CHAPTER II

THEORY and LITERATURE REVIEW

together of 1la Venﬂ o@:z::::imaller chemical units.
The small mole/ Yat |

polymer mole _ : ' monomers, and the

Polymers and “polymeri ‘ - process or reactions

can be 1£3 4dmé twe ways. Based on the composition

reactions, st AnNC shaineis other hand,“they can be

polymers and the

rejltions (or process),

corresponding polymerizatien

based on ﬂ}ﬁlﬁrﬁqﬂw%’qﬂyﬁﬁzﬁnon reactions {2).

Since poqgmers of same ructure can be obtained
RN ‘f‘ﬁﬂ‘ﬁl‘"ﬁ T LR oomemieme
the @mse of these two classifications is not always
interchangeable. For polymerization, the classification
based on mechanism is natural, therefore polymerization
can be either a chain or a step reaction. In general,
during a step polymerizagéon the size of the polymer

formed grows continuously. During a chain polymerization

the amount of polymer increases with time and the



molecular weight of the polymer formed remains constant.

Chain polymerizations can proceed with a
mechanism where the reaction center involved is a free
radical, a cation, or an anion.

For the purpose of discussions on organic

polymerization free 'w can be defined as organic _

segments containi aired electrons(3), Free
.J

ur main reactions: (i)
e.g., a peroxide,'
decomposes to (ii) propagation, in
which a free
to form

which the polymgrikc: ,"‘f'*j" t to form dead polymer;

(iv) transfer,

a new chain

presented in “the
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q R + M RM eq.1l
Propagation:
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RM + M > RM,
Kp '
Termination:
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k
t

or RMp + RMp - RMp + RMp eq.3



polymerlzes

Chain transfer:

] k3 2 '
RSH +M - » MH + R S
(] k4 1 .
RS + M ————»» R SM eq.4

This type of polymerization may be carried out in

bulk e.g.,clear, liquid styrene monomer can be

polymerized to transp nt, hard, rigid polystyrene.
2 s exothermic, and means must
fl’/dlt of polymerization. One
£ in an“dmert diluent or solvent,

“'with both styrene and

However, the polyme

be provided_

approach is po
e.g., toluene,
polystyrene; st be separated from
the 'solution Another approach is
suspehsion po vz ,:1:' i hich fine. drops of the
monomer are | each monomer drop
.erization, and the beads

produced ca the water by filtration.

gtiil anoth _-:ff“-fft—ff——— -------------- on; polymerization, in
which the méﬁﬁﬁe ' inﬂiater using an oil-in-
water emulsifiexr to microscopic droplets and

polymemﬂau fe ’J ‘V]me ‘§ N BdE V1atex  comprisea

submlcroscoplc polymer &pheres. s Dispersionspolymerization

hdbhet flnechba) dd badaitihal ohlviler] 64 Barcicies. The
monomgr is dissolved 1in a miscible medium which is a
nonsolvent .for the polymer. The polymerization proeeeds
like a solution polymerization at beginning. The polymer
molecules then precipitate to form particles which are
stabilized by the diesolved_polymeric surfadtant, usually

block copolymers.



2.2 Suspension Polymerization

In suspension polymerization a monomer or mixture
of monomers 1is dispersed by strong mechanical agitation
into droplets suspended in a second liquid phase in which
both monomer and polymer are essentially insolub1e. The

monomer droplets, which are larger than those in a true

,/f/ the dispersion of which is

emulsion, are then

maintained by ion. To the suspending

liquid, which i are added suspending
agents which i \ oale e of the droplets
during polym ta which are presented
in the followin A }_1 , é}[zation initiators or
catalysts solub . :I:j; . ase are generally used.
According to 3 : mer treated, hard or
soft spheres, » }ess eften, irregular
granules, ‘which norﬁéii‘*.:rﬂ e easily from the aquebus
phase when - ‘ , are formed. Aside
from cast ref}ﬁéﬁ etz} rubbers, suspension
polymerization *as become e most important commercial

b fﬂ OIS wj N S ononirs; possith

the promi ent industrial role of the megﬁpd relatively
ot Y HARSNHIUHBA IV W hese
have been little explored(6)

Reasons for the  industrial developmenf ‘of
suspension polymerization are clear. Most important, the
large heat of poiymerization can be’ dissipated, and

granular, easily filtered products can be obtained

directly from many polymers otherwise difficult to break



up from their tough, hard adhesivé or rubbery masses. The
necessity for coagulation of latex and intensive‘washing
of emulsion polymers is avoided.

Several other types of polymerizations are
carried out in agueous medium. These must be
and pearl polymerization,

ty ‘end products. An outline

Q;lyé;ion is presented in
“'ﬁ:?hgfﬂbn has been little

yl-type or ethylenic

distinguished from

and they give diffe{vg:

of these processe8™of

Table 2.16. Sus

used outside I

monomers .
252« spending Agents
ntains the monomer in
the form of droplets ari e 7as a heat exchange medium.

It 1is the polymer. Water is

seldom used dition of various

suspending ageégs. mporﬂ%nt types of these
additives are:
A gl ’Jtiﬂﬂn'iw ElALL sohmaesi
calle protectlve coll
AW aﬂmm g WIQJ{LEJ ’Lﬂtﬂ dokk: g
water- 1nsolub1e powders.
Surface active agents may be added in
small concentrations. A' survey of the materials used as
" suspending agents is given in Table 2.2 (7). |

If a layer of water—inéoluble liquid

monomer 1is poured over water and then the liquids are

stirred, monomer droplets are formed. After the agitation
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TABLE 2.2

Materials Used in Suspension Polymerization

Suspending agent Monomer suggested

1.Natural polymeric agents Unsaturated esters of organic

-Carbohydrates: starch,agsa acids,such as acrylate esters

tragacanth,pectin,p: A vinyl esters

such asA acacia,s i \_‘.‘_
¢ ] .
-ProteinaceouS? - Nsters,vinyl chloride,

gelatin, ising
-Alginic acid methacrylate

-Starch with buffér “ f - ' acetate

-Met.h.yl cellulose : £h) A ic and vinyl esters
-Methyl hydro:qrpropyl = Vvinyl compound: vinylidene
with 0.05-0 13 _ ,vinyl chloride
per C6 uni ; 3 ride,etc.
-Carboxymethylj:ellu ! _ inyll ompounds

_mdmﬂrial G INUNTNEIDT

3.Synthetic polymerlc agents
(a,cammmpuwn NYNY
-Sa.lt.s of polyacrylic acid and of Acrylic and vinyl esters and
polymethacrylic acid homologs
-Above at pH 5.5-8 with buffers Acrylic compounds

-Na salts of copolymers of Dichlorostyrene,acrylonitrile




TABLE 2.2 (continued)

Materials Used in Suspension Polymerization

Suspending agent Monomer suggested

methacrylic acid with dichloro- methylmethacrylate

styrene _ . M
-Salts of copolyme - /ﬁsaturated polymerizable
acid, crot.onlc%‘ S‘Qﬁ‘e@c compounds generally

ote.

vinyl ethers,vi
-Salts of acryi' chloride, etc.
with acrylic

-Copolymers of malei zid, ma 1Ny lides and comonomers

-Copolymers of _* her y1 halides and comonomers
and maleic anhydride - E : g

- l“' % “‘.‘l"- = - . .
-Polymers of :itaeenf fiﬁ%ﬂ Nl 1 compounds mcludmgh

also partial }té s or
-Na salts of coqo ers of 1— o Polymerizable vinyl compounds

wﬁaﬂw ﬁ}lﬁcﬁcﬂ ‘ﬁ WBNS

(b) Cont.a ng nitrogen:

RN B0 11917 B9 G oo

compounds
-Polymeric reaction products of Acrylic,vinyl esters and
methylmethacrylate with ammonia mixtures

-Above at pH 5.5-8 with buffers Acrylic compounds, homologs
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TABLE 2.2 (continued)

Materials Used in Suspension Polymerization:

Suspending agent ' Monomer suggested

-Polymethacrylamide with NaHzPO4 Monomers in general

" e —

-Poly(vinyl alco'-—__.. w‘lc and vinyl esters

-Poly(vinyl acet

and Na, HPO as buffers y

(c) Cont.ammg alcoholi

saponified,mi
mol.wt. and deg
cation
(d)containing sulfon

~Sulfonated pols chloride with less

0.5 SO, H group per r g - vinylidene chloride
_Regction produ e S i eZzable vinyl compounds '
alcohol) wi ‘ Ry

acids
4. Low molecular compc

amer ) %&L’Mﬂ%‘ﬁ [TIEEE Sep—

e.g.,octyl lactate enerally
-stiptatiq hd ﬁ%ﬂﬂ dN ’}% Bﬁ@ El
poay(et.hylene glycol)
-Partial esters of polyalcohols Vinyl chloride,vinylid.ene
with : fatty acids,e.g.,penta- chloride and other vinyl

erythrityl laurate compounds




TABLE 2.2 (continued)

Materials Used in Suspension Polymerization

15

5.

~Powders such as Ka 7

-Difficultly sﬁ) ble

Suspending agent Monomer suggested
-Phthalate esters Vinyl chloride

Condensat.ion polymers ' ’
Urea-formadehyde ' // inyl chloride, vinylidene

-.’ 4‘1(1&, acrylonitrile

chlorlde polymers
Inorganic agent
erizable vinyl and

sulfate, talcum, alimin ,-..b!' ) ' ne compounds

iﬂ', w

-addition of poWders --*'=~#, polymerizable vinyl and

Avira
prec1p1t.at.10n toget eraﬁil nylidene compounds
monomers

“Polymerizable vinyl and

Lidene compounds
013 ﬁiz&le vinyl and

* ‘

phosphates of 0 2—-0 005 n v1ny11dene compounds

-meﬂcwfmws Y3 i s

silicate8! v1ny11dene compounds

“}RA IRTRI 11 V1) By by o

vinylidene compounds

016338
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. is stopped, 1less dense monomer droplets rise, and again
unite to form a homogeneous_layer.vBut this coalescence
‘does not occur 1instantly. 1Instead the monomer droplets
move about amohg each other for some time, and on
collision may rebound 1like billiard balls. There.is,a

tendency to maintain thejoriginal spherical droplet form

1 tension. The lower the

which results froq:$$
interfacial te% tq, C easily are the monomer

droplets defotm-’_‘ -, th

as Jjudged by

ce of the moving water

agitation required for

,,ﬁﬁgii:rops. On the other
- N
) s the effect of greatly

spherical drop  form.

forming 1lens-s
hand, a hig
increasing th

In that case, ation of the spherical

drop can hardly -

r 4 o
_-I

A N .
reaction whffh leads to reb interfacial tension

is 1low, the endency J spherical form is

comparativelyl;ow. dropﬂ;n collision will then

be furt eformed, givifdg a largér surface area. Thus,
o

he | def ‘
ow 1n%mg nﬂmrj wegjl;] njh agitation, to
breaki u h monéher inté» very smald droplets; too
o ARSI A V8 TRsL.

Under the unique conditions of pearl
polymerization the droplets easily blend with one another
without change of size. Among good suspending agents are
found polymeric substances such as starch, proteinaceous

materials and poly(vinyl alcohol), which are only very

weak surface active substances. Pronounced surface
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active agents such as wetting agents and soaps are not
useful alone as suspending agents. However, in certain
cases they may be used in combination with other agents
for reducing bead size, e.g., along with strongly
dissociated inorganic salts which raise the surface

tension of the e, thus compensating to some

extent for the . The surface activity of

salts alone is “8u _Ciapta—rn-!he case of some monomers

such as 1lowe

polymerization regular suspension

stabilizers.
tand how the increase
of viscosity se by dissolQed organic
polymers has action in. sﬁspension

i?? layer which exists

between two re’ easily pushed aside.

But, 1if the || watéa contains dissolved

uﬂo’;mﬂ nﬁw ﬁJs’] ,ﬂ\ﬁstantially more
b0V UL (Y pS

suspension stabilizers be soluble in water but completely

poiymer ﬁch ad poly(vinyl @alcohol) or protein, imparting
increased’
Y

insoluble in the monomer phase. The increased viscosity
impérted to the aqueoué phase is directly important in
delaying the process of coalescence.

In the <case of the inorganic materials

used in fine powder form as outstanding suspension



stabilizers, the viscosify of the aqueous phase is not
affected. Powders suspended in water are wetted by the
aqueous‘ phase. When two monomer droplets approach each
other, their recombination may be prevented by the powder

particles which 1lie between then. This can be observed

distinctly under the mlw’f)
Addl &ce active agents to the

aqueous phase yat inf along with powders as

suspending agent e reductlon of surface

tension. Very uch surface active
agents can pro '3,,' is éiﬁion of the insoluble
powder without ;'“'T, 7 &, tension of the water
very much. If are only used in
extremely  small x *?5Lf;,, 3 they are  adsorbed

practically complete; ﬁfﬁqa _the powder surface, so that

aqueous phase. dispersion of the

Because
|| — :
suspending powdéz, smaller polymer granules are formed.

ﬂu’%f’gﬂﬁﬁ 'Tr’f"ﬁ’ must perform

their funétion durlng course of the

e T S T T,

polymeﬂhzatlon, however, is that when the droplets

contain enough dissolved polymer to become syrupy, and
because of their higher viscosity they can no longer be
.'broken up as readily by thelagitation as when they were
mobile pure monomers. At this stage also, the droplets
are not yet sufficieﬁtly solidified to prevent sticking

together on collision. It is possible that this critical
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phase 1is also influenced by the changes in interfacial
tension befween the aqueous and organic phases occurring
during the progress of polymerization. The monomer and
the polymeric product may possess widely different values
of surface tension. When the polymer is insoluble in the
monomer, 4s in the case of vinyl chloride, of coufse no

sticky, viscous condition ¢

‘r ause coalescence.
|

which are
insoluble or in water are
polymerized‘ by "However, where the
solubility of cts is too great,
electrolytes ' su 4 Lkaliz 5 trong acids, which
have a salting-out £i (RS y'§ 3 added. Mixtures of
different monomers copolymerized it gt

suspension whegf 5f olu Jronomer acts as an

extracting age uble monomer. In

this way copoliﬂer -
monomers ned, eSpecially in the presence of
salts. SlmF1 ﬂ El:ﬁ ﬂ 5 We&l’iﬂ ‘iy plastiéizers
‘which 3 tiell
monomeicﬁgjrﬁ D iﬁi& i[ﬁ 1§ﬁn jxa Ee[matlon .

In pearl or bead polymerlzatlon the

m rela@lvely water-soluble

monomer phase  usually = contains the dissolved
polymerization initiator or catalyst. Practically the
same initiators are used as in ordinary bulk and solution
polymerization of unsaturated monomers, -1i.e., organic

peroxides, and less frequently azo compounds.
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2.3 Seeded Suspension Polymerization

Polymer beads produced by fhis method usually
have diametgrs in the range of 0.1 mm to about 1 mm,
depending on the condition of agitation, monomer-water
ratio, and concentration of suspending agent. Large drops
are subjective to shear distortion and may even break up

“’// lymerization. Generally,

under the conditione : the - tion of agitation and

suspending age 1 ,“!nnggptlonal suspension
polymerization, ‘ :;:hssiiarger than 2 mm are

difficult to ob

during the early

Seeded has been widely
studied. Recentl
monodisperse latex

the other hand, ":f dlon polymerization remains

large 1mb1ber

seeded suspensifﬁ pﬁrved useful. Seeded

suspension polquflzatlon iS' the polymerlzatlon of seed

beads swolﬂ u‘E}:@ ﬂij W§ ‘W E}'}ﬂl‘% to effect the

. final bead omp051t10n ¢ A major dlfferenc etween this
seocec) i) B4 ﬁemwmqrsm Bho enac in
seeded emulslon polymerization he polymer partlcles
absorb monomer through the water phasebmedium, while in
seeded suspension polymerization the excess monomer may
be directly added to the neat seed.beads. The imbibed
monomer solution is polymerized within the swollen

network of the crosslinked seed beads. The replacement of
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the dispersion operation by swollen of the seed beads,
and the easier maintenance of suspension, due to the
higher rigidity of the swollen beads compared to liquid
droplets, facilitate bettér stabilization and therefore

easier scale-up.

2.4 Sorption-Desorption' Kine
 \5§gﬂ

¥ me ‘is added to a solvent,

When a

the polymer chai i Whe molecules of the

solvent which er. As the contact

with the solv s gradually extend

and relax. , diffuse into the

bulk of the so issolved (9). If the

polymer 1is emain linked to each
other through polymer will swell
but not dissolve hE- 2= Q“,;“;; . The swelling of these

materials 1is ‘erit/properties of the

liguad - for th%j

The positive en%ropy of m1x1ng of the polymer and the

corvns oI MHTIEIE GG v e

ree of crosslinking.

(if negatl or retag? (if p051t1ve) swelllng. The
5.] Wﬂ@\ﬂnﬂ@ B AR Y sverins.
A %" solvent will give a high degree of swelllng A

lightly crosslinked polymer will give a high degree of
‘swelling, a heavily crosslinked a smaller degrée of
swelling.

By ,b;inging the swollen gel into contact with a
substrate and separated from the bulk of the swelling

liquid, the imbiber solvent may be ‘released. If the
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substrate competes favorably forA the solvent the
desorption will be more, if the substrate competes poorly
the desorption will be incomplete. A rapid sorption by
the substrate makes the desorption from the bead rapid. A
slow sorption by the substrate makes the desorption slow.
These pﬁenomen‘t&7 important in the application
of polymers as 1‘; ‘ ‘aliquid agent carrier for
its disseminati.Er < i%“swelling—controlled" “

systems of devices {10). The

traditional beads is to soak up
oil .spill.
process 1is
beads i1is adjust 5 :“ ~ﬂ: L o release the solvent

unless they — :-? itact with a substrate of

even ° more

~solubility parameter. In

e
_;--,&_}5_5;1_.-

gg;ence,‘ élé..

exchange (11), ~ _—__degreg

separation jraphy and ion-

'of the beads is

important in dELermining the efficiJﬂEy of separation. In

IO 1121V )
may );j eramqﬁi@mﬁﬁ 7] th ‘a‘égelopment of

releasq devices. iving force sorption and

desorption depends on the competition of the interaction

_between the solvent and the polymer network, and the

interaction between the solvent and the substrate.
Therefore 1if the polymer is used as a carrier in the
dissemination of a functional liquid, these interactions

must be balanced so that the polymer can imbibe a large
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amount of the agent and yet release it as éompletely as
possible when brought into contact with the target
substrate.

The conventional approach to characterizing the
swelling of a crosslinked polymer in a solvent is the

solubility parameter concept. The original solubility

solely based on the

] /f a
. ﬁh@pt predicts that the
‘T-qtffy parameters of the

the solvent for the

parameter concept (12,13
thermodynamic heat solute, such as a
polymer, and a
closer the match(
polymer and solv
polymer aﬁd the :];; :-i, the swelling of the
crosslinked polym e interact between polymers and
solvents, completel& by heat
of mixing; such . as acid-base
interactions also influence the

polymer—solVenf:l;ﬁf  seful modification

of the solubi _ take into account

these other i.i raction :

in which t #ﬁ raS’W comprises contributions
from dispe@ﬂ £ ﬁﬂm L, lﬂa’t] ﬂfj' mixing), polar
interacti ;] n :ﬂi i ﬁlﬂ téﬂ (14) . This
modifaﬁn aa§ ﬁ:ﬁ v gjecﬁ:ju 13[5{1 iEJng most of

the polymer-solvent interactions (15).

e thréELdimensional scheme

2.5 Thermodynamics of Solutions

Two substances mix when the free energy of mixing
is negative. This quantity should strictly be calculated

from the partition function of the mixture, but this is
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impracticable, and approximate methods must be used.
Huggins has given an equation for the free energy
of mixing a 1linear, 1liquid, homogeneous polymer and a

solvent, equivalent to

AGen? = BT pindy + 2210y +ubebs) eq.5

wcm:”. of mixture, ¢ 'is the

5/4 p refer to solvent and

T
polymer respec Vv the molar volume of

where 8Ggp3 is the £
volume fraction
i

solvent; m volumes of polymer

solvent, so ume of the polymer.
The constant u
eq.b6
Qhere .nz is aijﬁloa»;tan (empirically 0.2-0.3)
number of the quasi-

calculation, and k is a

,depending upon

) =
lattice assumed _;gﬂ?ﬁﬂé

heat of mi ,tem concerned defined

A

by ﬁﬂ

AHcm = | eq.7
aer UL ITHRINEARE. ot cbrae.
From [eg. 7 it is @learly een that e value of n

asperile i1 o) B4 &kl 2N mw be further

descrlbed below.

2.5.1 Heat of Mixing

The molar cohesive energy of a liquid is
defined as the energy neceésary to break all the
_intermolecular contacts in a mole of the liquid; it is

thus equal to the internal energy of vaporization to a
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perfect gas, provided that the intramolecular contacts
are similar 1in the gas state and the liquid state: this
provison may fail for 1long flexible organic molecules
which can coil up in the gas phase.

Since perfect gases mix without heat

\ 1’ly§gy of a liquid mixture is

change, 1if the coheﬁ
greater than the cohesive energies of the
component liquids, eg and aH is negative;
since the entr "1ve mixing will then
occur. In the g
outweigh " the
positive. Such , Will unmix. In the
polymer field, do actually occur;

an example is an excess of an

‘incbmpletely (which has béen

compatIEIJ;;;

rolled in hot he lasticizer oft: i /exudes. Because of

‘i ymers, the unmixing

| .
process may be ;i}te slow, and observable.

6 SR TT 1 IR PR epemencs woon cae

difference Yof cohe51ve energles of solutlon and unmixed

AW TR TNAR Y o

the rgles a pair of dissimilar molecules 1is

the slowness

approximately the geometric mean of the energies of the
corresponding pairs of similar molecules. Scatchard(l6}

proposed a semi-empirical relation for this case

1s72_2

T1s2
®,0,C(E /V ) - (E,/v ) %3 eq.8

aH 3

cm

where E and V are the molar cohesive energies and



26

molar volumes; this gives for the k of [eq.7]

k = C(E_/V)™™ - (E_/v )" 1% = (dj - )2 eq.9

where d = JE/V.

The quantities E/V and d are called

’// ergy density' (c.e.d.) and

e Ener-y Densities

respectively the

the 'solubility pa

are important in
controlling estimating them are
important.
liquids, this is

comparatively eas 3 ar cohesive energy 1is given by

eq.10

where U is integral is the

correction for the vapour; this is
small when the ‘?pour pressure is low (of the order 2% at

1 atm.) ﬂﬂﬁ%ﬁ%fg%%’}rﬂkﬁ internal energy

of vaporlz ion. This mey be calculated fr calorimetric
R TR ) G, varion
emplrlégl correlations are available.

This method can obviously not be applied
to polymers. The c.e.d. of a polymer can be estimated by
determining the equilibrium swelling Qf a slightly cross-—
linked analogue in various solvents and correlating with
the c.e.d. of the solvent; the swelling is a maximum in

solvents of the same <c.e.d. Another mefhod would be to
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determine u from a plot of reduced osmotic préssure
- versus concentration 1in various solvents, and plot n
against the <c.e.d.of the solvent; it would be a minimum
- in solvents of the same c.e.d. Both these methods are

laborlous and tlme—consumlng.

The \ 4 eq.8] is equivalent to the
statement that o i orgy E of a mixture of
ny moles of cohesive energy Eq

and molar volum iquid 2, is given by

£ o T ; .-"‘ ‘_ ‘ S .
E (n,V.+n_V_)d =€) e eq.l]_.

That is, ive property. The

author consideré‘ hat it might add, in
compounds, on an ditutive basis. Scatchard
has shown that in_ : 77‘”;; nologous series (EV)1/2
is linear witLIHQ“”;Vﬁ. = ‘*“*”“_“'{Pf'

o find a get of

additive constan}s common groups 1in organic
mlecules'ﬂmrmwswmm ot i/
These called mo%ar attractlon cons nts and are

soen RARTO NN INYTR L

Then ZIF summed over the groups present
gives the value of (EV)1/2 for one mole of the
substance concerned; the molar cohesive energy E, c.e.d.

and sclubility parameter are then given by

" :
. (z::‘) 3 c.e.d.:%fi : J=~§VE eq.12

These values, given in Table 2.3, have



TABLE 2.3

Molar-Attraction Constants, 25°c(17)

Group E, callfzc.c. o Group F,cal“zc.c. s
CH, : 214 H(variable) 80-100
cH, single bonded 133 »\ 70

| S—1CO - 275

|
-CH single bonded 310

i g 28

/ 410

]

-(}— single bon 0 260
- 270

CH = double bonded
-CH= double bonded
sC= double bonded -

CH=C-

-C=C-

Phenyl

ED 658

Phenylene(o,m,p)

e gut Iy fisiuang

ashin >CCl 260
as) in -CCl 250

340

428
only 150
7.‘@' ns only 274
225

315

TS IR R B

PO “(organic phosphates) 500

28
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been estimated from the available vapour-pressure and
heat of vaporization data 1in the 1literature; all
compounds such aé hydroxyl compounds, amines, amides,
and carboxylic acids, in which hfdrogen bonding occurs,
have been excluded. has been assumed that for the

classes of compound: \%"’,/ﬁg the dipole-interaction

energy 1is negllgiszzzz the mpounds for which this

1 rNthe lower esters and

the higher members

seems to be
ketones, and

of the serie 169 \ 'e possible. All the

lof (EV)1/2 s well

established for the value of (EV)1/2

______

calculated for 7 (paraffins and olefins)

p—
s t‘

from the additive ~dons en was compared with

values derived . of Standards data;

the root mean f&ﬁé' OEPY 0.8% of the mean
for he set. ther clas s of organic compound there

i coﬂ USANUNIHE AN e wvtsonce or

additivity is not so ¢strong. .In partigular, packing
saverd) Wacko) \fchgel Lohd] 3 bkl dnemrs 10 o
real 1ower1ng of the F constant’ this effect is taken
into account 1in the values for the hydrocarbon groups,
but it is impracticable to give a complete analysis for
all substituents. .For instance, calculating (Ev)1/2 fér’
carboﬁ tetrachloride from single C1 987 cal.l/2¢.c.1/2
is obtained, whereas the observed value is 835. This

effect is always in the same direction and is to be



TABLE 2.4
Calculated and Observed Solubility Parameters

i1s2 is2

of Polymers ( d in cal. /c.c. )

Polymer d (calc.) d" (obs.)

Polytetraf luoroethylene

Polyisobutylene 8.05
Natural rubber 7.9-8.35
Polybutadiene 8.4-8.6
Butadiene/styrene 8.5
Butadiene/styren 8.8
Butadiene/st.yren 8.67
Polystyrene g.1
Polystyrene/ diviny 9.1
Buna N (butadiene 75 7 9.35
facrylon_itfil 28520 .~ &) 9.5
|Poly (methyl m? -E:E:-_--==A—*’:*: ' 9-9.5
Neoprene GN : : m 9.25

Poly(vinyl acet.ate)

i 47§ amwsa»'m'ss -

Poly(vinyl Bromide)

v AR e § 797 9] 8 a e

Cellul8se dinitrate 10.48 10.56
Cellulose diacetate 11.35 10.9

Polyacrylonitrile . 12.75

30
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expected for steric reasons. There are other effects such
as conjugation, as in styrene or butadiene, and ring-
closure, which result in a change of F, in these cases
the value are increased: analogous effects are found in
molecular refraction and the parachor. The ring increment
varies with ring size, and increases somewhat with degree

of substitution on the ri

Table ‘ ﬁome values of the
solubility param lcg'laﬁom the constants of
Table 2.3, and"g-——f' i , : g!from the literature,

mostly obtained b ; the agreement is
quite satisfacto the wvalues for
cellulose diaceta value of 170 was
assigned to the 100 for the hydrogen
and 70 for the s. This is rather
arbitrary, but the con'-' 'f C the OH group to F for

the molecule aat small errors in

the value used |

2.6 BET Tecﬁgijuefibr Assessmjgi, P of §uija§e Area

Sin i' important
adsorbent ﬁ gﬁ i ﬁaﬁ which is
require ﬁ a{ﬁﬁ ﬁﬁl ﬁﬁj E: specific
surface area. The specific areas of microporous solids
are very large, and values of several hundred square
meters/gram are not uncommon. Accurate measurement of
the surface area of a ﬁicroporoué solid presented a

significant problem in early studies of adsorption and

catalysis.
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It 1is evident that if the physical adsorﬁtion
capacity = were limited to a close-packed monolayer,
determination of the saturation limit from an
experimental isotherm with a molecule of known size would

provide a simple and straightforward method of

\’# The main difficulty is
that in chemisor 445’ ar usually widely
spaced so thaty t@mlt bears no obvious

/' "-\b\area while physical

estimating the speciﬁ{

relationship to
adsorption gen ver adsorption. The
formation of _ ¢ and | ‘-’F\ent molecular layers

commences at that required for

completion of is not immediately
obvious  how tﬁggf;_‘ ‘mondlayer capacity from the
experimental 1sothenm:iiiﬁ oblem was first solved by
Brunauer, 3) who developed a

simple model for multilaver

adsorption and surface area. A number of refinements to

the BET ﬂcﬁﬁ%ﬂﬁ%‘,ﬁmﬂﬁmethod have been

developed fore recently but the basic BET method remains
’ﬂ"ﬁ 18N Tﬁf I 85 fofdurenent o
spec1f surface area.

An exact theoretical treatment of multilayer
adsorption presents formidable problems since it is
necessary to take account not only of the interactions
between sorbate molecules and the adsorbent surface but
also of the sorbate-sorbate interactions which are often

of comparable magnitude. The BET model 1is based on a
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_number of rather serious idealizations which can at best
be no more than a first approximation. Each molecule in
the first adsorbed 1layer 1is considered to provide one
"site” for the second and subsequent layers. The

molecules 1in the second and subsequent layers, which are

in contact with othe ;hﬁ molecules rather than with

o are considered to behave
e — 3

w liquid while the

ayer of molecules in

the surface of
essentially aﬁ
equilibrium cgg;!gﬂﬂff'

contact with

orbent is different.
The expression
these assumptio
kinetic argumen

case or by ',’ - 'f,n_hk modynamic argument. The

‘ﬁi eq.1l3
1 - p/Pg + Tbp/ps)

e || A_i'(.\,
.j (1 = P/Ps)(

ﬂ‘UEJ’J‘VlEJ‘Vl‘ﬁWEI']ﬂﬁ

in which s represents the saturatlon vapor pressure
< BN ERTAUUMIAY I B~
temper ture.

Knowing the saturation vapor pressure and the
'equilibrium uptake at several pressures within the
prescribed range, dg the sorbate concentration
corresponding to a close-packed monolayer, may be easily
found from a plot of p/a(pg-p) versus p/pg. In order

to translate the monolayer coverage into a specific
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area, knowledge of the size of the sorbate molecule is
required. Close paéking of spﬁerical molecules of
diameter equal to the wvan der Waals diameter 1is
generally assumed.

It 1is evident that in order to make measurements

within the required range -of relative pressures at

conveniently absolute pressures, The

temperature ts should be carefully
selected. Measg ‘ ,uonly made using nltrogen

as the sor id nitrogen temperatures but other

small

ed. Some indication of
the as the method for
determinatio ay be obtained from a
comparison '_' ;”:'- ith different sorbates on
the same DPOFOUS.Z, ; ';_ .. 'Some representative data

obtained 'with NH3 synthesis catalyst are

summarized -

Comparlﬁpn of BET Area of NHj Synthesis

ﬂ’%g{}%ﬁ%ﬁj‘%fﬁ{}fﬁ fent Sorbates
ﬁ{a&'}aﬂﬂﬁmwﬁ Y836

Ny o 77 580
Br,. 352 S ohgng
o P 195 460

co 90 550




These data suggest that absolute area may be
determined to within about 20-25% by this method.
Relative areas may be determined with somewhat greater
accuracy by comparing the uptake by different adsorbents

over the same relative pressure range.

2.7 Pore-Size distrib_!f,i‘v Porous Materials

e "5 ary A2
: . FOu: ’ there is a
continuous p{gg!G"'f"' “‘Vt ilayer adsorption to
smaller pores become
rbate. " This occurs
re in a small pore is

‘Kelvin equation, by the

simple thermody i consideratio We consider a

straight cyli ! ) containing liquid

sketched in Flgure’

adsorbate, as P Suppose that n
wier o AT PFHBN MG oveomecs <o
the pore under the equlllbrlum vapor pressure

one YR PO P R B o oo

same %emperature. The work done against surface tens1on"

is exactly equal to the free energy difference:

Surface
P _ Tension

2r

FIGURE 2.1 Derivation of Kelvin equation.

40PN
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naG = (2 flrdl) § cosé = nRTIn(Pg) = WrldIRT In(Py)
(P) Vo (P

eq.1l4

P = exp (-26 (Kelvin equation)

~Z.

eq.15

to «cylindrical pore
geometry 1is gument >leads to the more
eqg.1l6

where dv/dA is of <change of pore
volume wWith surfac::-ft : whi h, for a cylindrical pore,

corresponds to ’ | J
E ng : 2d°c
: |

89 cm®/mole, 6 ‘= 0) we note that

as an example

(629 mN/m,

:n cylln(ﬁlﬁlﬂtj ﬁ fﬂ EJ f]mary condensation

11 occur tive pressure 0.67
"he“i’fWﬂ 8N ‘fﬂ@ ‘{ﬂmﬂ” e
0:96 - 1s evid that capillary effect is

51gn1f1cant only in quite small pores.

In the capillary condensation region the
isotherm generally shows hysteresis so that the apparent
equilibruim pressures observed in adsorption and
desorption experiments are different. Several plausible

explanations for this effect have been put forward.
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During adsorption multilayers build up on the capillary
walls but a complete meniscus is not formed until
saturation is reached at which éll pores are filled. The
relationship between pressure and adsorbed phase

concentration along the adsorption branch of the isotherm

by an appropriate multilayer

ﬁ equation. (Note that the
J

since its rang N dity ‘i limited to relative

will therefore be
iéotherm analogo
BET equation

pressures of Once the saturation
limited for ticular size has been

reached desorpt will @ccur f a curved meniscus and

the equilibrium '-:16;J“J- pe. governed by the Kelvin

equation. ory the adsorbed film
formed during Srbtion 5. in a metastable state, the
true equlllbﬁhlm,ﬁt ted by the capillary

condensed ligiid. 'ty of the multilayer

film depends £ nucle1 to allow

°°“de““tﬁw’§ Wﬂmwmm

N

FIGURE 2.2 (a)Radial filling of pores during adsorption

(a) (b)

(b)evaporation from filled pores with hemispherical

meniscus during desorption.
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An alternativé view was suggested that
capillary condensatibn occurs along both adsorption and
desorption branches of the isotherm, the different being
due to  a difference in the shape of the meniscus. During

adsorption the pore fills radially and a cylindrical

meniscus is formed as d in Figure 2.2 (a).

dv/ds = r (rather

than r/2 vin equation) and w1th
6 =0:
eq.17
the meniscus is
hemispherical an - j" equation [eq.15] applies.

It follows that

eq.18
represent the
-9 .
e Y EWF‘S’W‘E@ ‘i
'desorptloqu branches of the isotherm at a given loading.

¢

Manyiq m ﬂ gjm 537’[ malate agreement

with §this equation but the agreement is by no means
quantitative and universal. Deviation may be explained
as ariéing from deviations in the shape of the pores
from simple cylindrical geometry or alternatively such
deviations can be taken as evidence against Cohah's
mechanism. '

Measurement of an isotherm under
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conditions of <capillary condensation provide a simple
means of determining the pore size distribution of the
adsorbent. Applying the Kelvin equation to the desorption
branch ~ of the isotherm gives the value of r'
corresponding to a known relative pressure (P' /Pg)
and the correspondi 1,7‘] orption loading (q') = If
adsorption on tl’i ] & is neglected, q /p would
correspond to ytaf
radius 1less y

versus r &

me made up of pores of

A plot ' of q /P

distribution i he fre y distribution may be

readily determi '”?.:.,” tion. If an accurate

it 1is necessarygto= rec , £Oor adsorption on the pore

walls. This correc igﬁf' ¥ be found from measurement of

the equilib Ehm 'isethe m 1 alle sorbate on a large

that there is no

|
capillary con;Lnsatlon. represe tative example of the

pore ﬁ(ﬁmv Uﬂjﬂﬂ dTﬂﬁs way is shown in

Figure 2.

q W"Iﬁﬁ’ﬂ"ﬂ*m TINYA Y

contact angle between liquid and

solid is greater than 90°, then at equilibrium the
pressure on the convex side of the meniscus must be
greater than on the concave side. Thus if the porous
solid is 1immersed in a nonwetting liquid such as mercury
there will be no penetration of the pores until the

applied pressure reaches the equilibrium value. The



Y » 10* (cm?/A @)

FIGURE 2.3 Comparisod of pore size distribution for Croy03-Feq03

catalyst meas Ir

penetration and from the
nitrogen desefption 1S (1) Pore size distribution
from' : ' {2)—Pore size distribution

from me *i u
W

ﬂUEJ’JVlEmTWEHﬂi
QW%Nﬂ W‘I’Jﬂ&ﬂﬁﬂ

Pnr" =2nresCos@

FIGURE 2. 4 Force balance f.or mercury penetrometer.
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equilibrium pressure and pore radius are related through
a simple forcé balance as illustrated in Figure 2.4

Some Qalugs of P and r for mercury
(6 == 40°, & ~ 480 mN/m) are summarized in Table 2.6.

It is evident that penetration of the smaller pores

! ,))5 adsorbents is achieve_d only

ﬂu8?ﬂ8ﬂ§W8Wﬂi
AN IUNMINYINE

mercury porosimeter simply an
instrument designed to apply a controlled mercury
pressure to the adsorbent and' record the volume of
mercury penetrating the pore structure. Because of
practical limitations on the maximum pressure, the
minimum porek radius which can be measured by this method

is about 50-100 A. The method is however more suitable



Pore .Vol-

2 ¢ D)

Pore Vel.

(T <

g
3 8 &5 ¥ 8 38 8

Pore val.

@ <0

838388

= 0.27%
2K 2 130 mn
re= i.u.ém'—'

FF

INYINT

QW']Mﬂ‘iﬂHd:‘H’H TG

FIGURE 2.5 Macropore size dlstrlbutlon determined from mercury

‘penetration measurements for (a) carbon molecular sieve,

(b) Linde 5A (extrudates), and (c) H-Zeolon (H-mordenite) .



43

tor measurement of larger pores in the range 1000-10,000 A
Some examples‘ of pore size distribution curves measured
by mercury penetration are given in Figure 2.5.

Since pore siée distribution may also
be measured by gas adsorption, as discﬁssed above, a

comparison of the two methods is possible. Such a

comparison was  made a Crp03-Feg03 catalyst

v#t 150 A. The results of

ood a@ as may be seen from

i \gfz-egﬁétration measures in
¥

with a mean pore

the two methods s&

Figure 2.3. Howev
effect the pore
given diameter, results of gas
adsorption mea only when the
pore' shape is "the pore mouths aré
constricted ("dir? the apparent pore
diameters derivéd from : penetration will be too

low. It is“; principle, to obtain

some informataggx ab - X ARQI structure from a
comparison of ELsults ) 1 by tdg two methods. Other

chardo®erizin i% detail the structure of

rorees s BB LA UIWENNT
.o ARIHNIUNRINYIAY

So far the synthesis of the porous polystyrene

crosslinked with divinylbenzene for the use as raw
materials for ion exchanges, functionalized copolymers,or
as polymeric supports 1in chromatography and absorption
has been the matters of a 1large number of published

papers. Recent works on the study of the porous copolymer
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by suspension polymerization are listed below.
G.J. Howard and C.A. Midgley (20) prepared porous
polymers by suspension copolymerization of styrene/

divinylbenzene 1in various ratios together with various

quantities of diluents, both solvating and nonsolvating.
Parallel bulk polyme Z?p were made to detect the
onset of gelation:E ; 4;5’ ation. The dry polymerlc
beads were ex@bya a@f techniques: apparent

densities; ' ( ”?$~ﬁbsg~i_nitrogen sorption/

desorption , ption, equilibrium
swelling, and The properties of the
porous polymer ":':" ”y in terms of phase
zation consequent on either an

separation duri

unfavorable interaction or a

; 21)  studied the

7
presence of ZL

ethylhexyﬁl‘ﬁm% 'T] jw mﬂlﬁnzene in order to

perform p@rous networks, solvent 1mpregnated copolymer,

< AR RMITAY TR e

Prepare permanent porous copolymers having 1low

v1nylbenzene in the

I'i d—butylphosphate a mixture of d1 2-

contents of the crosslinking .agent.

The effect of dilution, crosslinking degree, and
nature of diluent on the porosity as well as on the
uptake coefficients, the specific surface area, and the
average pore diameter, were studied to elucidate thé

manner in which such inert compounds contribute to the
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formation of porous netwoyrks.

0. Okay, et al. (22) investigated phase separation
by suspension copolymerization of styrene/divinylbenzene
with di-2-ethylhexyl phthalate(DOP) as diluent wusing

equilibrium swelling, swelling rate, apparent densities,

and mercury porosimem e copolmer prepared in the
\,\ ;

absence of DOP &

separation existewsin thé

— |

)s, showing that a phase

#&zation system, and, in
\

I 'r\wg copolymer separates

the presence

earlier. Furt 1 "'1';:3\ sreasing  amounts  of
divinylbenzene, _“»\Dccurs earlier than
gelation, which# increase in the amount of

pores about . JA‘ - inhdiameter corresponding to the
interstices betwe
0.0kay J,_i'. , as (23) “‘compared the pore

structure of.jl styrene/d:.v:'.. v1be g: opolymers formed by

phase separa

densities an Y mercury orosimetryﬂ The copolymers were
prepared ﬁﬁ:ﬁ% DOP) as diluent.
The poref{jstructure o copmbjrf[jed in homogeneous
L RGN LA e
The ¢ollapsed -pores have a mean ﬂqear of about 100-
200 A corresponding to the interstices between. the
microspheres. The collapsed microspheres reexpand again
during the sulfonation or chloromethylation reactions, or
during the solvent exchange. The pore structure of

styrene/divinylbenzene networks formed in heterogeneous

gelation do not collapse on drying in the swollen state,



this being a stable and permanent porosity. The critical
crosslink density for transition from homogenecus to the
heterogeneous gelation represents a borderline between
stable and unstable porosity. The drastic change of
swelling and porosity values at the critical crosslink

density is due to the of unstable pores.

0. Okay, e igated the change in the

drﬁln ne copolymers during

porosity of y/

drying as a func y_of the diluent and of

the divinylbe after drying zthe
networks from ity) and from toluene
(stable porosit LF;{WF 3 uents, namely toluene
and cyclohexanol ypei-used i polymerization system
at a fixed ’_;_If'>'eof‘ he organic phase(0.50).
The phase séparath@EEE‘r 1 is accompanied by a-

. v
slight deswelling of_ th g&?e, whereas that in

B network phase. The

cyclohexanol %eéads to,

| i
stable por051;J increases abruptly er a narrow range of

5 Ziziﬂﬁﬂ? 3300 1204 M
dlvmgllwara g mmﬂmﬁ Wﬁwmﬂm porosity

increases increasing
divinylbenzene concentration up to a certain value, and
then remains constant. Thé results indicate that the two
main factors which determine the physical state of the
swollen heterogeneous styrene/divinylbenzene copolymers,
as well as the stability of the porous structures, are:

(1) the critical conversion at the incipient phase
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separation and (2) the degree of the in homogeneity in
crosslink distribution. &

L.A. Errede (25) demonstrated that swelling of
crosslinked polymers can be monitored much more
conveniently and reproducibly after that polymer has been
| wder, and then fabricated

‘ﬁ).roporous composite film
consisting of , rt\jcuéter (>80%) enmeshed in

polytetrafluorﬁ .

component provi

comminuted to a

mechanically into

_ €20%] . The  latter
ntegrity that affords

ease of handli

particles les of swelling and
desiccation dry state. The PTFE
microfiber not affect adversely

replicates avrze  sh

ml/g of composlle) is f1i capgllary action within

the firs fﬁ'ﬂ‘;?isﬂﬁﬁ qﬂiﬁﬁe liquid, and the

. swelling F@E e uilibrium ate ( to 90 ml/g of
s , ¢ - -

compos lﬁ)-] a“iﬂlj gﬂ:ﬁ r] ??TEI r]ﬁﬂto 2 hours

therEiF s depen ir primarily upon e surface-to-

volume ratio of the particles. The magnitude of swelling

at equilibrium, however, 1is dependent only on the
thermodynamic state of the gelled polymer in exess liquid,
and is reproducible usually within 0.2%.

L.A. Errede (26) developed a very convenient and

reliable gravimetric method for measuring swelling of
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styrene/divinylbenzene copolymer in particulate form. The
method is based on the gravimetric procedure reported
earlier for monitoring 1liquid wuptake by thin (<0.3 mm)
microporous composite films, consisting of swellable
particulate (805% by weight) enmeshed in
polytetrafluoroethylene microfibers (20%) . The

"’/f liquid absorbed per gram

3Pm ~excess liquid) for six

swellability S
of polymer in
st&rene/diviny with crosslink
densities X 2 was measured in 19
organic liqui as a function of X

the relations

eqg.19

mber of carbon atoms in

the "backbdne" ‘f_x  ; Ly rene segments between

crosslink 7e swelling power of

the 1liquid, gﬁb
above which S 1ar ual to zexo

AU FRUNTIHUIAT o corene

d1V1nylbenzene copolymer swe ng studigs which were

repoflohl 46k hdodtiitauiloded. Taoibe | B romon. co as

to. test the validity of the observation made recently

'igzkal crosslink density

that swelling,S, of such polymers is given in terms of

crosslink density, % , by the general equation:
S =C(O\3- xolla) C(--l,:! = io-”s)

where A=1/% is the average number of carbon atoms in



the "backbone" of the polystyrene segments between
crosslink junction; '

C is a constant characteristic of the
swelling power of the 1liquid for the kind of polymer

being investigated at temperature T;

Xo is e “'c 1 crosslink density of
the polymer at or
In

every  reex ‘at@ obtained from the
reported swelli | Wwas e ar function -of M3,

calculated T reported polymer

he eoi ts C and A\ depended

molecular weig

.z
£

J‘l il

“N
2

upon the Jq merization that affect the

A —-distribution. ationships appear to
obtain for swelldng- . :,}.4 . "macronet" crosslinked

polyesters hi and'perhaps for water-

swellable "' _;;.acrylates reported

. : N y \‘ ‘
fﬂ is 1?” the above 1linear

relationship mﬁy be generallzed for crosslinked polymer

wcvoris RIS TY BYIFNBIN T e o o

future stlidies aimed a} a better understandlng of polymer

e ] V) GF1) B J99] W s ot o

polymgr and the swelling liquid.

by Refojo.

L.A. Errede (28) studied the swellability, S, of
styrene—co—divin?lbengene polvmers in 20 aromatic and 24
aliphatic 1liquids as a function of crosslink density X",
from A*' =0.01 to A =0.12. In every study the relationship
was given by:

/
S = COV3 = A?) . B



where A is the average number of cérbon atoms in the
"backbone” of the polystyréne'segments between crosslink
junctions, C is the relative swelling power of the liquid,
and A\t is the critical crosslink density, above which S=0.

The observed C was correlated with the corresponding

'known Hildebrand sol parameter, & ,for five liquid
classifications. he scC '., parameter of the polymer,
dsy rdetermined substituted benzenes,
9.1 for ketong 384 o «Q‘E' and 7.3 for ethers. This
- set of observg ‘,f | 3¢ »;>— range reported by earlier
The plot of C as
functions of ‘
series of n < 5, are almost
parallel 1lines
where A is
z = Rco, anad0.64 for 2z = RO, pparently, the major
factor that b ternines D
The cumulative

°°“mb“tﬁ'ufl’i“?"lﬂ'ﬂﬁ‘ﬁﬁ"7m“ i

group isq] only a mltlgatlng factor superimposed

s RTAINT 1]1’1’]’3\”8’15 t

affinity of
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