CHAPTER 11

THEORETICAL BACKGROUND

2.1 Radical chain polymerization [6] ’ ,

Polymerization of ole --_u_____ om@y that containing vinyl group in

proximity to aromatic or pola gnﬂ’;-- ca %ﬁd into high molecular weight

substances by chain polymerZauén. Che ' zation has at least three basic

reaction types occurring simatlt; ; '- ation. They are initiation, in

which the chain is formed; p omer 1s added to the growing chain

b

and termination, in whi ain is destroyed, leaving the
polymer molecule.

Initiation in radical-ghai & \process by which a monomer
molecule acquires an active sitg for D ) of the chain reaction, that is, becomes
a free radical. The most common fo oL ifith 0. the production of a free radical by the
E olecule, and the subsequent
'éw chain radical. Among the

common initiators for fiee rac ] n are peroxides, such as benzoyl

thermal decompositionsof

addition of a monome y ]
peroxide, and azo compouélds such as azoblslsobutyromtnle If we designate such a
molecule R:R, eﬂ?omﬁ‘ ?ﬁmn?:stable bond, e.g., the
0O-0 bond in be n tiati ermal rupture of this
°“%i‘eﬁ’1‘2Wﬁ“% Tnenay

RR X JR. 2.1)
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where the single dot electron represents the unpaired electron characteristic of a
free radical and kg is the rate for thermal decomposition of the initiator. The second step
of initiation, in which R- adds to a monomer M, may be represented schematically as

B4 M = RMNE ' 2.2)

As a result of this step, the initiationy fragment R is chemically bonded to the

growing chain and thus incorporated into' the fintlepolymer molecule. If the first step is

2.3)

ration, because all the radicals
generated by decomposition #f i nay potibe e € 1n reacting with monomer to
produce active chain. 7 \

The second step of s propagation. The free radical

g other monomers in succession:

~4  RM+M = Rl (2.4)
or, in general, 4. Y
(2:5)

Ths ate ﬁ %d: &j @pﬁ%} ﬂeﬁ %%jf}ﬂﬁcan then write the rate

of propagation as 4

AN AINTIMTINYNNY o0

where [M- ] is the sum of the concentrations of all chain radicals of the type M,-.

The growing chain radicals are extremely reactive toward one another; only their
low concentration (typically about 10® M) prevents their early reaction, pairing the two
odd electrons and destroying their activity. Eventually, this bimolecular reaction

occurring in one of two possible ways is combination or disproportionation. In term of



7

molecular structure, in the typical case of a vinyl monomer of the general structure
CH,=CHX, where X is hydrogen in ethylene, CH; in propylene, Cl in vinyl chloride, etc.,

In case of combination which is the two chains yield a single polymer molecule,

-CH,CHX: + :CHXCH,- — -CH,CHXCHXCH,- (2.7)

or disproportionation, which is hy er, occurs with the formation of two

polymer molecules,

CH;CHX: 4 y ‘ . HXC=CH- 2.8)

(2.9)

where k; = ke + kea , kicl

rate constant of termination by/dispro;

tion by combination, kg4 is the

The rate of overall polyme: "u-uni ; A ritten by the steady-state assumption
p ___’_ ﬁw y y: p

as

Y )
The rate of polyrhgri‘ation is seen teJhave the significant conclusion of the

dependence of uﬁWﬂf'ﬁ%@w E}@tﬁtﬁmn rate. Doubling the

rate of initiation @bes not double the polymerization rate; the polymerization rate is

increase(ﬂnmuawf@ﬂ/ij aETj ﬁma ﬂmﬁﬁe bimolecular

terminatioxqreac ion between radicals.

(2.10)

2.2 Chain copolymerization [6]

In the polymerization of a mixture of two or more monomers, the rates at which

different monomers add to the growing chain determine the composition and hence the
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properties of the resulting copolymer. The order as well as the ratio of amounts in which
monomers add is determined by their relative reactivities in the chain-growth step, which
in turn are influenced by the nature of the end of the growing chain, depending on which
monomer added previously. Among the possibilities are random and regular alternating
additions as well as block formation. With two monomers present, there are four possible

propagation reactions, assuming that growth is influenced only by the nature of the end of

(2.11)

(2.12)

(2.13)

(2.14)

With the definition >aCtin 12: i =) ' and r; = kp/ky; and the

application of the steady-state/@ssun ..;1 > can deriye a copolymer equation relating

the instantaneous compositigh o c ga i r ing fc d[M,]/d[M3], to the monomer

concentration : :

d[M, )18}

AM L2, Nl (2.15)

7

A useful approxi@tion o thi

constant, is ¢ Y]
AUYINBNTHEINTG e

where H qﬂz ‘ 4 5] Bhisse, ni i t 'I.;' ating r; and r,.

The reac@ﬁnﬁqm mmtartgoﬂﬂ:ﬂﬁcﬂdding its own

monomer to that for its adding the other monomer. A value of r > 1 means that the radical

or low c@ersion, where [M1]/[M2] is

prefers to add its own monomer, and vice versa.



2.3 Suspension polymerization [7]

Suspension polymerization, sometimes called pearl or bead polymerization, can
be considered to be bulk polymerization carried out with the monomer dispersed in small
droplets, typically 10-1000 micrometers in diameter. The droplets are suspended in a

medium in which the monomer is essentially insoluble (usually water) by means of

agitation is stopped, the phases: ‘.u,; atorthe less dense rising to the top of the
reactor. This is usually a water=sa | ym&as poly(vinyl alcohol) or methyl
Te———

—

cellulose in the aqueous pha ant may also be added to the

aqueous phase. Mono
basic polymerization mi

medium.

Suspension polymerizatiofiZise 1i

. —

proceeds in the disperse medlmg;m_m i

the monomer is emulsified by Vlggm

polymerization starts, omogen _ ere an oil-soluble initiator

decomposes into initiatiz_llz radicals. opagati(ﬂ and termination proceed in

monomer droplets, obeying'the laws of blockgradical polymerization. The stabilizer is a

L T (e e Se——

stability of the polyimer suspension (as ‘;n emulsion polymerization). It1:;'fter dispersing the

=4
monom ﬁ]ﬂ]v argﬂnﬁlmsﬂméﬂlﬂ w% IW'T E]ﬁcle surface. It
creates a protective rhe; e which ‘prevents ' coalescence of the particles during

collision. In this situation, the polymer particles do not coalesce if the repulsive forces
prevail over the attractive forces. Collision of these stable particles are accompanied only
by overlap of their surface layers; in the zone of mutual overlap the osmotic pressure
increases (owing to the flow of water into these regions), which gradually separated the

particles one from another. The rate of separation of the suspension particles, whose
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surface layers mutually overlap after collision, is not only a function of the osmotic
pressure but also of the forces of mutual interaction of the stabilizer molecules and of
interactions between the stabilizer molecules and polymer or monomer

Colloidal stability is important in suspension polymerization. For colloidal
suspension to be stable, it is essential to provide a repulsive barrier between the particles
so that the London and van der Waals attractive energies do not exceed the energy of

thermal motion. Suspensions of neutralicolloidal particles flocculate rapidly as a result of

sions, the total potential is the sum of
the energies of attraction and Isi0n. ntial energy maximum is quite
——

large as compared to the t ding suspensions show long-

term stability.

In order to achie 1s necessary to provide a
repulsive potential energy nsion polymerization, this is
achieved mainly by steric zer has ionic groups, then

Interparticle repuls ] between two particles is a
function of the dielectric co : ‘_" ; s medium. The surface potential
develops by adsorption of the relezg_n?‘ ) particles approach a point where the
attractive forces overconie the electrost on will occur

The emulsified su omer d ck reactors, in which the

ous polyr@nzatlon with the difference
that the removal of heat is Lasily controlled ;and does not influence the course of

polymerization eﬂ; u}@ %n%ﬂs‘ﬁﬁawog Eqaﬂ ﬁrounding the polymer

particles effectivelydremoves the heat %f reaction and keeps the tem erature constant in

the critic Fr‘l Q mw m olymerization
also includ cosi ispersion over the range of conversions and

the use of the cheap nontoxic continuous reaction phase. However, the process has a

polymerization takes plag via rad

disadvantage, namely contamination of the final polymer with the stabilizer which, after
evaporation, becomes a component of the polymer and adversely affects the product
quality. Purification of the product to remove the stabilizer is energetically costly and

involves washing of the products with water, organic solvents and drying.
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At low conversions, the monomer particles are subject to coalescence, their
reverse dispersion into smaller particle size and distribution at this point and finally also
the properties of the polymer suspension. The stage of medium conversion is
characterized by increased stickiness of the polymer particles and their greater tendency
to coalesce. The coalescence of these particles is irreversible: neither addition of extra
stabilizer nor more vigorous stirring lead to dispersion of the associates. As the reaction

reaches higher conversions, the pol i lose their stickiness and are no longer

l)@lenzéld the properties of polymer

of stirring; this affects the

vulnerable to coalescence.

The course of sus

average particle size and siz€ distfib A dnd'the & faceproperties of the particles. The
rate and duration of stirrig € préparatior ~ omer particle size. After the
completion of stirring, the partigles the : se'c , bilizer) rapidly associate into
yprésses association of the particles
and lowers the rate of coal€scghcg 4 > Of the final \ er particles depends on the
size of the monomer drople; B il phase in water in the presence
of the stabilizer. The influen€e ; nechanism for the formation and
stability of the polymer dispersi(_) er compl X. At lower stirring rates, an increase
in the intensity of stirn:@ usually leads t : elaverage size of the polymer

particles. On exceeding afeertain cr

‘ce fugther increase in the number
of particles is observed, but the asso ¢ particl@is initiated which causes an
increase in particle size. Under these conditions,ja large number of smaller particles with

a much greater sﬁc%ﬂaé}%E}W‘%ewﬁx@rﬂlﬁ stabilizer is needed to

stabilize them. If‘the system does no‘t, contain the required amount of stabilizer, the
=4

- . . . - y
g AR ENEL TR
Slﬁe sion erizatio llowing advantages compared with the other

polymerization processes (bulk, solution and emulsion): easy heat removal and
temperature control; low dispersion viscosity; low levels of impurities in the polymer
product (compared with emulsion); low separation costs (compared with emulsion); and
final product in a particle form. On the other hand, among the disadvantages of

suspension polymerization one may refer to lower productivity for the same reactor
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capacity (compared to bulk); wastewater problems; polymer buildup on the reactor wall,
baffles agitators and other surfaces; no commercial continuous process operability yet;
and difficulty in producing homogeneous copolymer composition during batch
suspension polymerization.

Suspension or bead polymerization give relatively large particles of better purity
which are simply isolated, e.g., directly by centrifuging or filtering. These suspension

At low tempera ¢ is formied. The dotted tie lines connect
the compositions of phas ilibri 3 rich (dilute-solution) phase on the left
and a polymer-rich (swoll , OF hase on the right. As the temperature is
raised, the compositions of ph Sas _'. ) ore nearly alike, until at the upper

critical solution temperature (UGS _arejidentical. Above the USCT, the system

interaction between the p

When we talk aboutrapolymer being soluble in particular solvent, we generally

mean that the syﬂn%%}w’v}e%ﬁ Wé?jcwaﬂcﬂ‘ﬂ @perauge (LCST) and

USCT; that is, it féfms homogeneous s°91utions over the entire composition range. Keep

s VR
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LCST | a®== b
Homogeneous
i %Q Solutions B

e

UCST

g - 1
Figure 2.1 Schen( jagran er-solvent system: (a)

dilute solution p phase. UCST, upper

critical solution solution temperature.[8]

”\

General qualitative o M : dissolution of polymers:

1. Like dissolves like; 18, PO 501 nts will tend to dissolve polar polymers
and nonpolar solvents will tend {6 dissolve nonpolar ];olymers. Chemical similarity of
polymer and solvent is a fair in i

2. In a given "‘i;e--z---V--------~-—--1:-'-'=-*--*'-’-'-i::;‘-< ubility of a polymer will

decrease with increasing @

3. a. Crosslinking'eliminates solubility.

b. C 1linjty ‘ ﬁﬁm ' Cﬂ‘smi some cases it has to
find solvents str t ine i rces and dissolve the
polymer. Heating the polymer toward its crystalline melting point allows its solubility in

R WRONARTE WRRNLREE

The rate of polymer solubility decreases with increasing molecular weight.

For reasonably high molecular weight polymers, it can be orders of magnitude slower
than that for nonpolymeric solutes.

It is important to note here that items 1,2 and 3 are equilibrium phenomena and
are therefore describable thermodynamically (at least in principle), while item 4 is a rate

phenomenon and is governed by the rates of diffusion of polymer and solvent.
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2.4.3 The thermodynamic basic of polymer solubility
Consider the process of mixing a pure polymer and a pure solvent at constant

pressure and temperature to form a solution:

AG =AH -TAS, (2:17)
where AG =  the change in Gibbs free energy
AH = the change in enthalpy

Only if AG is negative-will the, ss be thermodynamically feasible.
The absolute temperati si-be positive, and “thesehange in entropy for a solution
nolecules are in a more random

state than in the solig 3o t always be the ¢ se with lyotropic liquid-crystal

material). The posiﬁ;/ ' receded wegative sign. Thus, the third (-TAS)
term in Equation 2.17 fayors/s ility. | he 0 thalpy may be either positive or
negative. A positive A : ‘\ prefer their own company,” that
is, the pure materials are'in er-energy , While a negative AH indicates that the
solution is the lower energy staje. "7 the la ains, solution is assured. Negative AH’s
usually arise where specific in ng: , h as b drogen bonds are formed between the
solvent and polymerinolecules. But, if AH is positive, it ‘ AH < TAS if the polymer is

to be soluble. v ,I‘J
One of the gs that make polymers unusum is that the entropy change in
forming a polymer soliition is generallygmuch smaller than that which occurs on

dissolution oﬂqua&}t’al ‘H ﬁ%@;ﬂﬂoﬁ] ﬂl‘sﬂar weight solutes. The

reasons for thislre illustrated quallsatlvely on a two dunens1onal ice model in Figure

AWM NW]’W]EI']G d
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solubility parameters. The value of the solvent at which maximum swelling is observed is

taken as the solubility parameter of the polymer (Fig 2.3)

Solubility parameters of solvent mixtures can be readily calculated from

S5
O i Zg;u‘ ~=>"¢0, 2.21)

mole \\\ %ml

Where =

¢, =""Volmet cn
: hatam ponent i
Equation 2.21 ha el // ] »\\ eries of mixed solvents for
establishing the solubility paramefe :“ B 7- \ cnbed above. Care must be
exercised in this application, Aowe - ' \l ds up inside the swollen polymer

is not necessarily what#yo xed °1 ener: he crosslinked polymer will
preferentially absorb the begfe o) ; c'Q p nent, a phenomenon known as
coacervation.
In the absence of specij_' ; 1 ats, a group-contribution method is
available for estimating ot nglar volumes of liquids.
While the solubility-parame it *! 1, there are unfortunately

many exceptions to Equgn 2.19.First; regular'solution tﬁory which leads to Equation

2.17 has some shortcomingg i&Practice. Second, polymer solubility is too complex for a

phenomenon to ﬂdﬁﬁd@x%&f ‘ﬁhwxg ’}ﬂnﬁer Several techniques

have been proposéd that supplement solublhty parameters with quantltatlve information

e 131
classify He in to théir en- ability (poor,

moderate, strong). Three different § ranges are then listed for each polymer, one for each

solvent category. Presumably, a solvent that falls within the & range for its hydrogen-

bonding category will dissolve the polymer.
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2.4.5 Hansen’s three-dimensional solubility parameter

According to Hansen, the total change in internal energy on vaporization AE,

may be considered the sum of three individual contributions: one due to hydrogen

bonds AE, , another due to permanent dipole interactions AE ,» and a third from dispersion

(van der Waals or London) forces AE,, :

A (2.22)
Dividing by the molar VOM
(2.23)
or
(2.24)
where }'l
J
Jj=d,p,h
Thus, the M %ﬂ ﬂ:ﬂ;ﬂntff j a vector in a three-
dimensional d, p,@ sEl itude’ of the vector in terms
of its components. A solvent, therefore iven vataes of & .0, 5{ 1s represented as
a point mﬁ ma b f(l'lgnulgj

A polymer is also characterized by5p2,5d2,5 Furthermore, it has been found
on a purely empirical basis that if &, is plotted on a scale twice the size as that used for
6, and J,, then all solvents that dissolve that polymer fall within a sphere of radius R

surrounding the point (é‘ 5290425042 )
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Solubility judgments for the determination of R are usually based on visual
observation of 0.5 g polymer in 5 cm’ of solvent at room temperature. Given the
concentration and temperature dependence of the phase boundaries in Fig 2.3, this is
somewhat arbitrary, but it seems to work out pretty well in practice, probably because the

boundaries are fairly “flat” for polymers of reasonable molecular weight.

Figure 2.3 Determination, @t polyme ility parameter by swelling
lightly crosslinked sample P:;, eS¢ ent. [8]
ivalen ‘1:" btained by calculating the
magnitude of the vector @n the ce of the polymer sphére (5 5 ,5d2,6',,2) to the point

p

The three-dimenSional equ

representing the solventﬁ a w If this%s less then R, the polymer is deemed

UNINEANT
4@‘ wpﬂ aﬁmz‘;wduo%'ﬂza nﬂlﬁlﬁ EJ (2.25)

(The factor of 4 arises from the empirical need to double the &, scale to achieve a

soluble:

spherical solubility region)
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Figure 2.4 TheHansen solubility sphere for polysty

)(5,=86, 5,=30, 5,=

Fansen solubility § n
2.0,R=3.5). [8 v -
I

Figure 2.4 Ej il (§= 8.6, 5,=3.0, 8,=
2.0, R =3.5, all in Hil . Note'tha cﬁ ol nn sphere lie outside the
first octant. The physical si nificance, e ar 1&\%@15@ t
Tha ‘j é’ % ﬁﬁn lv iijther small. In
q

practice, therefore, the three-dimensional scheme is often reduced to two dimensions,

with polymers and solvents represented on &, — & , coordinates with a polymer solubility
circle of radius R.

Values of the individual components J,,5, and &, have been developed from

measured & values, theoretical calculations, studies on model compounds, and plenty of
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computer fitting. They are extensively tabulated for solvents. They, along with R, are less
readily available for polymers, but have been published. Mixed solvents are handled by
weighting the individual &, components according to Equation 2.21.

Despites its semi-empirical nature, the three-dimensional solubility parameter has

proved of great practical utility, particularly in the paint industry, where the choice of

solvents to meet economic, ecological, and safety constraints is of critical importance. It
is capable of explaining those cases i w olvent and polymerd ’s are almost
perfectly matched, yet the pelymer wo o&(the 0 vectors have the same
magnitudes, but different disections)s ¢ ﬁdvents can be mixed to form a

solvent (the solvent com

ide the sphere, the mixture
within). Inorganic pigm ectors. Pigments whose &
vectors closely match th pensions in that solvent.
2.4.6 The Flory-Huggins t
Theoretical treatme y initiated independently and
essentially simultaneously by Flory: 2ins in 1942. The Flory-Huggins theory is
based on the lattice model shows 2% ase of the low molecular weight
solute, Fig 2.2a, it is asSumed the solute and selvent fnulecules have roughly the
same volumes; each o Laly eric solute, Fig. 2.2b, a

segment of the polymer melecule (which corresponds roughty but not necessarily exactly

to a repeating umﬁl-isjﬂﬁ‘sﬁe vol gwme le.and also occupies one
lattice site. , Q{i ﬁﬁ ﬁ ﬁn :
By statistic?l"ly evaluating the gumber of arrangements possible on the lattice,

iy A 5 5 9 b s

change (thaa due to geometry alone), AS” in forming a solution from »n; moles of solvent

and 7, moles of solute:

AS* =-R(n,Ing, +n,Ing,) (2.26)

where the ¢ ’s are volume fractions,
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4 = (2.27)
Xy X0,
X,n
P - (2.28)
XA kxn,
and the x’s are the number of segments ifi the species. For the usual monomeric solvent,
x;= 1. For a polydisperse pol >ric solute, ing, a term must be included in

Equation 2.25 for each indi ion, but x2 is usually taken as

x, , the number-average d e error. (Writing the volume

fractions in terms of mole al volumes.) Note that while

#.¢,,and n, are the = 20 molecules for the

monomeric solute, but o

considering the change in adjacent-neigtibor (molecules or segments) interactions on the

lattice, specifically the replagément™6f {1, : 2, 2] interactions with [1, 2]

(2.29)

i
where y is the Flory-Hu

meter. Initially, » was interpreted

as the enthalpy of interactioil gr mole of solve‘}} divided by RT. By equating (2.15) and

(2.28) (keeping iani ‘ A15)hs & it volume of solution,
while that in (2.;myeﬁmﬁygm%(§h), ::Tnay be shown
that the F]qyﬁ i esntﬁlﬂ Mlesyats tﬁ'
LRERUEIDE Y e (1 RLT]
7= V(§1 -5, )2

= (2.30)

where v is the molar segmental volume of species 1 and 2 (assumed to be the

same). For the dissolution of a polymer in a monomeric solvent, v is taken as the molar
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volume of the solvent,v,. From our knowledge of solubility parameters, we see that
Equation 2.29 predicts y > 0. Actually, negative values have been observed.

If it is assumed that the entropy of solution is entirely configurational, substitution

of Equations 2.27 and 2.28 into Equation 2.16 gives

AG = RT(n,Ing, +n, Ing, + y4,n,x,) (2.31)

s!k&l. For a polydisperse solute, the
J

on 2.30 wced by a summation over all
\- x, = x, usually suffices.
VNN

ite lor complete solubility of a high
molecular weight polymer agfossithé ¢o , sitior \

Again, for the usual
middle term in the right si
the solute species; however, trg

ags
l:'.

In term of the Flo

(2.32)

It is now recognized hat ghere is an imteractive as well as a configurational
contribution to the entropy of solution. That is alse included in the y term, so y is now
considered to be a AG\( egaction per mole of solvent

divided by RT. The firs{#wo terms ¢ .»" 30 therefore represent the
configurational entropy ¢entribution to AG 1le the ﬂrd term is the interaction
contribution and includes bcghglthalpy and entropy effects.

The Floryﬁu%xﬁ%sﬂ%s@ wﬂv&}'ﬂ d%eﬁbe phase equilibria

in polymer systemiIt can, for example?qualitativel):ﬁdescribe the lozjr, phase boundary
(UCST) imvFi ityrarely gi ﬁoﬂl i t-E] ﬂ'I aeﬂrimental data.
Partial difft maﬁﬂ; ;F,\H respecj?mkeeping m mind that ¢, and
¢, are functions ofn,) gives the chemical potential of solvent. This is, of course, a key

quantity in phase equilibrium, and also makes y experimentally accessible. Further
development is beyond the scope of this chapter, but the subject is well treated in

standard works on polymer solutions.
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The limitations of the Flory-Huggins theory have been recognized for a long time.
It can not predict an LCST (Fig. 2.1). It is perhaps not surprising that % depends on
temperature, but it unfortunately turns out to be a function of concentration and molecular
weight as well, limiting practical application of the theory. These deficiencies are thought
to arise because the theory assumes no volume change upon mixing and the statistical

analysis on which it is based is not valid for very dilute solutions, panicularly in poor

systems, both single valu: s a 11 position. They may be used
with Equation 2.31 to pr \

2.5 The Flory-Rehner eq

The equilibrium i o ny and Rehner treats simple polymer
networks in the presence o S Th considers forces arising from
three sources: _ :

1. The entropy change CalsE ‘,.f by: g.polymer and solvent. The entropy
change from this sourc il

2. The entrop V-

‘“‘ bers of possible chain
conformations on swelling. The entropy change from this ce is negative and opposes

swelling.

3. The hezﬂfuxﬂ ’g;%aﬂ @W @’1‘ ﬁﬁ positive, negative, or

zero. Usually, it is Slightly positive, oppgsmg mlxmg

AR ATERMINGINY

~[In(=v,)+v, + z?]= Vn[v‘” "22} (2.33)

where v, is the volume fraction of polymer in the swollen mass, ¥, is the molar

volume of the solvent, and y, is the Flory-Huggins polymer-solvent dimensionless
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interaction term. This theory, of course, is also related to the thermodynamics of
solutions. As a rubber elasticity phenomenon, it is an extension in three dimensions.

The value of equation (2.32) here lies in its complementary determination of the
quantity ». This equation determines the number of elastically active chains per unit
volume. By measuring the equilibrium swelling behavior of an elastomer, its modulus
may be predicted. Vice versa, by measuring its modulus, the swelling behavior in any
solvent may be predicted. _

Generally, values from ' ; s are somewhat higher, because
physical cross-links tend t i éfally less relaxed mechanical

measurements than in th

mg data. However, agreement is
usually within a factor gnificant inte play between swelling and
modulus calculations.

Simple elastomers o ‘, T of 4.0 so, leading to a quantitative
determination ofn. Howev. 7
numerical result is accept

1. The front-factor, icitly stafed in the ‘lory-Rehner equation, may be
significantly different from >

good agreement with _-,, : milcanization non-uniformities

lead to networks that mie theeretically predicted.

2.6 Cross-links in gels [10}¢

AU INYNINYNT

Let us comlder a polymeric 2etwork that contams solvent usually called a

polymeri ﬂﬁl ﬁﬂiﬁﬁq ﬂ ﬁrﬂﬂ ﬁ linked polymer
subsequent swollen 1n a solvent follows ory-Rehner equation. If the network was

formed in the solvent so that the chains are relaxed, the Flory-Rehner equation will not be
followed, but rubber elasticity theory can still be used to count the active network
segments.

Gels may be prepared using either chemical or physical cross-links. Physical

crosslinks in gels may involve dipole-dipole interactions, traces of crystallinity, multiple
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helices; and so on and thus vary greatly with the number and strength of the bonds. The
number of physical crosslinks present in a given system depends on time, pressure, and
temperature. Many such gels are thermoreversible; that is, the bonds break at elevated
temperature and reform at lower temperatures.

Thermoreversible gels may be bonded at single points, called point crosslinks;
junction zones, where the chains interact over a portion of their length, in the from of

fringe micelles (see Figure 2.5)

Gelatin has the junction , where the chains form multiple

helices. Natural collagen is . In hot aqueous solution, the

denatured protein forms rai '/d'r Th -,\«n. framsition is at about 40°C at about
mon

double or triple helices jc T \ \ \ ritical nucleation length is
) =
about 20-50 peptide (me ‘ I n0st. ?‘.\ ) \w tions being among praline,
& (=] _ _‘
A

il

0.5% concentration, as e ditions, gelatin forms either

hydroxyproline, and glycing

-

—_——

U
F‘lﬂrﬁ;l‘ @oq mrjorg\gsyé cros’s]hgs (a)é‘lo:l] c@sszﬂlnks (b)
junction zones and (c) fringed micelles. [10]
Gels sometimes undergo the phenomenon known as syneresis, where the solvent

is exuded from the gel. Two types of syneresis are distinguishable: the x-type, where the

polymer phase separates from the solvent due to poor thermodynamics of mixing.
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Spinodal decomposition is common in such circumstances. Such gels may be turbid in
appearance. The n-type, which exudes solvent because of increasing cross-link density.
The polymeric gel still forms one phase with the solvent, but its equilibrium swelling
level decreases. Such gels remain clear. In both cases, various amounts of fluid surround

the gel.

2.7 Fickian diffusion [9]

Diffusion is the pr 1 hi /&ﬁon gradients in a solution
NN

spontaneously decrease unti tion is obtained.
Imagine a containg gion and the pure solvent on

top, as shown in Figure 2.6

+x

t very small
9

'mu: ’J Ejﬂ_ N

.\ecllona

Ui
ARSI S

pure fsolvent on top (a) diffusion of a solute from a cell of uniform cross
section into the pure solvent component. (b) Plots of versus x. At t = 0 (the
t0 curve), the boundary between the solution and solvent component is

infinitely sharp. (c) Plots of concentration gradient (8c/dx), versus x at

various times t after diffusion have begun. At t = 0, the gradient is a
vertical line of infinite height and centered at x = 0. [9]
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Initially, there is a sharp boundary between the solution and the solvent. As time
progresses, solute molecules gradually move upward by diffusion. This process continues
until the entire system becomes homogeneous. In 1855, Fick studied the diffusion
phenomenon and found that the flux (J), that is, the net amount of solute that diffuses

through unit area per unit time, is proportional to the concentration gradient. Expressing

(2.34)

(2.35)

Equation 2.35 is usion in one dimension. The
N
: 4

! g substance (c in mol liter’")
after time ¢ of diffusion, ficient of the diffusing substance in

the medium concerned. The ites that the diffusion proceeds from

higher to lower concentration sin gradient is negative in the direction
of diffusion. Thus the ik is 2 ity The units ofD/are cm’S™ (CGS units) or
m’s™ (SI units). : ;

he diffusion process in a little-

importance is: e of conc LEJ en point along the x-
axis? Consider aé MEJ? xﬁ ﬁaﬁiss section) shown in
Figure 2.7.

QWW@Nﬂ‘iﬂJ UA1AINYAY

Let us investigat ore detail. A question of
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Hate ;1 x + dx
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Rate a1 .0 = <024 |

Figure 2.7 Rate ofgdCc i olute . Y olume element Adx

during a diffusion prog€s
At distance x measured fr ie of solute molecules entering
the volume element is — D. iich the concentration gradient

changes with x is given by

(2.36)

i 1y : ;
The rate of solute molec J s leaving the volume clement, after having traveled distance

dx, is g = o/ 7
) DA@)UQ%}G,HB@W%QTLF @)
YWIANNIUNRIINEY1QE
ThuS the rate of accumulation of solute in the volume element is the difference of
the foregoing two quantities:

Rate of accumulation of solute in the volume element = Rate of solute entering

the volume element — Rate of solute leaving the volume element
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o) of(E) (%)«

Now, there is another way o iving at an expression for the rate of

of solute in the volume element is

on. Jaté of this increase is given by the
product of the volume el the“change ofeoncentration with time, that is,

accumulation. As time goes on,

steadily increasing as a resul

(0c/at), (Adx). Equating thes |solute aceumulation, we obtain

(2.38)

ffusion. It says that the change

’ xi o
of concentration with time at :E_:,rmﬂf'r - e original is equal to the product

of diffusion coefficient and the ch ;.: 5-of ¢0

el

gation gradient in the direction of x at

time ¢.

Vi
2.8 Literature Review m

The cross eﬁﬁﬁ %mical classes such as
poly(styrene-co-divin benzei? po y(1sobutyl methacrylate) and poly(styrene-co-
acrylate). because it has
many useﬁﬁtlnaﬁ ﬂ:jm mrﬂﬂw]oa p this type of
materials as shown below:

Rabelo and Coutinho [11] studied the effect of the solvent power of pure diluents
on the porous structure and swelling properties of styrene-divinylbenzene copolymer. In a

general way, the three-dimensional solubility parameter was a better predictor than the

Hildebrand solubility parameter. It was found that the accessibility of polymer surfaces
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depended not only on the fixed pore volume but also on the elasticity of internuclear
chains.

Rabelo and Coutinho [12] investigated the influence of binary mixtures of
heptane with different diluent on the porous structure of styrene-divinylbenzene (Sty-
DVB) copolymers. It was found that the porosity produced by the diluent mixtures
depended not only on the affinity of each diluent for the copolymer but also on the

interaction of the diluent molecules

es. Some polar aromatic solvents when
mixed with heptane presented cos eral, the accessible pore volumes

were higher than the fixed

chains. / '
Rabelo and CO btk

alcohols with different diluéntséon ‘

formation of elastic internuclear

ce of binary mixtures of
ene-divinylbenzene (Sty-
DVB) copolymers. Two se d: one with isoamyl alcohol
and another with be S, ¢a ntaining isoamyl alcohol, the
hydrogen bonds between alcolio] an ar solvent 1t ) ecules exerted strong precipitating
effects. Copolymers prepared with tt - * ¢ 5ol 1t 2 bamyl alcohol presented higher
porosities than the copolymers'obia ied in - pres of the nonpolar solvent and isoamyl
alcohol. Binary mixtures with 1s99%]§;_ ol

than with benzyl alcohpli R

Kiatkamjornwong, ef a

uced more porous and rigid networks

ient and nitrogen gas flowrate
on organic solvent absor@on and de properties of -a'rene-divinylbenzene beads.
Large polymer beads could be prepared byga new technique of seeded suspension

polymerization. ﬂ uﬂaﬁ‘} ﬁ &%‘Ew E[h’]oﬂ ‘§as a good solvent had

larger pore sizes than those from a no?solvent such as heptane, wh1ch produced many

tiny pores: “Tﬂ m ég! (ﬁ'ﬂ? h increasing the
nitrogen gag flowrate for the ‘good solvent medium (toluene), the sw mg ratio decreases,

but swelling ratio increases in the poor solvent medium (heptane). The flow of nitrogen
gas helps material circulation when the viscosity of the medium is low. When the
viscosity is high at the gel point, the nitrogen gas is trapped within the bead. The more
the gas is trapped, the higher the porosity.
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Kuroda and Osawa [2] carried out the suspension polymerization of glycidyl
methacrylate (GMA) with divinylbenzene (DVB) in the presence of various diluents to
act as precipitants. The macroporous copolymer beads which have large specific surface
area and pore volume could be prepared in the presence of an alcohol such as 4-methyl-2-
pentanol as a diluent. While many cracks were formed in the copolymer beads when a
conventional plasticizer for polymers was used and smooth skin layers were formed on

the surface of the beads in the presence ofa iydrocarbon. It was found that the skin layer

Jang and Kim [3]
lauryl acrylate (LA), la

ene with 2-ethylhexyl (EHA),
Lacrylate (SA) by suspension
_ \ nd SA) copolymers were
synthesized with and without a fir !1 oent - ivinylbenzene. The glass transition
temperature (Tg) of the styr ' ' yiets ¢o 'be controlled by crosslinking
density. At a low crossli /as inereased due'to reduced segmental mobility. At a
high crosslinking, the T, w B .

structure. Acrylate monome

ing of chemical structure to network

anching or crosslinking to the

copolymer. 7=

Jang and Klrﬁl}] synthes '~ : thesid styrene with 2-ethylhexyl
(EHA), lauryl acrylate , lauryl me ; and' stearyl acrylate (SA) by
suspension polymerization. ke opolymers wge evaluated by swelling

properties for oil-absorbency application. The @il absorbency was influenced mainly by

fhdipreniok crosﬁl%gd’}‘}%@%}fﬁ w&}ﬁ:}lﬂﬁ The copolymer with

a longer alkyl acryute had higher oil a}sorbency in the order of stearyl acrylate (SA) >

lauryl ac m qrﬂij r%)] of the lauryl
methacrylatq MA) copolymer was er than that of the opo ymer.

Zhou et al [5] prepared the oil-absorptivity of crosslinked polymers containing
stearyl methacrylate, 4-t-butylstyrene (tBS), and divinylbenzene. The oil-absorptivity of
the crosslinked polymer poly[(stearyl methacrylate)-co-divinylbenzene] [CP(SMA-co-
DVB)] and CP(SMA-co-DVB)/poly(t-butylstyrene-co-divinylbenzene) IPN decreased
with increasing concentrations of DVB and tBS, respectively. The highest oil-
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absorptivity of CP(SMA-co-DVB) and the IPN(PtBS : 25%) were 615 % and 330%,
respectively. The toluene absorptivity of the synthesized polymers decreased in following
order: CP(tBS-co-DVB) > CP(SMA-co-DVB) > IPN(PtBS : 25%) > IPN(PtBS : 50%) >
IPN(PtBS : 75%) at immersion above 60 min.

Okubo et al [14] studied the suspension polymerizations of

divinylbenzene/toluene droplets dissolved in different kinds of methacrylate and acrylate
i roduced not by high polarity polymers
but with low polarity polymers}. "fvf resu t the preferential adsorption of the

formation of the hollow si Colminimum ps ncentration was necessary to
produce hollow particles N

Aykurt et al [15
ethylene glycol dimethag

1 methacrylate(MMA) and
: polymerization. A mixed
sly toluene and cyclohexane, was used

\)
. /I'he porosity and pore size increased

solvent, composed of two

gradually with the increasé o \ _J Sicontent. lohexane, the bad solvent for
copolymer, in the polymerization used greater pores due to the phase
separation between the copolygm’?’,@@ diluent. If the solvent used to extract the
residual monomer and. dilt is the good delvent for the copolymer, it
may cause the walls of'tiie pore to

Kangwansupamom e effe(mof the third acrylated vinyl
comonomer on absorptionf and desorption properties of styrene-divinylbenzene-alkyl

sryne tepotyfel S b 8 bIA SV SR o copymers s i

this work are n-blallll acrylate and 2-etbyl hexyl acrgte The porouijtructure increased
o RN AR IR RIS M AR oo crsoie
solvents haying solubility parameters of 14.9-20.9 (MPa)"* and can be also used to
absorb many mixed solvents or petroleum on a water surface. The beads could be used to
absorb and desorb a Tol/Hep mixture for many cycles. Increase in the number of carbon
atoms of the acrylated vinyl monomer enhances the absorption of the aliphatic

hydrocarbon solvents of hexane, heptane and cyclohexane.



34

Ishiza and Shiratori [17] synthesized the polymer microspheres by dispersion
_copolymerization of divinylbenzene with vinylbenzyl-terminated poly(t-butyl
methacrylate) macromonomers in the nonaqueous media (methanol and acetonitrile). The
particle diameter increased gradually with an increase of the DVB concentration in
methanol or acetonitrile. The particle size distribution was very narrow. The PBMA

similar to the macromonomer acted not only as a comonomer but also as a stabilizer. The

Bodugoz and Guveasf187 syni esized - poly(isobutyl methacrylate)
microspheres by suspensi . N investigated their swelling
properties. Swelling beha ound to be dependent on the
diameter, crosslinking density & £ ~‘  an( ing agent and solvent. The

results of this study indicate gha : : j“ d PIBMA microsphere can swell in

gasoline very well and in§ af aaﬁt o {1 00% of its volume) of gasoline in their
structure. A /%

Kangwansupamonkon ‘et al_ . ed thie effects of the crosslinking agent and
diluents on bead properties gﬁf’jl_ e-divinylbenzene copolymer by suspension

enzene of the range of 3-15

wt% was used to ce s en the divinylbenzene
concentration was incre@d, the average sizc decreased mghtly and the particle shape
was unchanged. A mixturefofsthe good and peer solvent was used to control the phase

sepation and tﬁ%d %]n'a %E}ﬂb@ w Ejﬁﬂfﬂa‘ﬁs obtained in the range

of 940-1050 kg m® and the dlffusmn‘coefﬁment in the range of 2 9x10*(’ to 4.52x107
= ARAREATURN AN
atkamjornwong et al [20] studied and synthesized acrylate core/shell imbiber
beads by seed suspension copolymerization. In the one-stage suspension
copolymerization, the polymer beads had a heterogeneous structure without a specific
morphology, whereas the polymer beads from the seeded suspension polymerization
distinguished the shell separated from the core of corresponding polymers. The more

hydrophilic polymer is distributed preferentially in the shell, while the more hydrophobic
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ones reside in the core. The beads of PS/PMMA, PMMA/PS and P( 2-EHA)-PS were
able to absorb aromatic hydrocarbon solvents better then aliphatic hydrocarbon solvents.
Gawdzik and Maciejewska [21] studied the influence of diluent composition on
the porous structure of methacrylate copolymers by suspension polymerization. The
results indicate that the increase of good solvent (toluene) concentration has a similar

impact on the porous structure of copolymers obtained from two tetra-functional

-
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