied [6]. It was shown that
the sorbent obtained had a well-developed meso-
and macropore system, which properties were defined
by synthesis conditions of the original copolymer.
The matrix structure was studies for SKN and SCAN
carbonaceous sorbents using *C NMR method [7];
donor — acceptor properties of their surface were
investigated [7—9] by *'P NMR spectroscopy using
tributyl phosphate (TBP) as a probe.

Sorption properties of SCAN-40 carbonaceous
sorbent, which was produced using acrylonitrile-
divinylbenzene copolymer (DVB weight fraction was
15%) and AP pore former (volumetric fraction was
40%), were studied relatively bilirubin, albumin,
creatinine, and vitamin B12 as compared with
sorption properties of SKN-1K hemosorbent as well
as for removing large associates from biological fluids
[10,11]. The possibility was studied to use SCAN
carbonaceous sorbent for carbon dioxide adsorption
[12]. It was shown that SCAN might be used as a
carrier for impregnated resins based on
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organophosphorus compounds for selective metal
extraction and separation. Thus, the impregnated
resin based on SCAN-30 and different-radical
phosphine oxide may be used in processing high-
level radioactive wastes [13].

In this paper, measurement of fractal
characteristics is described for acrylonitrile-divinyl
benzene copolymer prepared in the presence of AP
and CCl, pore makers as well as its carbonizate and
SCAN-30 carbonaceous sorbent (commercial
prototype). The measurement was carried out by
fractal analysis using mercury porosimetry results.

Porous characteristics of AAN—DVB copolymer

The study was carried out using AAN—DVB
copolymer containing cross-linking agent with weight
fraction 5% to 25%. Pore former comprised alkylated
petrol (volumetric fraction was from 0% to 40%)
and carbon tetrachloride (volumetric fraction was
from 0% to 110%) of the total volume of monomers.

Porous structure of samples was characterized
by mercury porosimetry. Pore specific surface area
(S) and total volume (V) was measured using Carlo
Erba series 2000 mercury porosimeter. Average
effective pore radius was calculated by the formula:

r:2_VD]O3’
S

where V is pore volume by mercury, cm3g!; S is

specific pore area by mercury, m2g".

To plot programs, the software product
developed in Delphi environment was used. Table 1
contains the values of total volume, specific area
and average effective radius of pores for AAN—DVB
copolymer prepared under different conditions.

It is evident from Table 1 that total pore volume
of AAN—DVB copolymer is within the range (0.54
to 1.4) cm3g™!, specific pore area — (15.82 to 117.01)
m?lg™', and average effective pore radius is (15.8 to
98.4) nm depending upon the ratio of cross-linking
agent and pore former.

As an example, Fig. 1 illustrates integral and
differential curves of the pore volume distribution
by radius for AAN—DVB samples with cross-linking
degree (weight fraction are 5%, 10%, 15% and 25%)
and almost the same content of pore former.

The figure illustrates that copolymer samples
had mainly meso- and macroporous structure.
Prevailing pore radius for sample No. 1 was within
90 nm to 300 nm, sample No. 12 — 30 nm to 150 nm,
sample No. 18 — 20 nm to 200 nm, sample No. 23
— 4 nm to 120 nm. Increase of cross-linking degree
resulted in formation of smaller pores and increasing
the range of prevailing pore radius.

Fig. 2 shows the dependence of pore total
volume and specific area for AAN—DVB copolymer
upon the content of CCl, (60% to 100%) and AP
(0% to 40%) at constant content of cross-linking
agent 10%.

Table 1
Porous characteristics of AAN—DVB copolymer
Sample Copolymer composition| Total pore volume, | Specific pore area, | Average effective
DVB, %|CCly, %|AP, % cm’g! m’g pore radius, nm
1 5 100 10 0.85 38.98 43.6
2 10 60 10 0.66 70.83 18.6
3 10 70 10 0.65 57.36 22.7
4 10 80 0 0.54 67.98 15.8
5 10 80 40 0.79 39.02 40.6
6 10 80 20 0.92 27.34 67.2
7 10 80 10 0.69 43.38 32.0
8 10 90 10 0.83 59.68 27.8
9 10 100 0 0.93 95.7 194
10 10 100 40 1.05 33.11 63.4
11 10 100 20 0.86 41.76 41.2
12 10 100 10 0.81 43.15 37.5
13 15 0 30 0.55 55.49 19.9
14 15 0 50 0.76 75.2 20.3
15 15 0 80 1.20 62.5 384
16 15 50 50 0.78 15.82 98.4
17 15 100 10 1.03 78.53 26.2
18 15 100 | 7.5 1.10 45.16 48.7
19 20 90 5 1.03 70.9 29.1
20 20 90 10 1.40 94.81 29.5
21 20 110 5 1.20 84.23 28.5
22 20 110 10 1.36 58.01 46.9
23 25 100 10 1.07 117.01 18.3
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Fig. 1. Integral and differential distribution curves of pore volume per radius for AAN—DVB copolymers: a — sample No. 1 (5%
DVB, 100% CCl,, 10% AP); b — sample No. 12 (10% DVB, 100% CCl,, 10% AP); ¢ — sample No. 18 (15% DVB, 100% CCl,,
7.5% AP); d — sample No. 23 (25% DVB, 100% CCl,, 10% AP)

2 Iz
4]
g %
@, .
a b
Fig. 2. Dependence of pore total volume (a) and specific area (b) upon CCl, and AP content at permanent cross-linking degree
(10% DVB)
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The data obtained showed that increase of AP
content in the reaction mixture resulted in ascending
both pore total volume and specific area while
increase of CCl, amount ended in the increase of
total pore volume and insignificant decrease of their
specific area. The data showed that pore formation
in AAN—DVB copolymer complies with the same
regularities obtained for the styrene-divinyl benzene
system with non-solvating pore formers and tributyl
phosphate [14].

Fractal dimensions of AAN—DVB copolymer

Fractal dimension of the pore space surface
and volume was calculated using exponential function
V(r)~ "% | where d; is fractal dimension of the
surface (d;) or volume (dy) of pore space, E —
topological dimension (2 is for surface, 3 is for
volume). Fractal dimension of the pore space surface

(d¢) and volume (d,) was defined based on the
mercury porosimetry data by selecting linear sections
in the InV(r) versus In(r) plots, where d;y value was
within the range 2<d;,<3; and the root mean square
deviation (R?) was the highest. This approach was
implemented to define d; in [3] and d, in [4]. We
also used it when calculating fractal properties of
TVEX—TBP matrix [14].

Tables 2 and 3 illustrate the ranges of pore
radius in AAN—DVB copolymer, where fractal
properties are maintained, fractal dimensions of the
pore space surface (d;) and volume (dy) as well as
the fraction (n;, ny) and total fraction (Zn;, Zny) of
pore surface and volume with self-similarity.

As it may be seen from the data obtained, multi-
fractality of the pore space surface remained for all
AAN—DVB samples. The number of pore radius

Fractal dimensions of the pore space surface for AAN—DVB copolymers

Table 2

Sample Pore radius range, | Fractal dimension RMS deviation R2 Fraction of tootal surface | Total fraction Zny,
nm ds ng, % %
4.4-48.1 2.07+0.005 0.97 75.22
1 59.0-123.0 2.32+0.02 0.97 8.10 89.18
130.1-196.6 3.0+£0.05 0.98 5.86
) 44-12.5 2.17+0.01 0.98 40.48 71.25
12.9-26.9 2.58+0.02 0.99 30.77 )
3 6.1-30.9 2.17+0.004 0.99 60.91 7471
38.1-57.4 2.90+0.06 0.98 13.80 )
4 5.2-17.2 2.3+0.022 0.95 61.73 65.05
35.7-803.7 2.5+0.06 0.94 3.32 )
5 5.2-23.5 2.06+0.005 0.96 43.89 62.08
32.5-56.6 2.43+0.018 0.98 18.19 )
5.343.7 2.04+0.005 0.92 49.35
6 52.9-95.0 2.4+0.02 0.95 20.33 80.54
127.0-268.4 2.9+0.07 0.94 10.86
7 5.1-17.9 2.1+0.007 0.97 40.42 67.65
22.3-39.3 2.6+0.04 0.94 27.23 )
8 6.1-30.9 2.12+0.005 0.98 47.74 47.74
9 3.8-18.0 2.21+0.006 0.99 75.26 9021
18.6-53.6 2.35+0.01 0.93 14.95 )
5.5-11.8 2.04+0.007 0.96 35.90
10 15.4-34.1 2.11+0.003 0.99 22.35 89.57
36.0-105.1 2.26+0.009 0.98 22.62
108.1-933.9 2.34+0.008 0.99 8.71
1 5.5-69.2 2.03+0.002 0.97 30.89 35.13
77.8-193.6 2.18+0.01 0.97 4.24 )
D 4.3-26.4 2.06+0.003 0.99 51.49 71.06
34.4-59.3 2.60+0.03 0.98 19.57 )
4.9-26.0 2.19+0.02 0.92 70.05
13 31.1-40.8 3.04+0.11 0.96 8.39 78.44
10.1-51.9 2.03+0.007 0.92 22.73
16 63.0-108.1 2.38+0.03 0.96 20.97 44.73
165.4-2318.0 2.41+0.01 0.99 1.03
17 5.8-17.7 2.11+0.01 0.95 33.05 33.05
18 7.0-30.0 2.07+0.01 0.89 28.93 6231
36.3-58.6 3.02+0.05 0.95 33.39 '
23 5.1-12.2 2.21+0.008 0.98 43.59 43.59
74

ISSN 0321-4095. Bonpocwl xumuu u xumuueckoti mexronroeuu, 2017 T. 2 (111)



Fractal characteristics of acrylonitrile-divinylbenzene copolymer and scan carbonaceous sorbent

ranges, where self-similarity was maintained, was 1
to 4 depending upon synthesis conditions of the
copolymer thus testifying the trend to “fill” the whole
pore space. Total fraction of pores Sn; with the self-
similarity of the pore space surface was within 33.05%
to 90.21% with an average value 64.35% and tended
to increase with increasing cross-linking degree and
to insignificantly decrease with increasing AP content.

According to the data obtained, the pore space
volume of AAN—DVB copolymers had multi-fractal
properties similar to the pore space surface. The
number of pore radius ranges, where self-similarity
was maintained, was 1 to 4 depending upon synthesis
conditions of copolymer. Fractal dimension of the

pore space volume varied from 1.95%+0.13 to
2.99+0.002. Total fraction of pores Zn, with self-
similarity maintenance was 6.38% to 87.84% with
an average value 48.52%. Total fraction of pores,
where self-similarity was maintained for the pore
space volume, tended to increase with the increase
of cross-linking degree and AP content.

Porous and fractal properties of the carbonizate
of AAN—DVB copolymer and SCAN carbonaceous
sorbent

The effect of carbonization and activation on
the change of porous and fractal properties was
studied relatively to preparation of a pilot sample of
SCAN-30 carbonaceous sorbent. Sample No. 13

Table 3

Fractal dimensions of the pore space volume for AAN—DVB copolymer

Sample Pore radius range, | Fractal dimension RMS deviation R> Fraction of total volume Total fraction
nm dy ny, % Xny, %
6.6-87.3 2.31+0.03 0.98 8.33
1 103.2-226.3 1.96+0.01 0.99 45.0 78.33
244.0-315.9 2.6340.05 0.95 25.0
2 42.2-128.5 2.954+0.02 0.89 6.38 6.38
3 43.2-62.8 2.354+0.03 0.98 19.57 19.57
8.7-12.8 2.26+0.012 0.99 5.26
4 24.2-41.1 2.62+0.05 0.92 18.42 31.57
44.2-803.5 2.984+0.006 0.90 7.89
5 54-32.5 1.934+0.07 0.98 10.71 35.71
78.7-109.9 2.13+0.08 0.92 25.0 '
6 11.0-43.7 2.18+0.09 0.95 7.69 1231
183.6-9010.2 2.934+0.004 0.95 24.62 )
9.9-22.3 1.93+0.06 0.98 8.16
7 45.6-56.7 2.02+0.03 0.99 14.29 44.89
58.2-99.4 2.7+0.02 0.96 12.24 '
118.6-10255.1 2.98+0.001 0.98 10.20
8.0-32.4 2.340.03 0.98 16.95
8 61.6-89.0 2.15+0.05 0.95 25.42 45.76
94.1-123.8 2.87+0.01 0.98 3.90
6.8-26.7 2.04+0.02 0.99 28.79
9 33.1-177.1 2.54+0.007 0.99 46.97 81.82
226.3-1859.7 2.98+0.007 0.86 6.06
10 5.9-134.3 1.97+0.02 0.98 41.89 37 84
148.1-3363.1 2.78+0.005 0.99 45.95
7.9-51.2 2.74+0.04 0.90 4.92
11 69.2-598.4 2.2440.01 0.98 62.30 80.33
718.9-2648.9 2.89+0.007 0.98 13.11
6.4-34.4 2.16+0.04 0.99 12.28
12 92.6-178.4 2.72+0.04 0.84 15.79 2807
13 5.5-37.4 2.22+0.06 0.94 38.46 38.46
16 33.2-63.0 1.95+0.13 0.98 3.64 798
165.4-2318.0 2.99+0.002 0.96 3.64 '
54.5-81.3 2.24+0.08 0.90 21.92
17 112.8-304.4 2.95+0.008 0.92 5.48 2740
63.5-80.7 1.99+0.06 0.96 16.67
18 89.3-125.7 2.75+0.02 0.93 8.97 28.20
179.7-212.8 2.85+0.03 0.94 2.56
17.4-49.8 2.37+0.03 0.95 35.53
23 56.7-163.2 2.85+0.01 0.93 14.47 >0.00
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(15% DVB, 0% CCl,, 30% AP) of AAN—DVB
copolymer was taken as a source. Copolymer was
thermally treated in inert environment in a rotating
furnace; carbonizate was activated by water steam
in a fluid-bed furnace [15]. Porous characteristics of
prepared samples are stated in Table 4 and Fig. 3.
Table 4
Porous characteristics of AAN—DVB copolymer,
carbonization product on its basis and SCAN-30
carbonaceous sorbent

Total pore| Specific [Average effective
Sample volume, | pore area, pore radius,
cm’ g’1 m* g’l nm
13 0.55 55.49 19.9
Carbonizate| 0.42 57.03 14.6
SCAN-30 0.59 79.0 14.9

During the initial copolymer carbonization,
total pore volume and average effective pore radius
decreased within (0.55 to 0.42) cm’g™' and within
(19.9 to 14.6) nm correspondingly; at the same time,
specific pore area insignificantly increased from
55.49 m?g' to 57.03 m?g~'. During activation, total
pore volume and specific pore area increased to
0.59 cm’ig™! and 79.0 m2g~'. Pore prevailing radius
was within (3.7 to 10) nm and (20 to 90) nm for
carbonizate and (3.7 to 20) nm and (30 to 200) nm
for carbonaceous sorbent.

We have also obtained the similar results for
pilot sample of SCAN-40 sorbent [11,15], where

total pore volume increased during its production
from 0.62 cm’lg™' (AAN—DVB copolymer) to
0.49 cm?g~"' (carbonizate) and 0.64 cm?g'
(SCAN-40). At the same time, sorption volume of
pores measured by benzene increased from
0.15 cm?g™" (carbonizate) to 0.46 cm’ig™! (SCAN-40)
due to formation of micropores. Pore prevailing radius
for carbonaceous sorbent was (25 to 150) nm.

Tables 5 and 6 contain fractal dimensions of
the pore space surface and volume for AAN—DVB
copolymer, carbonizate and SCAN carbonaceous
sorbent.

During copolymer carbonization, the range of
pore radius with maintaining self-similarity of the
pore space surface increased from 40.84 nm to 53.66
nm; at the same time, total fraction Xn, was almost
the same. Activation resulted in formation of multi-
fractal structure, increasing pore range (up to 170
nm) with maintaining fractal properties; and Zn,
attained 96%.

Carbonization resulted in the increase of the
pore radius range, where self-similarity of the pore
space volume maintained, from 37 nm to 76 nm
and formation of multi-fractal structure; it was the
same as for the fractal dimension of the pore space
surface. At the same time, total fraction >n, was
almost the same and equaled to 37% to 38%.
Activation process resulted in the further expansion
of pore radius with maintaining fractal properties up
to 215 nm; in this case, total fraction attained ~70%.

The results obtained show particularities in

dv/d(lg rx10%, em’g(nm™)  Vx10°, cm’g’ dVid(lg rx 10, cm*g{(nm)

V10, em’g! dvid(lg ryx10°, em’g(nm") VxI10%, em’ g’
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\ )
it
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1
200 q gl 1000 100
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Fig. 3. Integral and differential distribution curves of pore volume per radius for AAN—DVB copolymer (a), carbonizate (b) and
SCAN-30 carbonaceous sorbent (c)

Table 5

Fractal dimensions of the pore space surface

76

Sample Pore radius range, | Fractal dimension |RMS dezviation Fraction of total | Total fraction

nm d; R surface ng, % xnyg, %

13 4.9-26.0 2.19+0.02 0.92 70.05 7844
31.1-40.8 3.0440.11 0.96 8.39

Carbonizate 3.8-53.7 2.2440.003 0.99 81.45 81.45
3.7-29.9 2.23+0.005 0.97 85.34

SCAN-30 31.9-80.9 2.84+0.01 0.99 10.50 96.12
122.9-169.6 3.04+0.08 0.98 0.29
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Fractal dimensions of the pore space volume

Table 6

Sample Pore radius range, | Fractal dimension | RMS deZViation Fraction of total volume | Total fraction
nm dy R ny, % Zny, %

13 5.5-37.4 2.2240.06 0.94 38.46 38.46
6.3-12.1 2.05+0.02 0.99 12.82

Carbonizate 13.4-27.7 2.574+0.01 0.98 11.97 36.76
43.3-75.7 2.77+0.03 0.82 11.97
9.1-29.9 2.61+0.006 0.99 15.49

SCAN-30 31.9-117.1 2.49+0.012 0.97 46.48 69.72

122.9-214.8 2.86+0.015 0.92 7.75

changing in porous structure of AAN—DVB
copolymer and its fractal characteristics depending
on synthesis conditions and effect of heat treatment
during carbonization and activation. They may be
used during preparation of synthetic carbonaceous
sorbents with preset physical and chemical
characteristics.
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FRACTAL CHARACTERISTICS OF ACRYLONITRILE-
DIVINYL BENZENE COPOLYMER AND SCAN
CARBONACEOUS SORBENT
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The paper deals with the measurement of fractal dimension
for the acrylonitrile — divinyl benzene copolymer prepared with
alkylate petrol and CCl, pore formers, copolymer carbonizate and
SCAN carbonaceous sorbent based on the mercury porosimetry results
and using fractal analysis. It is found that copolymer has meso- and
macroporous structure, which parameters have been determined by
synthesis conditions. The pore space surface and volume of the
copolymer have a multi-fractal structure. The number of pore radius
ranges, for which the self-similarity of the pore space surface and
volume is maintained, is from 1 to 4. Fractal dimension change
within the range of 2.03+0.002 to 3.04%0.11 for the surface and
within the range of 1.95%0.13 to 2.99+0.002 for the volume of pore
space. It is shown that 33.05 to 90.21% of the surface and 6.38 to
87.84% of the volume for pore space have fractal properties depending
upon copolymer synthesis conditions. The changes of fractal properties
in the course of copolymer carbonization and activation are defined.
Multi-fractal structures are formed in the pore space surface and in
the volume of carbonizate and carbonaceous sorbent. An increase of
the pore radius ranges, where self-similarity is maintained, is also
observed.

Keywords: acrylonitrile-divinyl benzene copolymer; car-
bonizate; carbonaceous sorbent; porous characteristics; fractal
properties.
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