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SYNOPSIS 

Weakly acidic gases such as C02, SO2, NO2, and NO discharged directly into the atmosphere 
have been suggested to contribute to the formation of acid rain and to global climate 
changes. In an  effort to develop an  effective process by which to remove these pollutants 
from gas streams, we synthesized polymeric sorbents that bind acid gases. In an earlier 
work, we reported that polymers carrying pendant amine groups are capable of absorbing 
carbon dioxide to form thermally reversible amine/C02 addition products. In this study, 
we investigated the effects of amine structure on acid gas sorption and the thermal re- 
versibility of the sorption-desorption reactions of various acid gases including COB, SO2, 
NO, and NO2 with both linear and cross-linked polymers using thermogravimetric analysis. 
0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

General public awareness concerning the protection 
of our environment has created the need to devise 
environmentally friendly and energy-efficient tech- 
nology for the clean up of industrial gas streams. In 
addition, acidic gases such as C02 and SO, can act 
as poisons for various catalyst systems and thus 
must be removed from certain process streams. More 
than a century ago, Fileti and Puccini' reported that 
carbon dioxide reacts readily with strongly basic 
aryl-alkylamines to form products that they believed 
to be carbonates. From more recent investigations, 2-8 

it is generally accepted that the reaction of COP and 
amines can form either the zwiterion or ion/coun- 
terion products, depending upon the stoichiometry: 

Formation of a zwiterion: 

RlRpNH + C02 * RlRzNH' COO- 

Protonation of amine: 

RlRzNH+ COO- + RlRzNH S 

RiRzNCOO- RIRzNHg 

* To whom correspondence should he addressed. 
Journal of Applied Polymer Science, Vol. 53,857-875 (1994) 
Q 1994 John Wiley & Sons, Inc. CCC 0021-8995/94/070857-19 

In the late 1950s and early 1960s, Drago and 
Paulikg reported that NO can behave as an electron- 
pair acceptor and thus can form NO/amine adducts 
whose thermal stability is a function of the basicity 
of the amine." It is therefore conceivable that one 
could generate amino-functional polymers that 
would absorb not only C 0 2  and NO, but also other 
Lewis acid gases such as NOp and SO,. 

Regeneratable polymeric sorbents for acidic gases 
can provide several advantages in industrial appli- 
cations because they are environmentally benign, 
relatively stable, easy to handle (low density), and 
recyclable and can be regenerated under mild process 
conditions. In addition, the ability to prepare porous, 
cross-linked materials maximizes both the rate and 
ultimate capacity for sorption, significantly en- 
hancing the potential of these materials for indus- 
trial applications. Our previous studies ''-I3 showed 
that linear copolymers of styrene carrying pendant 
amino groups readily fix C02 at ambient conditions, 
reverting to the original amino polymer via a mild 
heat treatment. Recently, Tsuda et al.148'5 reported 
on a wet process whereby amino-functional silica 
gels, suspended in N,N-dimethylformamide and in 
water, absorbed carbon dioxide effectively and re- 
versibly. The dry-process polymeric sorbents pre- 
pared for this study were synthesized via chemical 
modification of a polymeric precursor using the fol- 
lowing methods: 
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Figure 1 Scheme for synthesis of amino-functional, linear, and cross-linked polymers. 

Amination of a series of styrene-co-vinyl- 
benzylchloride (S-VBC) copolymers to pro- 
duce linear amino-functional materials'6-18 
with various amine contents and structures. 
Solution polymerization of divinylbenzene- 
vinylbenzylchloride (DVB-VBC ) and divi- 
nylbenzene-styrene-vinylbenzylchloride 
( DVB-S-VBC ) systems resulting in a cross- 
linked polymer network (Fig. 1 ). Ethylene- 
diamine (EDA) was then used to function- 
alize the precursors and thus produce EDA- 
functional, porous cross-linked beads. 

EXPERIMENTAL 

Synthesis of S-VBC Copolymers 

Styrene and VBC (70% meta, 30% para) from Al- 
drich were washed separately with a 0.5% aqueous 
sodium hydroxide solution to remove the polymer- 
ization inhibitors, then rinsed with distilled water 

to eliminate all traces of the sodium hydroxide. Mo- 
lecular sieves were added to the monomers, which 
were then stored at 4°C. Prior to polymerization, 
the monomers were distilled twice under vacuum 
(700 mmHg), at 40°C for styrene and 90°C for VBC. 

The precursor copolymers were made in a toluene 
(Fisher) solution via free-radical polymerization 
initiated by azobisisobutyronitrile ( AIBN, Aldrich) . 
Typically, a 3000 mL, three-neck round-bottom flask 
mounted with a reflux condenser was flushed with 
nitrogen for 1 h. The reactor was then charged with 
100 mL toluene; 76.6 g (736.5 mmol) styrene; 22.5 
g (147.5 mmol) VBC, and a solution of 105 mg of 
AIBN in 10 mL of toluene. The mixture was stirred 
at room temperature for 30 min while bubbling ni- 
trogen into the reactants. The nitrogen feed was then 
shut off and the reactor was immersed in an oil bath 
preheated to 105°C. After heating €or 8 h, the co- 
polymer was recovered by pouring the solution into 
a large volume (500 mL) of methanol (Fisher). The 
precipitate was separated by filtration, redissolved 
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in chloroform (Fisher), and coagulated again in 
methanol. The product was washed with methanol 
and dried under vacuum at  80°C. 

Copolymer composition was determined by ele- 
mental analysis a t  Galbraith Laboratories, Knox- 
ville, Tennessee, and also via high-resolution proton- 
NMR (Brucker MSL300 instrument with a 5 mm 
high-resolution probe and deuterochloroform as a 
solvent). In the case of the proton-NMR analysis, 
copolymer composition was calculated from the rel- 
ative intensities of the proton signal arising from 
the chloromethyl groups of the VBC repeat units. 
Molecular weight and molecular weight distribution 
were determined by gel permeation chromatography 

(GPC) using a Waters 150-C instrument with tet- 
rahydrofuran ( Aldrich) as the carrier solvent. 
Weight-average molecular weights and polydispers- 
ities were found to range from 98,000 to 130,000 and 
2.5 to 3.2, respectively. Glass transition tempera- 
tures (T,) were evaluated with a TA 2000 thermal 
analysis system using a heating rate of lO"C/min. 
The Tg's of all the copolymers were determined from 
second scans. 

Preparation of Amino Polymers 

The alkylation reactions to produce aminated co- 
polymers were carried out in a toluene solution at 

Figure 2 High-resolution 'H-NMR of S-VBC and EDA-functional copolymers. 
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Table I Glass Transition Temperatures of Various Amino 
Polymers; Amino-functional Comonomer Mole Fraction: 0.23 

T, 
Amine Type Structure ("C) 

EDA --NH./--NH~ 92 

N-Methyl EDA -NH> NHCH3 90 

N,N-Dimethyl EDA -NH./-- N(CH& 91 

N,N'-Dimethyl EDA -N s NHCH3 79 

N,N,N'-Trimethyl EDA -N>N(CH~)~ 90 

CH, 
I 

CH3 
I 

105 
n 

-NwN-cH3 1-Methylpiperazine 

Dimethylamine --N(CHB)z 118 

30°C under nitrogen in the presence of a polymer- 
supported dialkylaminopyridine catalyst ( Poly- 
DMAP; Reillex Industries). In a typical experiment, 
5.26 g of a S-VBC copolymer (with a 30% VBC 
molar content; thus, 13.3 mmol chlorine) were dis- 
solved in 150 mL of toluene. Meanwhile, 8.92 g ( 149 
mmol) of EDA ( Aldrich) and 20 mL of toluene were 
placed in a 3000 mL, three-neck round-bottom flask 
previously flushed with nitrogen as indicated in the 
preceding section. The copolymer solution was 
added dropwise to the amine solution while stirring 
vigorously. The mixture was stirred for 48 h at 40"C, 
then heated to 80°C for 4 h. To recover the product, 
the reaction mixture was stirred vigorously with an 
equal volume of distilled water; then, the solvent 
was evaporated under vacuum and the water-insol- 
uble fraction of the amino copolymer was separated 
by filtration, washed thoroughly with distilled water 
and methanol, then dried under vacuum. Prepara- 
tion of materials functionalized with other EDA 
variants ( e.g., N,N'-dimethylethylenediamine) was 
also accomplished following the same procedure. 

Synthesis of DVB-VBC and DVB-S-VBC 
Cross-linked Beads 

The polymerization inhibitors were removed from 
the monomers as described previously. DVB (Al- 
drich, 55% isomeric mixture; remainder is mainly 3 
and 4-ethylvinylbenzene) was distilled twice at 40°C 
under vacuum ( 700 mmHg) . 

The cross-linked precursor was prepared in a tol- 
uene (Fisher) solution via a free-radical polymer- 
ization initiated by AIBN according to procedures 
described in the literature." In a typical procedure, 
a 1000 mL three-neck round-bottom flask mounted 
with a reflux condenser was flushed with nitrogen 
for 2 h. The reactor was then charged with 54 mL 
toluene, 7 mL VBC (91.2 mmol), 4.33 mL DVB (49 
mmol) ,6.96 mL styrene (60.8 mmol), and a solution 
of 20 mg AIBN in 3 mL toluene. The reactor was 
immersed in an oil bath preheated to 105°C and 
stirred vigorously for 1 h. At  the apparent onset of 
gelation, 50 mL toluene were injected into the re- 
actor and the reaction was allowed to proceed for 3 
additional h. The reaction mixture was poured into 
a large volume of methanol and the polymer was 
recovered by filtration, washed several times with 
methanol, redispersed in chloroform, and recoagu- 
lated in methanol. The product was then dried in a 
vacuum oven at 100°C. 

Preparation of Amine-functional Cross-linked 
Beads 

The cross-linked precursor beads were functional- 
ized with EDA by nucleophilic substitution in a tol- 
uene solution (40°C) under nitrogen in the presence 
of a polymer-supported dialkylaminopyridine cat- 
alyst, (polyDMAP, Riellex Industries). Typically, 
35 mL EDA (525 mmol, Aldrich) and 40 mL toluene 
were placed in a 250 mL three-neck round-bottom 
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flask previously flushed with nitrogen. The suspen- 
sion of DVB-VBC precursor (50 mL) was then 
added dropwise to the EDA solution while mixing. 
The slurry was stirred at  40°C for 48 h and then 
heated to 80°C for 4 h. To recover the product, the 
contents of the reactor were poured into a large vol- 
ume of distilled water and stirred vigorously, after 
which the solvent was evaporated under vacuum. 
The polymer, in the form of a white light powder, 
was washed thoroughly with distilled water and 
methanol, then dried in a vacuum oven at 100°C. 

The chemical composition of the cross-linked 
beads was determined by elemental analysis of ni- 
trogen and chlorine at  Galbraith Laboratories.' 
Fourier transform infrared spectroscopy (FTIR) 
(Mattson Polaris instrument) was also used to probe 
the chemical structure of the DVB /VBC precursor 
and the amino-functional product. Spectra were re- 
corded using solid samples prepared in the form of 
KBr wafers. Bead porosity was assessed by electron 
microscopy and BET surface area. 

Sorption of Acid Gases by Amino Polymers by 
Thermal Analysis 

Reactions of acid gases ( C02, SO,, NO,, and NO ) 
with polymer-anchored amines were followed using 
the Hi-Res TGA 2950 thermogravimetric analyzer 
( TA Instruments) by directly exposing the polymer 
powder to pure CO, and a series of several mixtures 
(with nitrogen) as purge gases. Because the amino 
polymers fix CO, when exposed to the ambient air, 
polymers were thermally regenerated prior to all 
sorption studies. The linear copolymers were regen- 
erated at a temperature 5°C below their Tg's in the 
TGA under dry nitrogen, while the cross-linked 
beads were heat-treated at  105°C. Equilibrium 
sorption of acid gas was considered to be attained 
when no weight change within the sensitivity limits 
of the instrument was detected within a 60 min time 
interval. 

ymer within the sensitivity limits of the DSC tech- 
nique to fine structure.12 

Linear Amino-functional Copolymers 

The nitrogen and residual chlorine (trace amounts) 
contents of the aminated copolymers as evaluated 
by Galbraith Laboratories are in agreement with the 
NMR spectra (Fig. 2 ) ,  which suggest quantitative 
conversion to amino-functional copolymers. The 
glass transition temperatures of the amino-func- 
tional copolymers were found to be a function of 
amine structure, as shown in Table I, and amine 
content as indicated in Figure 3. As can be seen in 
Figure 3, low amounts of the EDA-functional co- 
monomer act to plasticize the polymer, lowering the 
Tg from 101°C (polystyrene) to 80°C at 40 mol %, 
whereas further addition of the EDA-functional co- 
monomer dramatically increases the Tg, such that 
a 50/50 copolymer exhibits a Tg of 103"C, and co- 
polymers with higher functional comonomer content 

Table I1 
Cross-linked Sorbents 

Chemical Composition of the 

Bead Bead Bead Bead 
1 2 3 4 

DVB 
(mL in feed) 

VBC 
(mL in feed) 

Styrene 
(mL in feed) 

Nitrogen content 
(wt %)a 

Chlorine content 
(wt  %)a 

2 
Yb 
Zb 

Conversion 
(mol %)' 

7 

13 

0 

7.8 

0.7 
0.42 
0.03 
0.55 

93 

7.5 7 7 

10 3 8.7 

0 0 3.5 

5.9 3.6 3.7 

1.2 0.8 0.1 
0.31 0.18 - 
0.05 0.03 - 
0.64 0.79 - 

86 86 98 

RESULTS AND DISCUSSION a Evaluated by elemental analysis. 
See structure below: 

Styrene-co-vinylbenzylchloride Copolymers 

The reactivity ratios reported in the 
for a S-VBC system suggest that this copolymeri- 
zation should proceed randomly. Differential scan- 
ning calorimetry (DSC ) measurements using the T A  
2910 system revealed a single glass transition tem- 
perature that varied predictably with copolymer 
composition, typical behavior for a random copol- 

F D A )  

' Based on the molar conversion of chloromethyl to amine- 
functional groups. 
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Figure 3 Glass transition temperature of EDA-functional copolymers. 

(60, 75, and 100%) did not show any glass/rubber 
transition within the range of -60 to 300°C. Cross- 
linking is not likely to be the origin of this Tg be- 
havior since these copolymers were soluble in tol- 
uene and no cross-linking reaction is observed dur- 
ing DSC scans. At this point, we can only speculate 
that this unusual behavior may be rationalized by a 
loss in chain mobility caused by strong electronic 
donor-acceptor interactions between the phenyl and 
amine groups. TGA measurements revealed that 
these materials undergo no weight loss up to 300°C 
under nitrogen, indicating a thermal stability com- 
parable to that of a styrene homopolymer. 

Cross-linked Amino-functional Beads 

The chemical compositions of the polymer precur- 
sors and the amino-functional cross-linked beads 
were determined via elemental analysis of nitrogen 
and chlorine. The results of these measurements 
(Table 11) indicate that as the mole fraction of the 
cross-linker ( DVB ) increases the conversion of 
chloromethyl t o  an amino-functional product de- 
creases, probably because the higher cross-link den- 

sity limits the degree of swelling of the beads by the 
amine solution. Consequently, styrene was added to 
the network as VBC content decreased to maintain 
similar cross-link densities and thus to ensure sim- 
ilar chemical structures. Conversion of chloro- 
methyls to amino groups thus increased to near 
quantitative values (Table 11). 

Typical FTIR spectra (Fig. 4 )  of solid KBr/co- 
polymer wafers indicate the formation of an amine- 
functional product, as evidenced by the medium in- 
tensity doublet band centered at 3350 and 3300 cm-' 
(primary N-H stretch) and the characteristic 
C-N stretch band at 1120-1110 cm-'. Further, 
spectra of the DVB/VBC and the DVB/S/VBC 
cross-linked precursors revealed a weak medium in- 
tensity absorption band at 1630-1620 cm-' (C = C 
stretch), which indicates the presence of residual 
double bonds of DVB units incorporated into the 
polymer. These results are in agreement with the 
well-known fact that the first vinyl group of DVB 
is highly reactive (more reactive than styrene, rl 
= 1.18 and rz = 0.26 for a DVB-S system,22) whereas 
the second double bond is much less reactive. In 
fact, literature resultsz3 showed that up to 50% of 
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Figure 4 FTIR spectra of VBC-DVB and EDA-functional cross-linked beads. 

the DVB second double bonds can remain intact in 
the cross-linked product. In the case of a DVB/VBC 
or a DVB/S/VBC system, although there are no 
kinetic data to our knowledge on the reactivity ratios 
for these systems, it is, however, clear from the FTIR 
spectra that a fraction of the DVB incorporated into 
the product does not participate in the building of 
the cross-linked network but takes on the role of a 
spacer entity, as is also the case for the isomeric 
units of ethylvinylbenzene. In view of the elemental 
analysis results (Table I1 ) , the DVB / ( VBC + VB 
amine) molar ratio in the cross-linked polymer is 
higher than the DVB /VBC monomer mole ration 
in the feed, leading to the conclusion that DVB is 
also more reactive than is VBC. Thermal analysis 
of cross-linked DVB /VBC and DVB / S /VBC beads 
revealed no state transition within -80 to 300°C 
and no weight loss up to 300°C. 

Scanning electron micrographs (Fig. 5) of the 
cross-linked amino-functional beads revealed a 
highly porous texture of their polymer matrix. BET 
surface areas measured by the liquid nitrogen sorp- 
tion technique gave values in the range of 50 m2/g, 
whereas their linear counterparts averaged a value 
of 30 m2/g. 

Cyclic Sorption-Desorption of Acid Gases 

Carbon Dioxide 

Both linear polymers and cross-linked beads were 
exposed to CO, and a 14% C02/N2 mixture ( a  typ- 
ical COz concentration in combustor stack emis- 
sions) in the TGA at  various temperatures ranging 
from 25 to 105°C. In general, amino-functional 
polymers show a high affinity for COz and, thus, 
readily form addition products upon exposure to the 
gas, even to the point of absorbing C02 from ambient 
air (i.e., a t  a concentration in the 200 ppm range). 

FTIR spectra (Fig. 6)  of amino polymers exposed 
to COz showed absorption bands of carboxylate res- 
idues (a t  1650 and 1420 cm-’), whereas the TGA 
results of the linear polymers functionalized with 
various EDA variants (structures shown in Table 
I )  suggest that, on average, each primary amine 
binds 0.18 COP molecules, secondary amine 0.07 
Con’s, and tertiary amine 0.02 CO,’s. These results 
indicate that primary amines are stronger nucleo- 
philes than are secondary and tertiary amines to- 
ward Lewis acids. Thus, in general, Lewis basicity 
of amino-functional polymers increases in the fol- 
lowing order: primary > secondary > tertiary. Re- 
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Figure 5 SEM micrograph of EDA-functional cross-linked beads. 

markably, polymer-anchored tertiary amines were 
found to absorb COz, albeit a small amount, whereas 
low molecular weight tertiary amines do not form 
addition products with the gas.24 Reference runs us- 
ing a styrene homopolymer and also a S-VBC pre- 
cursor showed no weight increase upon exposure 
to coz. 

Cyclic exposure of the beads to pure C02 and sev- 
eral COz-nitrogen mixtures in the TGA showed that 

the sorption-desorption reactions are thermally re- 
versible, as also evidenced by the FTIR spectra (Fig. 
6)  of the virgin material and the exposed samples 
before and after regeneration. Further, we would ex- 
pect that deactivation of amine sites owing to ther- 
mal cycling would involve formation of urea bridges/ 
cross-links, with the concomitant loss of water dur- 
ing the reaction. FTIR spectra recorded after COz 
exposure / thermal cycling showed no signs of urea 
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Figure 6 FTIR spectra of EDA-functional linear copolymer; upper curve is film following 
several C02-sorption/ desorption cycles (identical to spectrum of virgin copolymer) ; lower 
curve is film after COz exposure alone. 

formation. In addition, analysis of the composition 
of the off-gas during thermal regeneration of the 
amino polymers (after C02 exposure) using the Dy- 
cor mass spectrometer showed no evidence of water 
production (as would be expected in the event of 
urea formation) during COz exposure/ thermal cy- 
cling. Finally, we found that the sorption capacity 
of the amino polymers does not change from one 
cycle to the next (Fig. 7) .  

The effects of the functional comonomer mole 
fraction and porosity on the ultimate C02 sorption 
capacity was determined under the same contacting 
conditions between the gas and the EDA-functional 
copolymers (both linear and cross-linked) . As would 
be expected, the porous cross-linked beads showed 
a higher COz-sorption capacity (Fig. 8) than that 
of the linear copolymers owing to a higher concen- 
tration of accessible amine sites. Further, as the 
amine content increases, the COz-sorption capacity 

increases, then starts leveling off a t  45-50 mol % of 
the functional comonomer for the linear copolymers. 
The sigmoidal shape of the curve can be rationalized 
by the fact that the COz diffusion coefficient (eval- 
uated from the TGA data using a model developed 
by Souchay and PannetierZ5) goes through a max- 
imum (Fig. 9 )  a t  40-50 mol % of the functional co- 
monomer, revealing the onset of COz barrier prop- 
erties of the adducts. 

Given that the reaction between C 0 2  and amines 
is exothermic, we would expect that the equilibrium 
sorption capacity of the polymers will decrease with 
increasing temperature, as is indeed the case 
(Fig. 10). 

Sulfur Dioxide 

Amino polymers, both linear and cross-linked, were 
exposed to a 1% SOz/N2 mixture in the TGA at 
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Figure 9 Effect of amine content on CO, diffusion through the polymer matrix. 

25°C. The results of this study showed that both RIRZNH + SO2 5 RIR2NH' SO, 
the linear and the cross-linked beads have a high 
affinity for SO2. FTIR spectra (Fig. 11 ) of the virgin 
polymers and the exposed sorbents before and after 
regeneration suggest that the SO, sorption mecha- 
nism by which the SO, adduct is formed is similar 
to that of C02, i.e.: 

where R1 and R2 = H or CH3. In support of the 
proposed scheme is the fact that polymers carrying 
tertiary amines such as N,N,N'-trimethylethylene- 
diamine (N,N,N'-TMEDA) and 1-methylpiperazine 
( 1-MPip) (no transferable proton) were also found 

Temperature (OC) 

Figure 10 C02-sorption capacity of linear copolymers vs. temperature. 
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(upper curve), exposed to SOz (middle), and after heat-regeneration (lower curve). 

FTIR spectra of linear copolymer functionalized with 1-methylpiperazine 

to absorb SOp (Fig. 12). On average, the TGA results 
showed that the linear copolymers functionalized 
with EDA, 1-MPip, and N,N,N'-TMEDA (23% 
molar of functional comonomer) bind 0.25,0.21, and 

0.20 SO, molecules per nitrogen atom, respectively. 
Surprisingly, unlike the CO, sorption process, the 
SO, ultimate sorption capacity increases linearly 
with amine content (Fig. 13) .  Further, amino poly- 
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Figure 13 SO,-sorption capacity of EDA-functional copolymers vs. amine content. 
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Figure 14 Cyclic SO, sorption/desorption using a tertiary amine-functional copolymer. 

meis exhibit a much higher affinity for SO2 than for 
C02 (Fig. 13) ,  owing, presumably, to the stronger 
Lewis acidity of SO,. The SO2 addition products 
formed with the primary, secondary, and tertiary 
amino-functional polymers were found to dissociate 
slowly under nitrogen at  ambient conditions. The 
dissociation of the adducts may be accelerated by a 
mild heat treatment. Cyclic exposures to SO2 in the 
TGA showed that the sorption-desorption reactions 
are thermally reversible (Fig. 14) .  Here, also, no 
weight increase was detected when polystyrene and 
S-VBC polymers were exposed to SO2. 

Nitrogen Oxides 

Amino polymers were exposed to N20 as a 2% mix- 
ture in nitrogen, to NO as a 0.5% mixture, and to 
NO2 as a 0.5% mixture. The TGA experiments 
showed that nitrous oxide does not form any addi- 
tion products with amino-functional polymers. On 
the other hand, both the linear and the cross-linked 
polymeric sorbents were found to absorb nitric oxide, 
presumably via a mechanism first proposed by Drago 
and Paulik'. 

RlRzNH + NO S RlRzNHNO slow 

RlR2NHN0 + NO % R1R2NHN202 fast 

RiR2NHN202 + RlRzNH + 

RlR2NH t RlR2NN20; fast 

In the absence of oxygen, previous studies have 
shown that NO reacts with low molecular weight 
primary and secondary amines under specific reac- 
tion conditions of temperature and pressure to form 
adducts whose thermal stability is a function of the 
basicity of the amine." However, in the presence of 
oxygen, the amine /NO adducts oxidize to ammo- 
nium nitrites and nitrosaminesZ6: 

The study of nitric oxide sorption using the linear 
and the cross-linked sorbents showed that addition 
products are formed in both instances although the 
reaction proceeds at a relatively very slow rate ( 1.4% 
weight increase after 100 min of exposure to the 
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Figure 15 FTIR spectrum of EDA-functional copolymer exposed to NO2. 

NO/N2 mixture) a t  ambient conditions, presumably 
owing to thermodynamic limitations, in that low 
temperatures are more favorable for high yields of 
NO/amine ad duct^.'^ The TGA results showed that, 

on the average, the EDA, N,N,N’-TMEDA and 1- 
MPip copolymers absorb 0.12, 0.02, and 0.20 NO 
molecules per nitrogen, for sorbents with 23 mol % 
of the functional comonomer. Further, the sorbents 
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Figure 17 Cyclic NO, sorption/desorption using a thiomorpholine-functional copolymer. 
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curve), exposed to NO, (middle), and after heat-regeneration (lower curve). 

FTIR spectra of linear copolymer functionalized with thiomorpholine (upper 
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lose up to 80% of their NO-sorption capacity after 
the first exposure to the gas due, presumably, to ox- 
idation of the accessible amine active sites. The 
FTIR spectra (Fig. 15) of the heat-regenerated 
samples revealed degradation of the active sites as 
evidenced by the appearance of two bands at 1630- 
1700 and 1385 cm-’, consistent with the formation 
of nitrite and nitroso groups, respectively, as re- 
ported in previous work by Drago and Paulik.’ 

In the case of NO2, the TGA experiments showed 
that both the linear and the cross-linked sorbents 
have a high affinity for the gas as evidenced by a 
rapid rate of reaction and a high NO2 sorption ca- 
pacity (Fig. 16). On the average, the EDA, 1-MPip, 
and N,N,N‘-TMEDA linear copolymers bind 0.55, 
0.75, and 0.47 NO2 molecules per nitrogen, respec- 
tively. FTIR spectra of the sorbents (with primary, 
secondary, and tertiary amines) before and after re- 
generation consistently revealed vibrational bands 
at 1385 and 1600-1700, again indicative of oxidation 
products. Reference runs with PS and a S-VBC co- 
polymer showed that neither NO nor NO, are ab- 
sorbed by these materials. 

In view of the well-known fact that NO, can act 
both as an electron donor and an acceptor, our pre- 
liminary TGA results (Fig. 17) using functional 
polymers with dual weak donor and acceptor prop- 
erties showed that styrenic copolymers carrying 
pendant groups such as thiomorpholine proved to 
be potential organic-based materials for the revers- 
ible absorption of NO,. Although the chemical 
identity of the addition products is not yet fully elu- 
cidated, FTIR spectra (Fig. 18) of the virgin copol- 
ymer, and a sample subjected to several cyclic ex- 
posures to NO2 before and after heat regeneration, 
showed the familiar absorption bands emanating 
from NO,/tertiary amine oxidation products ( 1650 
and 1385 cm-’) . The presence of an additional 
strong band at 1550 cm-’ for the exposed sample 
before and after regeneration, consistent with the 
vibrational band of a nitro compound, is still enig- 
matic at this point as to its chemical origin. 

CONCLUSIONS 

Cross-linked EDA-functional, S-DVB-based poly- 
mer networks were found to exhibit high affinity 
and selectivity for the reversible sorption-desorption 
of acidic gaseous substrates. Their sorption capacity 
was found to be superior to their linear counterparts, 
presumably owing to a higher surface concentration 
and better accessibility of the amine active sites, 
viz., more favorable diffusion conditions. 

Although tertiary amine-functional copolymers 
exhibit a rather poor Cop-sorption capacity, they 
were found to have a high affinity for Lewis acid 
gases stronger than C02 ( SO,, for instance). These 
materials are capable of readily forming amine : SO2 
adducts that dissociate cleanly following a mild heat 
treatment, thus resulting in the regeneration of the 
polymeric sorbent. EDA-functional polymers were 
found to have a higher sorption capacity for SO, 
than that of the tertiary amino-functional sorbents, 
owing presumably to their stronger Lewis basicity. 
The S02/primary amine adducts were found to dis- 
sociate slowly and nearly completely under nitrogen 
at ambient conditions. 

NO2 was the most strongly absorbed substrate by 
the amino-functional polymers. Oxidation of the 
active sites remains the major obstacle for the con- 
dition of thermal reversibility for both NO and NO, 
absorption. Ongoing research in our laboratory 
shows that thiomorpholine-functional copolymers 
absorb NO2 reversibly. 

The authors wish to thank the National Science Foun- 
dation (CTS-9005155) and the Petroleum Research Fund 
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