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Abstract -~ The specificity and selectivity of polymeric methacryla-
Te sorbente is comparatively readily regulated by changing the che-
mical nature of the surface in the process of synthesis and modifi-
cation. DPorous copolymers obtained by copolymerizsiion of 2,3-epo~
xypropy lmethacrylate with the resulting modification by various ami-
nes and amino alcohols have been investigated. The geometric struc-
ture of the sorbent has been studied by using various methods, the
dependences of the structure parameters on different factors being
established. The thermodynamic characteristics for the adsorption
of organic substances which are used to test for various types of
intermolecular interactions were determined by the method of gas-
chromatography. The thermodynamic characteristics of adsorption of
benzene derivatives from non-polar and polar eluents on the polymers
containing different functional groups were determined by the method
of HPLC. The method of frontal chromatography and the static vacuum
method were used to study the range of the average covering of the

surface., _The re%ularities in the effect of the quantity and the na-
ture of the funcftional groups on the adsorption of sulfur and carbon
dioxides have been found.

INTRODUCTION

Development of chromatographic and adsorption methods is closely connected
with the production of new sorbents responsive to much higher requirements.
Thus they are supposed to be spheres (granules of a narrow fractional com-
position of various size), %o be stable in various media, thermally stable
and selective towards certain compounds. Polymeric sorbents fully comply
with these requirements. A choice of monomers allows the regulation of
their thermostability and resistance to the effect of acids and alkalis.
Since the chemical nature of the polymer surface can be readily varied by
bonding various functional groups, it is possible to obtain the sorbents
which selectively adsorb the required component of the mixture to be ana-
lyzed. Moreover, the copolymerization reactlon carried out in the medium
of inert solvents end containing different amounts of cross-~linking agent
makes it possible to change and adjust the spatial structure of the result-
ing three-dimensional network of the polymer and to obtain sorbents of va-
rious porosgity.

Methacrylate~based copolymers containing reactive epoxy groups readily
undergo chemical modifications. Therefore they are found to be very pro-
mising for their application in chromatography and adsorption requiring
regulation snd adjustment of thelr adsorption and selectivity properties.

I. SYNTHESIS OF METHACRYLATE COPOLYMERS AND THEIR
MODIFICATIONS

For the synthesis of chemically active polymers were used macroporous copo=-
lymers of 2,3-epoxypropylmethacrylate (EPMA) or 2,3~epithiopropylmethacry-
late (ETPMA) with ethylenedimethacrylate (EDMA) obtained in the process of
suspension radical polymerization with various amount of monovinyl monomer
and various ratioc between the solvent and the precipitator in the inert
phase (of cyclohexanol and dodecanol) (ref.1). The following sbbreviation
was used to designate the geometric modifications of methacrylate porous
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Table 1. Modification of the copolymer EPNA-EDMA with amines,
Reaction conditions: copolymer 10 g, amine 30 ml, temperature 80°C,
time 6 hours

1T R! R Reagent I

a ~H -H ammonium

b -H - (CH,) ,NH ethylenediamine

c - -(ou) avmfor,) W,  diethylenetriamine

d -H -(CHE)EOH 2-hydroxyethylamine

e --CH3 -CH3 dimethylamine

big ~-(CH,),0H -(CH,),OH di=-2=-hydroxyethyl-
2°2 272 amine

copolymers TPMA-EDMA: the part of APMA in a mixture with EDHA-the ratio
cyclohexanol/dodecanol, ZFor example, porous polymer 40-91/9 was obtained
with 40% ZPMA with the ratio of cyclohexanol/dodecanol equal to 91/9. Copo-
lymers contain reactive -CHQQH groups which react with amines and amino
alcohols according to the s heﬁe:
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ll. CHARACTERISTICS OF THE GEOMETRIC STRUCTURE AND ITS
DEPENDENCE ON VARIOUS FACTORS

Application of various methods for characterizing the porous structure. The
properties or polymeric sorbents are defermined by both chemical properties
of their surface and the geometric structure. The possibility of applicat-
ion of adsorption methods and the method of mercury porosgimetry for study-
ing the porosity of such "non-rigid" structures as porous polymers includ-
ing polymers of methacrylate type has been studied (ref.2). Specific sur-
face areas of the samples were measured using the dynamic method of thermal
nitrogen desorption.,. Mercury porograms were obtained in the range of pres-
sures from 0.2 to 10° kPza, which made it possible to determine the pores of
8 nm and higher in diameter (ref.2). The isotherms of the vapour adsorption
were measured with the use of the Mac-Bgn—Bakr vacuum balance on the sample

predominantly pumped out at 70°C to 10 “kPa. Terfluoro-n~octane (n'C8F18)

in which polymeric sorbents practically do not swell was used as adsorbate
(Fig.1) (ref.3). The same polymeric samples were used to measure the sorpt-
jon.isotherms of cyclohexane vapour in which polymers partilly swell (irre-
versibility of the isotherm at low p/po). The pore volume was also determin-
ed by weighing the centrifuged sample of the polymer after filling the po-
res with Iiquid cyclohexane. The investigations (ref.2) have shown that

the values of the specific surface ares SC 7 are near the values of SN ,

though the former are considered as evalua%iﬂg ones gince the energy con=
gtant of the equation BET in this case is small (refs.2,3). The fact that
the surfaces of the adsorption film S'C 7 formed at the beginning of the

capillary condensation (ref.4) and SC F8 1gractically coincide ag well ag
the fact that the S values measured w1tﬂ8respect to the adsorption of a
small nitrogen molecule and rather a large 08F18 molecule are also close to
each other indicate that micropores are absent in the samples. The SHg

value in some cases exceeds the S value taken from adsorption data. There
is a probability that these samples contain a sufficient amount of pores
with narrowing (broadening).

A comparison of the pore volumes measured according to the amount of mercu-~
ry impressions and the amount of n'08F18 and cyclo-C6H12 vapours adsorbed

by the polymers at p/po=1 ghows that, firstly the valueg of VC 7 and
VC H practically coincide despite certain swelling of the polgmggs in the
cyglaﬁexane vapours (Fig.1) and, secondly, VHg>vV, though this difference

does not exceed 0,1 cmB/g. The latter fact shows that the gorbents under
gtudy do not contain any significant amount of pores with d > 200 nm.
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Thus it follows that the adsorption method (using adsorbates in which poly-
mers practically do not swell) and the mercury porosimetry method for the
determination of the pores size and volumes produce compatible results for
the polymers containing the pores with 4 up to 200 nm. In (refs. 5,6), to
characterize the porous structure of EPMA-FDMA copolymers the gel permeat-
ion chromatography (GPC) was employed along with the electron microscopy,
mercury porosimetry and nitrogen sorption. It has been shown that the cha-
racteristics of the porous structure differs in the dry state and in the
swollen state: the average pore dlameter measured according to mercury po-
rosimetry is greater than that determined by GPC. The investigation of the
morphology of EPMA-TDMA copolymers by the method of scanning electron micro-
scopy (ref.7) has shown that the copolymers consist of two types of spheric
micro particles, namely, the primary particles, nodules 10 nm in size Wwhich
explains the large 3 of copolymers), which form aggregates to yield the se-
condary particles, globules. The character of aggregetion of micro partic-
les on the surface substantially differs from that inside the globules. The
micro particles on the surface and in the globule volume are of the same
size, however, they form more compact aggregations on the surface. The po-
re size in the surface layer (approximately 0.1 mkm) is much smaller than
the pore size in the volume. According to the authors (refs. 8,9) the sur-
face layer of the globules consists of mobile polymeric chains.

Regulation of the porous structure., The dependences of SN and V on the

amount of the cross-linking egent EDMA and cyclohexanol arg given in Fig.2
for the FPMA-IDMA copolymers (ref,10) and the copolymers of 2-hydroxyethyl-
methacrylate HEMA-IDMA (ref.11). The figure shows that the majority of the
copolymers under study exhibit developed porosity. The specific surface
area of the polymers increase with an increase of the amount of the cross-~
linking agent. The pore volume of EPMA-EDMA copolymers increases with an
increase of the EDMA part from 10 to 20%, but with a Purther increase of
the EDMA part up to 60% changes negligibly. The same dependences of the
specific surface area and the pore volume on the content of the cross-link-
ing agent and on the composition of the inert mixture were established for
copolymers of methylmethacrylate (MMA) with ©DMA, MMA and HEMA with EDMA,
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akrylonitrile (AN), HEZMA with ZDMA (refs.11,12), ITPIA with ZDMA (refs.13,
14), copolymers of styrene and divinylbenzene (ref.15), vinylpyridine and
divinylbenzene (ref.15), which indicates that these regularities are com-
mon for all types of macroporous polymers., The introduction of ionogenic
groups into monomers substantially affects thelr abllity to be solvated by
certain solvent, the rigidity of the polymer network and, consequently, the
polymer porosity. The more polar the comonomer, i.e. in the series IMA<
HIMA < AN (ref.12), the more pronounced is & decrease of S and V of metha-
crylate terpolymers with an increase of the comonomer content. In other
words, the more polar the monomer, the less ig the porosity of the result-
ing copolymer, which is due to the differences in the copolymerization ra-
tes affecting the composition and the texture of copolymers. The effect of
the changes in the copolymers structure after involvement of various funct-
ional groups was studied for the EPMA-LEDMA copolymers. Amination with
ammonium leads to a growth of S, while amination with amines, on the cont-
rary, resulte in a decreage of S of the polymer as compared with S of the
non~modified copolymer, however, in the case of high crosslinked polymers
this decrease is negligible (ref.10). Amination of the copolymer results
in a growing globule size, especially in the case of large molecules of the
aminating agent, which manifests itself in a decrease of S and V. Vhen the
APMA-~-EDMA copolymers are sulfurized the polymeric structure changes marked-
ly. S and V decrease, this effect being especially pronounced in the case
of high crosslinked polymers (refs. 15,16). Consequently, the polymer-ana-
logous conversionsg lead to noticeable changes in the porousg structure of
copolymers. These changes depend on the basicity of the ionogenic groups
being introduced and the porosity of the original copolymer.

. INVESTIGATION OF THE CHEMICAL PROPERTIES OF THE POLYMER
SURFACE BY CHROMATOGRAPHIC METHODS (the range of initial
surface covering)

The application of chromatographic methods with the use of high-sensitive
detegtors for studying the surface chemigtry of sorbents and the interact-
ion of the latter with the adsorbed molecules allows one to carry out the
investigation of the conditions at which the concentration of the adsorbate
molecules in the volume phase and on the sw face area 1s go small that the
adsorbate-adsorbate interaction can be possibly neglected. As =dsorbates
it is feasible to choose the molecules capable of various intermolecular
interactions, such as, dispersion, orientational oneg, and also capable of
forming T -complexes, hydrogen bonds.

Thermodynamic characterigtics of organic substances adsorption. Gas~adsorpit-
ion chrometography. The piloneer investigations concerned ZPMA=DI'A copoly-
mers with varioug gmounts of ZDMA (ref.17). The polymers under study had

S from 44 to 434 m“/g, their thermal gtability slightly changed with an in~
creaging content of EDMA and was equal to 207-223°C. The dependence of the
retention volumes (relative to pentane) 05 various compounds from S (refs.
7,17) shows that in the range up to 200 m“/g the retention of non~-specifi-
cally adsorbed substances increases, while the retention of specifically
adsorbed substances decreases with the increase of 3. Analogous dependen-
ces were obtained for ETPMA-~TDIA and EPMA-EDMA copolymers (ref.714). Fig.3
shows the dependences of InKy (K1=Vs=Vg/S -Henry constant) of various sub-

stances oa S polymers. As in the case given in (refs. 7,17), with an in-
crease of S the retention of n-hydrocarbons increases sharply with increass-
ing of the molecule length. The retention of specifically adsorbed molecu=
les decreases with an increase of S. The following interpretation of the
observed dependences was proposed: when the molecule lengthens in the order
of one or a few CH,~groups, the contribution of non-specific interactions
with the surface ificreases, and, consequently, the retention of n-hydro-
carbons increases with an increase of 3. A decrease in the retention of
specifically adsorbed molecules indicates a decreasing amount of poler
groups of adsorbents. The dependence of the Rohrschneider constants on S
shows that with an increase of the polymers S their polarity decreases in
accordance with the decreasing amount of the functional (epoxy- or epithio-
groups.

The chromatographic properties of methacrylate polymers are greatly affect-
ed by the conditions of predominant thermal treatment (ref.18). Thermal
treatment of polymers results in a shorter time for analysis and a change
in the selectivity of the sgeparation of ceritain mixtures, which ig explain-
ed by conformational changes in the polymeric chains.
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A promising direction in the regulation of selectivity and polarity of po-
lymeric sorbents is found to be thelr modification which can be attained

by using various monomers or by conducting chemical reactions with copoly=-
mers, In {(refs.12,19) there were studied chromatographic properties of the
sorbents obtained by copolymerizestion of various monomers, namely, MIIA-EDMA,
MMA-GMA-TDMA, AN-GMA-EDMA. The least polar copolymer was found to be ITA-
ZDMA, the most polar was AN-GNA-EDMA, the polarity of the latter increases
with a decrease of the content of the crogslinking agent. Comparison of the
gas-chromatographic properties of copolymers IPMA~IDMA =nd ETPHA-EDFA of
close geometric structure hag shown that the adsorptive capacity of the
gulfur~containing polymer with regard to the studied substances of different
nature is higher than that of oxygen-containing polymer, which is due %o
higher polarizability of the sulfur atom (ref.14). The retention of speci-
fically adsorbed substances on the ETPMA copolymer decreases with an in-
crease of S, while on the EPIA copolymersg with large S the retention is in-
creasing due to an increasing contribution of dispersion interactions (Fig.
3). The effect of the hydrocarbon part of the molecules on their retention
is more pronounced in the cage of oxygen-containing polymers. Therefore,
the specific interaction on the polymers contalning sulfur plays a more im-
portant role than on the polymers containing oxygen in the functional group.
The presence of the reactive epoxy group in the copolymers EPIIA-EDMA allows
a comparatively ready performance of their chemical modifications and pro-
duction of sorbentes of various polarity. The polymers containing butyl,
dodecyl, hexadecyl, nitrile and amino groups were also investigated (ref.20)
The least contribution of digpersion interactions upon adsorption of all
the substances under investigation is observed for the polymer containing
hexadecyl groups. The greatest contribution of specific interactions was
observed for a sample containing amino groups. For all the polymers consi-
dered, the Rohrschneider comstants (ref.20) were maximal for nitromethane,
that 1s, in all the cases the predominant interection was found to be ori-
entational one. All the sorbents studied, with the only exception of the
copolymers with IMA, to a great extent are able to form hydrogen bonds,
which is manifested by high values of the constants for ethanol. The copo=-
lymer MMA-EDMA 1s the least polar, the copolymers GHA-AN-IDMA and 7PMA-ZDMA
with NHZ groups are the most polar.

Thermodynamic characteristics of organic substances adscrption. Ligquid chro-~
matographz. As adsorbents, the porous polymers are of particular interest
also in liquid chromatography since they can be employed both with non-polar
and polar eluents, For LC, the porous polymers baged on GMA, styrene, akry-
lonitrile and divinylbenzene, 2-hydroxyethylmethacrylate(spherones) are

used (refs. 21,22).

The copolymer EPHA-EDMA containg the epoxy groups and is classed with sli-
ghtly specific adsorbents of type III (according to classification given in
Ref, 23), for the negative charges are_locally concent§ated on its surface.
A macroporous sample 60-91/9 (S = 55 m/g, V = 1.5 cm3/g, d= 106 nm)
(ref.21§ was employed in LC., The capacity factorg ki and relative
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(towards benzene) changes of adsorption free energy af(aF) = -RTln(ki/kc g
of benzene Qderivatives were measured. The dependences of lgki and A(Agg

on the number of carbon atoms in the polymethylbenzene molecules (PMB) and
monoalkylbenzene molecules (MAB) (eluent-n-hexane) show that the retention
of MAB decreases, the retention of PMB whilst with an increage of the
electron density on the benzene ring at first decreases from benzene to
mesitylene and only at n>9 the retention is observed to increase. Such

a behaviour is due to the relationship between non-gpecific intermolecular
interaction with the eluent and the weak specific and non-specific inter-
action with the adsorbent.

The order of retention of the benzene derivatives having polar substituents
on EPMA-EDMA is drastically different from the retention on silica gel with
hydroxylated surface (eluent-n-hexane) (ref.,21). A linear dependence of
retention on the dipole moment value y of the adsorbate molecule is
observed on the polymer (Fig.4), which indicate a substantial contribution
of the electrostatic orientational interaction of the benzene derivatives
with the oxygen groups on the polymer surface with the exception of anili-
ne, phenol and benzyl alcohol, that is, the substances able to form hydro-
gen bonds.,.

Also are studied in LC the copolymers EPMA-EDMA modified by dimethylamine
(ITe), di-2-hydroxyethylamine (IIf), diethylenetriamine (IIc) (Table 1)
(ref.24). Upon elution with n-hexane, the relative retention of polar aro-
matic derivatives on the polymers studied increases from anisole to benzo-
nitrile and aniline, which is due to an increasing contribution of the spe-
cific interaction of polar adsorbates with the polymer functional groups

to the total energy of interaction. When the water-isopropanol mixture is
used as eluent, the relative retention of the polar derivstives increases
in the order from aniline to toluene. Thus, the polymers containing amino
and hydroxyl groups exhibit unusual and interesting regularities of retent~
ion of the polar derivatives of benzene {(both with non-polar and polar
eluents), which makes a complicated separation of complex mixtures quite
possible,
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IV. INVESTIGATION OF THE CHEMICAL PROPERTIES OF THE POLYMER
SURFACE BY ADSORPTION METHODS (the range of average surface
covering)

The previous chapter was devoted to the consgideration of the range of a
small (practically zero) covering of the surface when the intermolecular
interactions can be neglected. As to the range of large surface covering,
the interaction substantially affects the adsorption characteristics. Acid
gases, such asz, dioxides of carbon and sulfur, are found to be convenient
adgorbates for studying the chemical properties of the polymer surface.
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The adsorption in the range of average surface covering was investigated
by uvsing the static volume method and the method of frontal chromatography
(ref.15). According to the first procedure, the adsorbent was pumped out
prior to measuring under 10~3 kPa at T0-100°C, and in the second case it
was heated in the inert gas flow (nitrogen or helium) at 70-~100°C,

The effect of the functional groups nature on the adsorption of gases. The

adsorption of carbon and sulfur dioxides by the MA~EDMA copolymers modi-
fied by various amines and amino alcohols has been studied (refs.10,25).
The polymers containing one or several ternary groups as well as the poly~
mers containing one amino group with ethanol substitutes practically do

not adsorbed CO,. Involvement of primary or secondary amino groups in the
polymer resultsin a marked increase of the CO, adsorption. The greatest
values of the CO, adsorption are exhibited by %he polymers containing =
combination of géveral primary and secondary amino groups. On the contra-
ry, in the case of 50,, all the polymers adsgorb SO, in considerable amounts,
the polymer containiné one ternary nitrogen atom in the functional group
exhibits the maximal capacity with respect to SO,. The capacity of this
polymer exceeds that of the polymer containing s&veral nitrogen atoms in
the functional group (Fig.5).

The effect of the amount of functional groups on the adsorption of gases.
The amount of functional groups is regulated by chenging the monomer-cross-
linking agent ratic. Therefore, modified FEPMA-EDMA copolymers (IIa,b,c,d,D
of different geometric structure have been studied (Fig. 6). It was only

O @ ~(51-CRy-DNN-CHy -0,
8t Ty WOy gl W,
oA -g-mrm-mz-az-m
vv -g-mz-l-mfmz-m,
6 L -

50 160 150
specific surface area, mPg!

Pig. 6. The dependences of the sorption capacity towards
S0, (at p= 2 kPa) (o0, A, ¥ ) 2nd the content of amino

%roups (@, A, ¥ ) in the polymers IIc (0, @ ), II d
A, A ), IIf (v, w ) on the specific surface area.

natural to expect that, similar to the gas adsorption by styrene~divinyl-
benzene anionites containing analogous functional groups and exhibiting

analogous adsorption of organic substances (chapter III), the CO, and 302
adgorption values would grow with an increase of the amount of functional

groups in the polymer. However, the values of 30, adsorption by methacry-

late polymers lncrease with an increasing smount of the crosslinking agent
(an increase of S), in other words, with a decreasing amount of functional
groups. The dependence found can be resulting from the fact that in the
case of weakly crosslinked polymers the pore volume is small and, consequ-
ently, the majority of functional groups is not accessible for the adsorb-
ing 802 molecules. When the amount of the crosslinking agent increases

(S increases), the number of functional groups decreases but their acces-
gibility increases due to an increase in the volume and size of the pores.
In other words, the dependence obtained show that with an increase of S
the concentration of the accessible surface functional groups increases.
The ability of polymers to regeneration is an important factor for the
discussion of the gas adsorption mechanism. The work (ref.25) has shown
that all the polymers investigated are completely regained from COp by
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evacuation at 70-90°C. The CO, adsorption mechanism resulting in the format-
ion of carbamate complex is saggested following the analogy with the styre-
ne-divinylbenzene anionites (ref.15). The study of the golymer regeneration
from SO, has shown that in the case of the polymers modified by ethylenedi-
amine aﬁd diethylenetriamine probably there formed a sufficiently stable

adsorption complex of the S0, molecule with two amino groups similar to the
carbamate compound (ref.25).  Introduction of hydroxyl groups decreases the

basicity of the amino groups situated nearby, the SO, interaction with the
functional groups weakeéns, which results in a much e§s1er regeneration of

the polymers.

V.CONCLUSION

The investigation of the porous structure of the polymeric methacrylate sor-
bents by various methods has shown that these sorbents have high porosity.
The porous structure is readily varied by a change in the content of the
crosslinking agent and the composition of porogenic mixture. The macroporous

structure practically remaing intact in the process of modification by var-
ious organic compounds, while the polarity of the sorbents changes. The in-
vestigation of the surface chemistry of the polymers containing epoxy and

epithip %roups has shown thal the retention of non-specific adsorbing or% -
nic substances increases with an increase of the specific surface area. In
this case, the retention of specifically adsorbed substances decreases in-

dicating the decreasing amount of polar %roups, In the case of adgorption
of polar molecules, the orientational interaction as well as the formation

of hydrogen bonds contribute greatly to the process. The effect of the na-

ture and the amount of functional groups on the adsorption of acid gases was
established. The promising future for the application of polymers in the ad~
gorption and chromatography has been demonstrated.
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