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"ABSTRACT:

Herein is reported a theoretical and experimental evaluation of
liquid exclusion chromatography (LCEC) for the measurement of particle size
distribution (PSD) and diameter averages for colloidai sgheres of various,
conposifaons.

\ Correction factors fér axial dispersion_héve been derived for a
general detector whoée signal is proportional to the ﬁunﬁer of particies
times particle diameter to fhe‘power gamma I;) where y varies from zero to
. six ; This Qeneral detector includes a turbidimeter (y=6) and a refracto-
moter (v=3). “

- Lquipment and operationai variables‘andntheir effect on resolution
were investigated éxperimentél’ly. These irgclude;d packirig and pore sizes,
bed length and carrier liquid f%gwrate. ‘ ‘

The use of LEC for the off-line monitoring of the growth of latex
particles was in&éstigated for the surfhctaht;frqe emulsion polymerizatién
of two moﬂome; systems-styrene and vinyl acetate.

“LEC can be ‘used to quantitatively measure the size distribution
and diameter averages of both organic_latiées and inorganic particles in,

‘the submicron range in an off-line analytical mode. LEC is sufficiently

rapid for the off-line monitoring of latex particle growth in emulsion
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polymerization, With some modification it could be used in an online

mode as a sensor for reactor control. . ’
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GHAPTER 1

INTRODUCTION . ~

. !

The analysis of particle §ize or the particle size distribution is
of vital concem to many diffeirent technologies ranging from the manufacture
of paint to the formulation of the drugs and phytochemicals.

The wumportance of this physical characteristic is realized-when
one examines the chemical and physical properties controlled by particle
size and distribution, eg. (i) the gloss of a film is a function of the
particle size and distribution where normally the finer the particles and
the more uniform the distribution, the higher the gloss, (ii; b;ahaviour of
some of the pharmaceutical tablets and capsules are now known to be con-
trolled by the granular siee of the substancc used (1) (iii) not onlit;he
setting of the cement is controlled by the particle size but al;g are the
r\nechanical properties of the cement.

The characteristics of a single particle are not usually oﬁf practical
interest, rather the iean charactexlistics of a largé number of particlc;
is the thing that caﬁ be studied statistically. Particle sizing technique ?
should, whenever possible duplicate the I)I'T)CGSS one wishes to control eg.
particle diameter of a catalyst 1s irréievant especially if the material 1s
very porous. Measurement of total area would be more appropriate. It is
therefore essential to choose the right todl for the job'at hand. Most
methods of analysis measure different parameters, quite apart from in-
trinsic inaccuracies, S:) that the ﬁeasuremcnt of the properties of one N \

system by difierent methods may give different nesuits, all of which could

be corre&t, eg. turbidity measurement yields diameter average based on

1 (



weight whereas electron microscope gives the number average diameter.
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CHAPTER 2

LITERATURE SURVEYY

There scems to be a widespread intcrest in methods for determining
the particle size and size distribution. Methods of analysis vary irom the
direct microscope "analysis to the inditrect methods that depend on in£rinsig‘
or optical properties of the particles themselves. Different methods for
particle size measurement have been discussed extensively in the recent
literature (1, 2) and will not be discussed here except a few techniques

that measure particle size distribution and averages in the submicron range.

2.1 Measurement of Particle Size Distrihution (PSD) and Averages in“the

Submicron Range : !

2.1.1 Introduction .

A few analytical techniques that are commonly u§cd for particle
size analysis in the submicron range arc discussed briefly along with
their merits and demerits. _Techniques for measuring particle size dis-
tribution in this range tend to be either time consuming, inaccurate or

limited to a portion of the total size range.

2.1.2 Electron Microscope

A drop of highly dilute suspension (10-3 - 10-5 gn/ml) is plaeed
on a collodin coated screen pf about 200 mesh. and allowed to dry. The
dried specimen 1s then examimed_in the microscope and particles photo-

P

graphed and f{rom the magnification employed number average particle size
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cah be computod (2). Diameter averages other than number average can also
be obtained by integrating the histograﬁ. This technique can be applied
to samples with narrow or broad particle size distribution.

"

Some of the modern electron microscopes have magnifica;ion as high
as 500000x and the resolution of the order of 2-7 A°.

One of the main problems in electron microécopx(is to get repre-
sentative sample eg. a dispersion at a concentration of 50 wt. § made up
of 2000 A° particles can have over 1013 particles/m€. Depending upon the
polydispersity of the sample normally 500-2000 partivles are counted.
Since it is a very tedious and time consuming task $o count couple of
thousand particles and measurc their size and hcnce'ihe &égnitude of the
problem is obvious. T - .

Thé temperature of the sample in the electron ndcréscope is about
100°C but can reach as high as 200-275°C. Under these ‘conditions the ]
particles may shrink.

Above all this method 1s time consuming and e?pcnsive and requires

highly trained technicians to obtain the data.

2.1.3 Joyce Loebl Disc Centrifuge /ﬁf

The principle of Joyce Loebl Disc Centilfuge‘systeﬁ combinces that'
bf scdimentation with centrifuéati;n (2). The suspension is centrifuged™
for certain time and then the suspension is sampled at a given distance
into the fluid where Stoke's law predicts the presence of particles smaller
than a given diameter and-measuring consgntration.‘ From this data a dis-

tribution graph of particle diamcter against percentage cumulative weight

under size can be obtained. Some of the modern centrifuges are equipped’

T



with a photosedimentomgter attachment which climinates the need for con-
centration analysis. (Photosedimentometer measures the rate of sedimentation
in the sanple chamber by monjtoring the attenuation of a light beam as the
particies are sedlmenting.‘ ‘

The advantage here is that any sample that can be centrifuged can
e analyzed but one must know the density of the particles very accurately.
The disc centrifuge is difficult to usc with particles smaller than 1006 A°
because the analysis time l>omes too loné considering the stability of the

Lnstrunent.

2.1.4 Light Scattering

A dilute suspension‘is illuminated by a narrow intense beam of
' monoclromatic light. The i.ntensity of light is measured by means of a
surtable detector at some ax‘xglc 8 from the primzn?' beam.

For 11011-absorbix_1g, non-interacting spherical particles the light
scattering is a function of.two parameters o= %ﬁ) and n(= ;—1—) (3). The
particle sizc of the sol and its refractive index will gover?m the ob-
served mtensit'les.h The three most common approaches to ﬂ.](? n\easdrelnent
of particle size are ’

A. fix 0 at 180° and mecasure I. This is the turbidity measure-

ment,

B. Mcasufe 1 at some other fixed angie. This i5 known as dis-

symmetry method,

C. Mcasure 1 as a function Sf angle.

Turbidity measurcment and dissymmetry methods are d}scussed briefly
in the following sectjons. '

/
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The technique involves measurement of “turbidity as a fimction .
of wavelength for a dilute suspension of non-hbsorbing spheriga} particles
(4). In principle it is possible to obtain both the particle number and
size distribution through measurcment of turbidity As a function of
wavelength but in fact it is difficult to find a unique distribution
ﬁfﬂnction without prior knowledge of the shape of the particle size dis-
tribution. In the Rayleigh Scattering regime a measurement of T versus.

.

A w&ll provide only a turbidity average diameter and not the particle size
distribution itself,
The advantage of this méthod lies in its~exberimenta} simplicity.
.’/k
/ B. Dissymmetry Method
In the dissymmetry technique the intensity of scattered light gt
two different angles syﬁnetrical around 6 = 963 is measured (4). Cenerally
6 is taken as 45° and 135°. The scattering of light by particles is
" described by a scries of diffcrential equations for electromagnetic radiation.
Solution of these equation by the Mie Tﬁeory gives a quantitative relation-
“ship Eetwccn the diameter of the particle and the ratio of the intensities
of scattc}cd 11ght. : ' _ %
| This technique is useful for particles with diameter up to about

2000 A°. - '

2.1.5 Size Exclusion Chromatography

In the past decade, gel permeation chromatography (GPC) has been

s

used extensively for the separation of polymer molecules according to



their size in solution. Reccently, this technique has been adapted for

analogous Scparation of- colloidal dispersions acocrding to size (5,6,7).

There are two complementdry approaches to the use of size exclusion
. ' . . §

3

chromatography to separate particle suspensions acéqrding to sizg: The

more powerful technique ‘called liquid exclusion chromatography f{LEC) utilizes

porous packing and relies mainly on steric exclusion from the pores of
"the packing for size separation. The gther called hﬂrodynamié chro‘ma-.:
tography (HDC) mainly developed by Hamish Small (S) utilizes non;pomus
packing a{xd relies mainly on the veloEity profile in the interéti ial
regions for size separation.

Krebs and Wunderlich (8) were the first to succeed in separating
polymethyln;ethacrylate and‘ i)oly'styrgne '1ate>'( particles using silica gel
having. very large pores (500-50000 A°). More recently, Gaylor et al. 7N
and Coll et al. (gg) developed LEC further by suitable selection of emul-
sifier and electrolyte concentrations to%timiz,e resQlution.

The basic separating mechanisms in LEC and in HDC are discussed

in the following section.

‘Mechanism (LEC vs. HDC)

The development of HDC is based on the theory proposed by Guttman

and DiMarzio (9): More recently it has been develo:ped f_u.rther by Stoisits '

et al. (19 and McHugh (11). On the other hand there does not seem to be
any 1iter'ature dealiné ’:vith' the quantitative development of LEC.

The basic separatﬁg mechanisms of LLC and HDC are compared dia-
granmatically in Figure 1. A bed packed with porous or non-porous pa‘cking

presents the particles suspended in ‘the carrier solvent with a tortuous

s b sy, Sk Alabun - 2

B ke rtrcbndion.

anhe  Aas.



path through a large number of capillary-like tunncls. Larger particles
arc cxcluded from regions ncar the capillary wall where axial‘velocitics
are small and hence on the average exﬁeriénce a higher velocity and therefore -
a smaller retentiop time.

.'Porous packing presents an’additionai force for size seharation by §
steric exclusion from the pores. Figure 1(A) represents a wide interstiti;i

channel and slot like pore. Suspended particles smaller than the diameter

of the pore, can diffuse into pores giving a second and more efficient

N -

mechanism of retardation and size separation.
It has been suggested that the flow pattern of the solve;w\in the inter-
stitial channels also playg an important role in chromatographic'seéaratlon (12).
v Cassassa (13) has pointh out that it is not possible to magé' )
phenomenological distinction between the séparating mechanisms of L%C and

; . /
HDC and it is likely that both mechanisms are operahle with or without porous

?

packing.



o CHAPTER 3
THEQRETICAL DEVELOPMINTS

0

3.1 Intexpretation of a Signal for a UV Detector

In the absence of multiple scattering and for a non-absorbing
monodisperse spherical suspension the turbidity (1), is related to particle

number (N) (4) by the following equation

nDZ

4

'[=.N‘(

«D -
NG B ),

s

]

. The turbidity is found by measuring the intensity of transmitted light using

the following expression

I
1= %: £n TQ: where [ 1s the intensity of the primary
' beam - .4
I is the intensity of the transmitted
o beam .
£ *is the path length of the cell
A -

e
v A

Therefore for a polydisperse suspension of spheres, linear combination of

equation (1) gives an integral equation of the fom

nD2
4

=N K-, B

© m m

x £(D) dD

In the Mie scattering regime where 1.0 < a < 10.0, the dependence
of extinction coefficient on « is complex. In the Rayleigh scattering

_regime where o is less than unity, the extinction coefficient is given by

-9 -
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the following analytical expression

8m2-12 4 n
K=z (=) o wherc m = —-
3 m+2 nm

. 1D

* T3

m

Substituting this expression in equation (1) one obtains

&
T=BND6
Where M ' . °
B = 2 EE mz-l 2
=37 ()
Amm+

Hence with Rayleigh scattering the turbidity t at any point on.tH¢'

" LEC chromatogram can be expressed as follows

1(v) = B N() D(v)
since

F(v)a t(v) where F(V)-is the detector response

B| ﬂ(v) U6(v) b \\2

F(v)

FV‘«
D™ (v)

u

tz?_‘[l—-l

N(v) (2).

Thereforc, the total number of particles under the whole chroma-

-

togram can'be obtained by integrating equation (2)

N=1 5 Fwv) 08w av
B o

Since the frequency distribution




1]

_ N(v) dv
£ = - 109 4v

L -6
. _F(v) D “(v) dv
L) == . (3)
PFw) Do) v D
Y "

Similarly, onc can derive an exprcssion uéing the Mie theory

-1 -2 T

) K 0w v

f(D) = = > - : (4)
PRV KX D i) av @

0 : N~

Given the frequency distributioén, one can calculate the weight

fraction distribution as follows

3 n
W) = S0 (5)
S D f(D) db
o

5.2 Axial Dispersion Corrections for a General Detector

As with other fonns.of‘ chromatography, the LEC chromatogrdh of a
monodisperse suspension appears as a chromatogram of finite width. The
peak position of the ch.roma‘togram is characteristic c;F the diameter of the
suspension. In czlse of a refractometer, the area Lmder the chromatogram is
proportional to the mass of the monodisperse suspension injected and the
variance of the ch;:omatogram depends on band spreading mainly in the LEC
colums. For a polydisperse suspension, the chromatogram is a superposition
of the chromatograms of all its components. The to£a1 arca under the curve
1s still proportional to the mass of the suspension injected, but now the'
height of the chromatogram at ahy retention volume does not depend solely

upon the mass of one component; buf also depends on the masses of the
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the néighboufing components. At the tails of-fthe chromatdgrams, there are
chromatogram hcights representing éomponcnts which do noi cxist in the sample.
For accurate particle size ‘analysis this overlapping and diffyused pattern
of the chromatogramywhich results due to axial dispersion must be corrected.
Axial dispersion corrections in size exclusion chromatography of
suspensibns ére much larger than for polymer molecules in solution. This
15 duegto the fact that suspended particles in the submicron range are much
larger than polymer molecules in solution and as a consequence have much
smaller diffusion coefficient;. Axial disperéion is greater with LEC than
with HIC and is a éesult of the finite time required for a particle to diffuse.
into and out of a pore. ‘ - -
Tung (14) was the first to develop a method to correct for axial
dispersioﬁ in GPC. Accounting for a;ial dispersion the detector response
F(v) of an input sample W(y) is given by the following integral equdtion

which is known as the Tung's Integral Equation

+w

F(v) =/ W) Glv,y) &y (0)
0
A
where Gtv;y) is the instrumental sprcading function and accounts for axial
dispersioh. Tung's equation can be solved numerically or analytically and

both of htse techniques are discussed briefly in the following section (15).

- ”

3,2.1 Numerical Solution

For a Gaussian instrumental spreading function G(v,y) can be expressed

f
"

as
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2 ’
. 1 . (v- Vo)
()(V,)/) F I;)(p{' ———2—""}
/. L 20

a

where v is the retention volume, Vo is the peak retention volume and 02
is the variance of a single species chromatogram. For a polydispersed

suspension F(v) can be represented as

@ ) 2
Fv) = £ W) 2= Bp(- Y2 gy SN C)
0 2mo? }o
/"“

In equation (7) the fmcbigg_.GV(y) can be solved for numerically
given F(v) (via detector) and 02 (via calibration). There are many numer-
ical techniques available in the literature for the solution of equation
(7) and thesc are discussed elsewhere .(lS, 16). It is also possible to
solve nﬁcquation (7) numerically ‘using non-Gaussidan instrumental spreading

{unctions.

3.2.2 Analytical Solution

Numerical .solutioh of Tung's equation is notﬂ completeiy satisfactory
in cases where corrections for axial dispersion aic appreciable. Artificial
maxima in the corrected W(y) are often observed. Such maxima would leadl to
incorrect interpretation and hence can not be tolerated.

Tung's equation for the special case of a.unifonn instrunental

spreading function becomes a convolution integral of the form

LMW =SNG Gv-y) dy / z (8
B 0

i

< {

_Here the instrumental spreading function i‘Aonsidercd to be wiform i.e.
. . o h
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the nomuliced detectoy signals for single diameter species may be super-
inposed. Taking the Laplace Transfom of cquation (8) gives
' A
T(s)= W(s) G(s) (9)
N
Provder and Rosen (17) proposed the use of a general statistical
shape function to describe instrumental spreading. This function which

accounts for derivation from Gaussian shape, has the following form.

G¥) = (V) 1" A"(b—-r-—nm

¥) = ¢ v) + L -1 ———

. n=3 lag/ 2"
g

2 %

1 v n . .
where ¢(v) = Exp(- —-—-Z) and ¢ (v) denotes the nth order derivatives.
. ;Zno" 20

The coefficients '\n are functions of the nth order moments about the mean

retention volume. The coefficient 1\3 provides a measure of skewness and 1t

15 this term which wi1ll be used to correct for derivations from the in-
strunental spreading function from the Gaussian shape. Equation (9) can

now be writt

I ‘(v
22 o A :
§ Ts) = We)\ba G- L+ niz—@ﬂ (-s0)™
N
and neglecting the terms other than As
F(s) = W(s) fixp(szgz)(l'a'ss) (10)

where o = % Aro

v
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Equation (10) is the basis for axial dispersion corrections of
spherical particles of various particle diameter averages to follow.
Axial ‘dis_'porsion correction factors will be derived for a general
detector whose signal F(v) is proportional to the mumber of particles in
the dctectm.* cell times the diameter of the particles to the power v
~_/

i.e. F(v) a N(v) l)(v)Y

when vy = 6, the detector is measuring turbidity in the Rayleigh scattering

-»
-

regime and when y = 3, the srignal is proportional to the mass of the sus-

pension and independent of the particle diameter. The frequency distribution

I ’
(£(D)) can be expressed as follows 7

£(by b =-Qij" v . B
J (V) dv AN
o~ - ‘ ,

_ EFv) ) v

ZFEW) D) gy
0

A. Rayleigh Scattering

Axial dispersion correction factors for different diameter-averages
are derived for a general detector. When vy = 6, the correction factors
apply for the Rayl.eigh Scattering regime.

Correction factor for numi)er average diameter -
Now the number average diameter can be expressed as follows

D) Fv) D)"Y dv
0 ) R

SEV) bv)Y dv : .
(0]

Dn (w), =

o A

Ry

Rt & T o s ok

LR TN SV SRR S
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In tenns of Laplace Transformations after introducing the linear
calibration curve of the form D(v) = Dlﬁxp(-Dzv), Dn(w) and Dn(t) ¢an

be expressed as follows

T((1-1)D,)

D (=) =D

n 1'F(-YD2)
W((I-Y)DZ)

D () = D) =t
W(-}DZ) '

and therefore the correction factor is

T

() WD)  F(-vD,)

X

B F@oop)  Wvd)-

Introducing equation’(10) one obtains

2 2 3.3
v =
Dn(t) 2y l)DZO_ l+y aDz }

— = Lxp { } A
D=y 2 1- (1-v) D3

n

Correction factor for surface area average diameter -
" One can derive the correction factors for different diameter

averages, as shown earlier

meZ(v)F(v) D(v) Yav _
. 1/2

D, (=)

SRV D(v)"Y dv

F'(LZ-Y)DZ),} 12
F('YDz)

(, . N i

Dy(=) =Dy

et



W('YDZ)

DS (t) Dl{

Hence

bgte) — W((@2-v)p))  F(vd) 12

— { = x = }
Dy (=) F((2-1)D))  W(-vD,)

343

Ds(t) 2 9 { 1+y aDz } 1/2
== Exp{(y-1)Doo"} '
D, (=) e 1—(2-7)34D§

Correction factor for specific surface arca average diameter -

DV B b)Y v
D (=) = % ~
U0 W) F(v) D) Y v
(o}
. T(G-vD)
Dg () = Dy
F((2-v)D,)
) _ 5 F(GD)
Dy (t) = D, i

W((2-v)D,). ’

D () W((3-vID)  F((2-1)D,)

X

DO F((320D) . W((2-)Dy)

D (1) p2o?  1-(2-v) )
o e (29 -5 ()

SS 1-(3-v) aDz

o
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Correction factor for weight average diameter -

oty k) b)Y v
e}

D' (oo ) -
W S B Dv) Y dv
0 s

p o) = p, FLH-TIDy)

I ——=
F((3-v)D,)

Wt(4‘Y)D2)

D e
W((3-v)D,) , :

Dw(t)

D, (&) WD) F((B)

%5 Ry W(GD)

It

E?l%v(t) ) ((2y-7)D§ozi{ 1-(3-v) b3 }
— = - = ‘\'T)
Dw( ) _ . 1- (4'Y)3<!ID:25

Correction factor for volume average diameter -

FD3v) Fw) DY av

2) = {92 143
e I E) D) av |
~ o
{ : o
F((3-)D,) 1/3
D () = D) (———

F(-YDz)



W((3”’)”2))1/3

D (1) =D, (=
MACE (%1

Dv(t) W((s—y)‘uz) F(-mz)

- N 1/3
Dy (). ?((3-Y)Dz) W(‘YDZ) %
D, (t) ) ((Zy—S)Dgoz) { 1+Y3<£D§ } 1/3
O ey - bap ,
by _ : 1-(3-*1)‘7’ch:2S -

Correction factor for turbidity average diamcter -

%) Fv) D) Y v

D (=) = qw i 1/3
T J DS{V).Y(V) D(v) Ydv . ?
(o]
: . F(6-y)D.,)  1/3
D (=) = Djf ——— b
F((S'Y)Dz)
W((6-)D)  1/3 ‘
b (t) = Dl'{ —_— }

W((3-)D,)

D, (). W((6-nDy T((3v)Dy) 1/
x }

D) TE((6-viny  W((3-vDy

2 3°

D (1) (.(u-g)ngo) {1-(3«)3&@2} 1/3
B R YR U Sy ——1 7
Dl.(;j- - 1-(6-v) u’DZ
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The correction f{actors for the different averages are tabulated

in Tables 1 and 2.

B. M Scaitcring_

Derivation of the correction factors for the turbidity detector
L Y

. . . A .
for the more general Mie Scattering regime now follows. Here the signal
F(v) is proportional to

¢

F(v) « NOV) K(v) Do(v)

. N ]
The frequency distribution can now be given. by

£p) ap =W dv
é N(v) dv

=_fiy)'K—l(v) th(v) dv
SR KW D W) av

Referring to number average as an cxample

W) K vl dv
Dn(t) - 95 -1 -2 " '
. W) K W) D) av

To maintain Laplace Transformation to pemmit the use of equation (10), one

must fit extinction coefficients with a series which is the sum of exponentials.

Therefore,

o WG
D(t) =Py 2 -
n 1y Wisy), .
R M

A

¥t v



D (t) =D
n

ra

1

F(s,)/G(s,)

L
1
L.
j

I3(5J-J/G(SJ-)
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QIAPTER 4
EXPERIMENTAL DETAILS

4.1 Apparatus .

The instrumentation for LEC is the same -as that for GPC. Mainly
it consists of (i) Sample injection valve, (ii) Pump, (iii)} Columns, (iv)
Detector, (v) Effluent volume detection and data recording (usually a:str.ip

chart recorder). ‘

Sample -Injection Valve:

The conventional six port two way injectibn valve, manufactured by
. e .
Disc.Instruments Inc. was used. This valve was designed to withs
hydrostatic pressures of up to 500Q psi. The volume of the sample ldc_)

was 2 mé.

Punp:

-t

Positive displacement pump (Milton Roy Mini Pump Model 3§6-89) with
an adjustable delivery volume was.used for pumping the solution which could
deliver up to 7.6 mé/min even at back pressures of up to 5000 psi. Pressure’

fluctuations were damped out with an inline pulse damper. '

Colums:

A set of colums (4' x 3/8") each packed with porous silica and/or
porous glass were used. Details of the packing materials are given in

']‘able. 3.

i - 22 -
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Detector: | \ /

- - i

Initially a pharmacia UV-spectrophotometer with a cell of 10 mm.
path length was used at 254 nm wavclength. later, a Waters Associates
Model 440 Absorbance detector was used . for znonﬁoring simultancously

turbidities at two wavelengths.

ifflucnt Volume Detector:

To monitor the volume of the effluent through. the colum as a
function of time, a ;iphon (élong with a Waters Associates Liquid Volume
lxidicator) » that discharges sfen full and at each discharge sends a signal,
to the recorder where a blip is recorded, was used. In fact this arfange-

ment' is simple, but ‘it is praone to error, eg. evaporation f{yom siphon and

effluent continuing to flow into the siphon while it is discharging. More

recently Bly (18) has reported a technique whereby error due to flowr_zite

o

\

variations can'be eliminated. 4

The signal from the detector. and the effluent volume counter was

recorded on a standard strip chart recorder.,

L

4.2 Colum Packing

Dry packing material was poured into the top of the columm while
he.) colum was being vibrated with an electric vibrator. A vacuum line
was attached to the lower end of the colum to ensurc better packing. The

colum was Vibrated until no change -in the bed volume was scen.

Carrier solvent was punped through the colum and”a vacuum line
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<
was attached to the other end of the colum. The solvent was allowed to flow
and the vacuum was applied off and on for about half an hour. After this
the carrier fluid was allowed to flow continuously through it [or about

24 'hours before .the colum was recady to be used. \

4.3 Operational Variables Investigated
A. Carrier Solvent

The carrier liquid was.watcr which contained 1 gm/£ Aerosol O.T.
(BDH Lab Reagent Grade) and 1 gm/€ of potassium nitiate (Baker Chemical Co.).
This carrier liquid”waé reconmended by Coll et al. (6). No further attempts
at optimizing surfactant and electrolyte type or levels was attenpted in

this investigation,
;

B. Particle Standards

Monodispersednparticles with known diameter and with different chemical
composition were used as standards for determining the particle diameter -
retention vélumc calibration curve. Standards speciflications are tgbu]ated
in Tablé 4. | & |

@

C. Pore Size and the Particle Diameter of the Packing Material

e T e e T A

- Colums werc packed w1§hvpacking material§>h;ving wide range of
ﬁore sizes (36,000 A° to 100 A°) and ﬁ%rticle sizes (125p to 5Su). Packing
materials with 1a?ge particle size §7Su - 125u) and with large pore size
(IOJbUO - 30,000 AQ) increase the axial dispersion without improving the
peak separation appreciably. Similarly, packing 6aterials with pore sizes‘

smaller than 800 A° do not increase the peak scparation cither. Packing
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materials with 5-10u pax%iélc size resulted in colum plugging and therefore
they are not recommended for particle suspensions. Optimum resolution (for
particle size agalysis of samples with particles smaller than 3000 A°) was
achieved by using packing matcrials with 37-74yu particle éize and with

2500-1500- A° pore size.

e Ty b, i S

D. Carrier Solvent Flowrate

Y

The effect of carrier solvent flowrate on the particle diameter-
rctention volume calibration curve was investigated between 0.9 %%ﬁ to
7.5 %%H' The upper bound of the flowrate study was limited by the capacity

of the pump employed in this study.

I I o I e

The deteﬁtor gavé a steady baseline withinQZboUt,ZO mins after the |
chromatograph was syitched on. | |
Standards or the unknowns were diluted with the carrier fluid at
room temperature, filtered through 0.8u or leu filter paper and were then
ﬂinjeqted into the chrdmatOgraph. The typical solute charges weré.less
than § mg. During any set of analyses the flqwrate was maintained constant.
lﬁe analysis tjne‘was of thé order of 8-20 mins at 7.5 mf/min flow}ate
depending upon the set of colums being used.

=~ '

4.4 Application of LEC in Emulsion Polymerization

P

To Qemonstfate,the usefulness of LEC in following ‘the growth of

polymer particles in cmulsion polymeriiation the following polymerizations

were done.

-«
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4.4.1 Styrcne Emulsion Polymerization

The surfactant-free emulsion polymerization of styrene was carried
out at 70.5 °C in a 5-liter round bottom flask equipped with a condenser,
stirrér, thermometer and nitrogen purge, Freshly'distilled styrene (181 g)
and distilled water (1990 g) were allowed to equilibriate in the reaction
flask for 30 ﬁin under stirring and nitrogen purge. Potassium persulfate
(1.995 g) was dissolved in 10 m€ dis&}lled water at 70°C and then added to’
the reaction flask, This immediately initiated tﬁe polymerizaéion. Samples
of the latex were wikharéwn at specific timeg and the polymerization was
stopped by cooling the sample with ice cold water. The diluted latex was
then injgctcd into the LEC. These polymerization conditions were almost‘
identical to those used by Goodall et ai. (19).

, _ X
3.4.2 Vinyl Acetate Emulsion Polymerization

Surfactant-free emulsion polymerization of vinyl acetate was
carried out at 85°G using the equipment and proceduré described above.
Freshly distilled vinyl acetate (25 mt), dimethyl ethanol amine (b.l me)
and distilled water (695 mé) were charged .into the réacfion flask and
allowed to equilibriate for 30 min at 85°C under.stif;ing and nitrdgen
purge. Anmonium ﬁefsulfate (1.042 g) was dissolved in 5 ml distilled water
at 85°C and added to the reaction flask to initiate polymerization, Samples
of -the latex wg;e withdrawn at different times, quenched and then injected

_into the LEC to follow polymer particle growth.

)
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RESULTS AND DISCUSSION

Il

(RN

5.1 Resolution

The separating efficiency of a colum or a set of colums ‘can be
determined by measuring the distance between the centers of the'peaks of

the two species and the base widths of the two peaks. ' The conventional

definition of resolution {R) in chromatography is

20V, - V)
o W W, ' B

where Vi V, are the retention volumes of the specie§ 1 and 2 respecfively
N ) -

and Wy, W "are the base widths of the two peaks. This definition of

.2
resolution is.not very appropriate in the case of LEC because resolution
decreases with increasing particle size.' A more realistic approach would
be to calculate some sort of resolution index that takes inté cpnsideration
particle size and base width (15). The deéreaéc in resolution for large;
particles is due to the fact that fewer:pores are available ﬁo tﬁe larger
particles than are available to the smaller'particle;. |

Separation i LEC is a function of the size rangé'of the particles
in the sample, the si£ range of the pore; and the particle size of the
packing material and how well d’;;iumn is packed. Figures 2 to 8 show
particle diameter:retention voJume q@iibration curves with colums having.
‘ \\\'ﬁﬁg different packing materials, but wnder similar solvent flow conditions.
| _Figures 2, 3 and 4 show the calibration curve with the same set of colums

but at differecnt 5ges of the packing in the colwm.

- 27 -



It is olfuious from these f1gures that the scparation depcends only on the
s1Ie o{ythe particle and not on the chemical conposition. DPore geometry
1s an important factor to be optimized for improved sepération, eg. deep
interconnected pores will increase the axial dispersion unnecessarily.

The extent to which the resolution can be increased, i.e. the extent to
which the calibration curve can be flattencd has certain limitations, eg.
increasing the number of colums will increase the peak broadening. Hence
1t would be much more appropriate to look at the producp of the slépe of

the calibration curve (DZ) and the variance of the single species chroma-

Engém (02) in order to describe the resolution of the colum under in-

. . ’ 22 . . . . .
vestigation. Since the term DJo” appears in the axial dispersion correction

factors, hence Dioz valucs were calculated for a polystyrene standard

(1000 A®°) with different sets of_ colums apd the values are tabulated in
Table 5. The lower the magnitude of (D%oz), the higher the resolution.

The effect of carriér fluid flowrate on peak separation and variance of
single species chromatogram are plott?d in Figures 9-12. It is of interest
to note that the particle diametgr-reﬁcntion calibration curve was hardly
affected by variations of flowrate from 0.94 m¢/min to 7.5 mé/min. It

\
i ) . l
'sgems as if the calibration curve shifts towards lower retention volumes

by increasing the flowrate, (see l'igure 9). This is not true, however. This

dcviation is due to a change in siphoﬁ dump volume which changes because
the solvent keeps flowing e¥en when the siphon is discharging, Figurc 10
. shows the effect of change of sélvent flowrate on the particle diameter-
retention volume calibration curve after correcting for this error due to
the chénge in siphgn‘dump VOlumé. It'is obvious that the retention volume

is esscntially independent of flowrate from 0.9 to 7.5 mﬂ/min? Figures

kg < AN Wl e

P



11 ;nd 12 show the effcct of change of flqwrato on the variance &1 dlfferpnt_

monodispersed standards. Hence the reosolution can be inproved by lowering

the flowrate. From a comparison of the slgpcs of the calibration curﬁes

of Figures 7 and 8 it 1s evident that packing material of s{ze 37-74u gave

much greater peak separation than those with 75-125u sizc'packing material,
It can be concluded that for, analysis for particles smaller than

3000 A®, one should have packing materials with pore size about 3000 A°

and 1500A° and a packing particle size 37-74u for optimum resolution.

5.2 Correction for Axial Dispersion

Table 1 shows the axial dispersion correction factors for different-
diameter averages "for a-turbidity detector in the Rayleigh Scattering | ‘
regime and for a refractometer both with a Gaussian'instrumeﬁtal spreading
function. It is of interest to note that,the correction factors are aiways
smaller for the refractometer than for the tufbidity detector. ‘This.
suggests that the refractometer would be a bettér detector thaﬁ the turbidit '
detector, Lven for the best resolution (i.c. when D‘;o2 is minimum ﬁTable
5)) the correction factors for Dn and DS are of 'the order of 3.5-4 which
is undesirably la%ge. On theﬁother hand the correction for DT’is relatively
smaller‘(l.4j. This suggests that the turbidity detector is probably not
spitable for.the determiﬁatién of B and DS via size exclusion chromatography,.

Reproducibility of:peak.position and vafiance of one standard was
checked under similar Qperating conditions and. the resulis are tabulated
1 Tabie 11. The percent standard deviation for the diameter (from peak
position) 1s quite small. 5i£ferent diameter averages were .calculated fgf

these chromatograms and the values are listed in Table 1Z.  The pefceni

t
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standard deviation for the different avcragcé calculated from these
chromatograms is quite large, but this seems to be an inherent problem
w1th this system. Tables 13-15 show the uncorrected and corrected diameter
averages for samples of different sizes based on Raylc1gh Scattering and
on Mie Scattering. The calculated and the actual diameters agree bétter
for smaller sized particles. LEC chromatograms of particles smaller than
1500 A° were found to be much more synmmtricél than thdse,larger than

1500 A°. Hence skewing correction had to be applied for larger particles.
Table 13 shows the uncorrected and. the corrected diameteﬁ averages‘for
polystyrene sténdard (3120 A°) for Gaussian spreading and for skewed chfomai
togram. Table 16 shows the calculated diameter averages for some poly-
disperse samples. .

. As mcntloned earlier in section 3.2.2(B), in ordcr to apply the
analytlcal correction for axlal dlsperslon, scattering cerELC1ent data
should pe expressed as the SUT of exp?nentlals of the form KTVT = Const 1
Exp (AV) + Const 2 Exp (BV). Figure 16 depicts the actual values of the

scattering coefficients along with those calculated from the exponential

fit. Table 14 shows the uncorrected diameter averages calculated for a

.polystyrene standard (1000 A°) using the actual scaitering.coefficients and

- : : : .
using the exponential fit. The agrecment among these values is quite good.

5.5 Particle Growth in Emulsion Pelymerization
¢ :
In order to demonstrate the uscfulness of this technique, a

surfactant-free emulsion pqiymerization of styrene was carried out under

similar conditions as those uscd‘by Goodall et al. (19). The size of the
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polymer particles in emulsion polymerization at any time was obtained from
tﬁe particle diameter-retention volume calibration curve shown. in Figﬁre 2,
which was obtained by injecting.monodisperse latices with kiown diameters
under gimilar.operating conditions of the chromatograph. The growth of'the
polystyrene particles measured, bi>LJC was compared with the growth followed
b) electron microscopy and they are shown in l1gure 13(b) The corresponding
conversion-time history measured grav1metr1cally is shown in Figure 13(&).'
Excellent agrecement 1is obtained’between 1IC and electron microscopy measurc-
ments. A typical auto-acceleration in‘polynn;ization rate at higher conver-
sion due to diffusion-controlled termination is observed. As expected the
growth rate of-the particle diameter also acc;lefates.for the same reason.
To show that LEC could be ﬁécd to analyze soft latex particles
(eg. Polyvinylacetate latices) as well as hard latex particles (eg. Polysfyrepe),
growth rate of polymer particles of emﬁlslon polymeyization vinyl'acetate
was'a;§o followed. The conversion-time and particle diaméter—time histories
for the emulsion polymérization of vinyl acctate are shoyn in Figure 14,
“The results were once again as expected. The point to note here is that
no difficulty was experienced. in anﬁlyzing the polyvinylacetate latices
that arc rather soft.compared to polystyrenc latices.
One can obtain qualitative information about the polydispersity of
"the unknown sample by comparing the variance of the unknown sample witﬁ that
of .a sample with known pdiydispersity. Varianceé for LEC chromatograms
for polystyrene and polyvinylacetate were calculated and they are tabulated
in Tébles 17 and 18 respectively. Table 17 shows that the variance decreases
with increasing time and particle size. This 1s to be expectéd due to the

nature of the emulsion polymerization wherc a finite time for nucleation is
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required. 'H;C variances of the monodispersed standards are of tl‘\c same order
as those of the sz;mples {Lrom the -emulsion polymerization of polystyrenc
indicating that the polymer particles produced in this study are essentially
monodispersed or at least as much so as the commercially available mono-..
dispérse stand'ards. Gogdall et al. '(19) showed by electron microscopy

that indeed the polys yrene\particles were monadispersed. On the other

- hand the magnitQde of thc variances for polyvmylacetatc polymer particles
is largex/lcatmg that the sample is not as monodispersed as the poly-

styrenc 1ajcices.

JM



CHAPTER 6 .

" CONCLUSTONS AND RECOMMINDATICNS -

This study has showp that Liqhid Exclusion Chromatography (LEC)
1s a very powerful technique for particle size analys{s in the submicron
range especially fgr particles smaller than 3000 A°. The analysis can
. be performed with«satisfa;tory accuracy and in a matter of few minutes.
luture study should con;éntrate on using'differént kinds.of detectors.
Fér example, a detector whosc signal is proportional to just the number .
of -particles or to sﬁallergpowers of diameter unlike the turbidity~4etécpof
should.be develsped. It will be of interest toccompare the calculated
,diameter averages from a refractometer rcsponse with those of turbidity

detection response.

- 33 -,
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CHAPTER 7

NOMENCLATURE

N ' Number of particles/liter

N(v) Number of particles/liter at the rctention volume v

D . Diameter of the particle

D(v)_ Diameter of the particle eluting at volume v

K(A n] Extinction coefficient and is a function of two dimensionless

m m : '
groups D and 2~
M L

.8m Waveleﬁgth of the light in the suspending medium

n , Refractive index of the particle .

n, Refractive index of the suspending medium

T Turbidity

(V) Turbidity at the retention volume v

I, Intensity of the primary beam

I ' Intensity of the transmitted beam

ya ' Path length of the cell §
£(D) Frequency distribution

f(D)dD Number of particles in the diameter range D-D+dD
W(D) Weight fraction distribution

* ' TrD/Am

m g{nm

F(v) Height of the LEC chromatogram at the retention volume v

1 - '

B ) Proportionality constant

-3 -
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The different diamcter averages were defined as follows:
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Figure 1: Diagrammatic representation of the mechanisms of
separation by liquid exclusioh chromatography (LEC)
and hydrodynamic chromatography (1INC).
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Colums (1' x 3/8") cach

(i) Iractosil 25000 (120-230 mesh)

£11)  Iractosil 10000 (120-230 mesh)

(iii) Fractosil 5000 (120-230.mesh)

(iv)  Bio Glass (2500+1500+1000) . -
(100-200 mesh)

v) CPG 1250 (120-200 mesh)

(vi) Waters 200-800 + L.T. 100 A°
(120-200 mesh)

Carrier Solvent flowrate = 7.14 H‘-e——
min

1 count = 5§ ml

D(v) = 3.16 x 102! x'Exp, (-0.747 V)

P

22

23

Figure 2:
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26 27 28

Retention Volume (couﬁt)

5

Particle diameter-retention volume calibration curve

o-PS, e-silica
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(V) Ioadumy(l 9Id13xed

Coltms (4' x 3/8") cach.
, (i) Fractosil 25000 (120-230 mesh)
.. (i1) Fractosil 10000 (120-23Y mesh)
(iii) TFractosil 5000 (120-230 mesh)
(iv)  Bio Glass 2500+1500+1000 -
(100-200 mesh)
(v) (PG 1250 (120-200 mesh)
(vi) Waters 200-800 + L.1. 100.A°
) (120-200 mesh)
Carrier Solvent {lowrate 7:91 o
5000 ] |
oo Y 1 count = 5l
. . DY) = 1.62 x 109 Exp (-0.628V)
3000
2000,
1000 |
500
300 ]
2094
r
‘00' v s v Y - 14 13 -y
24 -25 26 27 28 29 _ 30

Retention Volume (count)

Figure 3. Particle diameter-retention volume calibration curve
o-PS, e-silica '
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Colwms (4' x-3/8") each
(1) Fractosil 25000 (120-230 mesh)
(i1)  Fractosil 10000 (120-230 mesh)
(iii) Fractosil 5000 (120-230 mesh)
(iv)  Bio Glass (2500+1500+1000) ¢
. (100-200 mesh)
, (v) CPG 1250 (120-200 mesh)
(vi) MNWaters 200-800 + L.T. 100A°
" (120-200 mesh)
. Carr}gr Solvent flowrate = 7.59 EﬁL-
‘ min
" = | ]
5000 | s count = 5 ml :
D) = 7.57 x 10*0 Exp (-0.592v)
3000
2000
1000
C.k:/‘\
500, N
300
200
100 . . - i . -
27 28 29 30 . ' 3 32 33
. “Retention Volume (count)
Figure 4: Partitle diameter-retention volume calibration curve

0-PS, ‘e-silica
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Colwms (4' x 3/8").-ciach

(i)  FractosN 5000 (120-230 mesh)
(i1)  Bio Glass {2500+1500+1000)
' (160-200 mesh)
(iii) Bio Glass (2500+1500) (100-200 mesh)
(iv) Waters 200-800 + L.T. 100A°
(120-200 mesh)

1

me

(Iarricf Solvent flowrate = 7.58 ——

min

D(v) = 2.40 x10” Exp (-0.531V)

\\

\\.

-~

2,

&
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Retention Volume (count) *-

"Figure 5: Particle diameter-rvetention volume calibration
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5000/

100
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Colums (47 x 3/8") each ~-._ -

Bio Glass (zsoo+1500+1000;\\\\\\\\\\

()

(100-200 mesh)
(ii)  CPG 1250 (120-200 mesh)
(i1i) Waters 200-800 + L.T. 100A°

(120-200 mesh)
P B mf¢
‘(,O.IHCI Solvent flowrate = 7.55 ﬁfﬁ
\l\coun“t = 5w

OiS

D(v) = 3.73 x 107" Lxp (-2.83V)

- - ~

{
s

120 122 0 0 124 126 12.8 13.0 13.2
. \ Retention Volume (count)
Figure 6: Particle diameter-retention volume calibration curve

0-PS, &A-SMA," e-silica




(V) J23aunt( Jydr3deg

Colums (4* x *3/8") cach
(i)  CPG 2500 (200-400 mesh)
(i1)  CPG 1500 (200-400 mesh)
e _ mé
. \ Carrier Solvent f{lowrate = 7.5 =
\ ' 1 count = 5 mf
, D(V) = 2.08 x 10° Exp (-0.469V)
I/N
50(70.
3000,
2000
1000
500,
300
200,
\\\
100 v v T v
9 12 13 14 15
f Retention Volunme (count)

N

~

‘Figure 7: Pﬁrticl@diamcter'-@m%wm calibration curve
» 0-PS, e-silica, A-SM\ and W= A\N\
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v Colunms (4' x 3/8") ecach

(i)  Bio Glass (2500+1500+1000)
) (100-200 mesh)
(ii)  Bio Glass (2500+1500)

rd
(100-200 mesh),
Carrier Solvent (lowrate = 7.5 ﬂf:...
min
1 count =5 ml
Nv) = 4.93 x 10° Lxp (-1.37V)
5000
3000,
& 2000
o
g
(@]
—
(¢}
£
: \_-
. @ .
500,
3004
[
/
200
100 . - " : - v
- 8 9 10 1 12 13

Retention Volume (count)

Figure 8: Particle diameter-retention volume calibration curve
o~ o-PS, M-SMA, e-Nalco

§ MR



(oV) 193aURT( ATOT1IRG

44

Colums (4' x 3/8'"} each
(i) Fractosil 25000 (120-230 mesh)
(ii) Fractosil 10000 (120-230 mesh)
(iii) TFractosil 5000 (120-230 mesh)
(iv) Bio Glass 2500+1500 (100-200 mesh)
(v)  CPG 1250 (120-200 mesh) '
q (vi)  Waters 200-800 + L.T. 10NDA°’
£ . (120-200 mesh)
1 count = 5 me

5000

3000

2000

1000 .

500] - :

300 v/’

2004 \\\\>

\\ \
) .
100 , . ' — ; y
24!

25 26 27 . 28 29 30
Retention Volume. (count) :

Figure 9: [iffect of {lowrate on the calibration curve (uncorrected for
thé error die to the siphon)
o  0.94 m&/min
. 2.58 m&/min
n 7.5 m&/min
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: 5 Colums (4' x 3/8") cach
£ (i)  Fractosil 25000 (120-230 mesh)
(ii)  Fractosil 10000 (120-230 mesh)
(i1i) Fractosil S000 (120-230 mesh)
. (iv)  Bio Glass 2500+1500 (100-200 mesh.
(v)"  CPG 1250 (120-200 mesh)
(vi) Waters 200-800 + L.T. 100 A
: (120-200 mesh)
5000
3000.
2000
1000 |
S%ﬁ\\ ,
\. [
300 | \ '
200 | A
?
100 . - . . . .
24 25 26 27 28 29 30

Retention Volume (count)

Figure 10: Effect of sdlvent flowrate on the particle diameter-retention
volume calibration curve after correcting the error due to the

siphon -

0.94 mé¢/min~-~— 7.5 me/min,—~-— 2.58 ml/mn

-
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(1) . . .
(i1)  Fractosil 10000 (120-230 mesh)
(iii1) Practosil 5000 (120-230 mesh)

(iv)  Bio Glass (2500+1500)(100-200 mesh) ,

(v) CPG 1250 (120-200 mesh)

(vi) Waters 200-800 + L.T. 100A°
(120-200 mesh)

34 ] '
Polystyrenc
Standard (1000 A°
32 )
Polystyrene Standard
(2340 A°) ’
304
28 Polystyrene Standard .
(3120 A°)
26
24 ]
22
20-
18 L ¥ L v O - L § Y T
0 1 2 - 3 4 5 6 7

Flowrate (ggﬁﬁ

Figure 11: Effect of solvent flowrate on vartance

PO S ——
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Colums (4' x 3/8") ecach 47

(i)  CPG 2500 (200-400 mesh)
(ii)  CPG 1500 (200-400 mesh)

421

38,
Polystyrene Standard (1000 A°)

34

304

26|
22| . o
18, | - % {b .Polystyrene. Standard' (3120 A®) -
144 . ‘
10 _
IR S S

Flowrate (m€/min)

Figure 12: Lffect of solvent {lowrate on variance
%
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Figure 13(b):
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) '
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0 v v v v v v
o - 100 * 200 300 400 500 600
. Time (min)
. Figure 13(a): Conversion-time history for the surfactant-frec emulsion
polymerization of styrenc at 70.5 °C
o ]
8 - .-
£ 6000
0
'_J 1]
(¢
o
[ )
% 4000
o
0]
o}
o <
-~
&
2000
.
0 . . v S : —
0 100 200 300 400 500 600

Time (min)

Particle diameter-time history for the surfactant-{rec
emulsion polymerization of styrene at 70.5 °C

o-measured by LEC,---- measured by electron microscope
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0.6 -
0.4,
0.2 ;
0 _ v L v .1. v
0 4 8 12 .16 20
Time (min)
Figure ‘14(h): Conversion-time history for the surfactarit-free emulsion
polymerization of vinyl acetate at 85 °C
2000
15004 ’

1000

500,

Figure 14(b):

0 4

12 16 20
Time (min)

Particle diameter-time history for the surfactant-free

. emulsion polymerization af vinyl acetate at 85 °C
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Figure 15(a): Concentration of vinyl acetate in aqueous and in polymer
phase vs time for an emilsion polymerization of vinyl ‘acetate
1,01 with continuous monomer addition - '
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Figure 15(b): Conversion-time history for an emulsion-polymerization of vinyl
acetate with continuous.addition of the monomer



51

vz

] N o e s s oS . - > o S .. et PRSI, i e senty

STET1USUOdXD JO UNS Oy} WOII PIYIBRTNIED RSN
A103Y], 9Ty WOLF po3eTNI[Rd —0— . )
SUMTOA UOT3USITY °'SA JUITOTIFSO) UOTIDUTIXZ :9T aundTd °, :

(3unod) SuUNTOA UOTIUSIY < )
.2z "oz 8t gt Pl 4t ot - 8 -

i Brpmanes e i

3

W \13’\4/{

-

WA A

- 0'0Z~

SLL™

~ 0'SL-

a

5=x4

- 0°0l-

M(K)




TABLL 1

Correction, Factors for Variots Diamcter. Averages for a
Turbidity Detector in the Rayleigh Scattering
Regime and for-a Refractometer with

/ Gaussian Axial Dispersion
Diameter . Correction Factor
Average Turbidity Detector Refractometer
=0) (=3
11020 sp2o"”
D Exp (———) Exp(—5—)
10p%° 4D%0”
DS Exp( > ) FXP(—T).
7D§u.2 Dgoz'
Do Exp(-— ) 1XP(-2——)
'SD2o” Do’
l_)w Exp( 5 ) Exp(- 5 )
opZo’ 3pko?
D, EX‘P(——‘z—) Exp (—5—)
3020 . -3kt
D, Exp( 5 )
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TABLE 2

Axial Dispersion Correction Factors for a General
Detector for an Instrumental Spreading
Function Which Includes a
Term for Skewing

Diameter Average

Correction Tactor

- _
_/
L - (2y-1)D§oz 1+Y3a'g
D Exp( ) ( —7)
n 2 '1-(1-Y)3QD§
(2y-2)D%6%  1+y D> |
X 2 2 1/2
D, Exp( ~ 7 3)
- 1-(2-y) aDZ
Do’ 1-(2-v)%aD3
D.. Exp((2y-5) ) ( —7
55 Z l-(3-Y)3a"'D2
(2 )9302)(143-”30'0;)
D Exp((2y-7)-= ) .
W, . 2 1_(4_”3053
D%oz 1+Y3a'Dg /3
l)v . Exp((2v-3) 5 ) ( T, 3)
- l"(zc'Y) C‘Dz
) ‘ Dgo2 l-(3-y)3a'D§ 1/3
D Lxp ((2vN) =) ( 7%
\ 1-(6-Y) GDZ

T
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TABLE 3

Colum Packing Used for Evaluation of
Liquid Exclusion Chromatography (LEC)

i

Packing Type Mcan Porc Diameter (A°) Particle Size
. ' ) (mesh)
Fractosil 25,000 30,000 120-230
(E. Merck, Darmstat)
Fractosil 10,000 . 14,000 i 120-230
Fractosil 5,000 . 4,900 120-230
(PG-1250 . 1,100 o 120-200

(Corning Glass Works,
" Corning, New York)

CPG- 2500 ' 2,500 200-400
CPG-1500 1,500 200-400
Bio Glass 2500 2,500 | 100200

(Bio-Rad Laboratories
Richimond, California)

Bio Glass 1500 ‘ 1,500 ' 100-200

Bio Glass 1000 » 1,000 | 100-200
' ' 400-800 120-200

Glass . .

(Water Associates Inc.) 200-400 ) 120-200

‘L.T. 100 120-200 -
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Sohio, Cleveland, Ohio

\' ’ £ - v
o
TABLE 4
\ Particle Standards Used for Evaluation
N of Liquid Exclusion Chromatography (LEC)
Particle Type Diameter Source
()
Polystyrene (Ps) - 1,011 . ’
’ Union Carbide Corp., South
0.760 Charleston, West Virginia \
| 0.481 '
0.312 Dow Qhemical Company, Midland,
0,234 Michigan
0.100 Polysciences Inc., Rydal,
Pennsylvania
0.091 E-F. Fullam Inc.
Styrcxle~bbt}1qcrylic , 0.050 Lastman Kodak, Rochester,
Acid Polymer : New York .
Silica Sol 0.250
0.1-0.14
: 0.05-0.08 E.I. DuPont DeNemours § Co.,
Ludox T 0.025-0.035 Wilmington, Delawarc
.Ludox HS 0.010-0.020
Ludox SM 0.010-0.020
“Silica (Nalco) 0.022-0.025 | ‘Nalco Chemical Co., Chicago
Silica 0.023. *
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TABLE 5

Values of (I)éoz) for Polystyrene Standard (1000 A°)
' with' Different Colum Combinations

Columns Refer . Dgoz

A, B, C, D, E, F Figure 2 0.57

A, B, C, D, E, F Fivgurc 3 0.54

' A, B, C, D, E, F Figure 4 0.59
¢, D, G, F Figure 5 0.32

D, E, F I<‘i5;ure 0 3.04

H, 1 diigure 7 0.25

D, G . , Figure 8 1.19

'Iﬂ“the above tables the following abbreviatrons.were used:
" Packing material .

Column A Fractosil 25,000 (120-230 mesh)
Colunn B Fractosil 10,000 (120-230 mesh)
Colum C Fractosil 5,000 (120-230 mesh)‘\ -
Colum D Bio Glass (2500+1500+100Q) (100-200 mesh)
Colum E CPG 1250 (120-200 mesh)
Column F
Colum G Bio' Glass (2500+41500) (100-200 mesh)
Colum H CPG 2500 (200-400 mesh)

!

Colum I CPG 1500 (200-400 mesh)

Waters 200-800+L.T. 100A° (120-200 mésh)'

56
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IABLLE 6

I{fect of Solvent.Flowratc on the Variance
of Polystyrene Standard (1000 A°)

Flowrate Variance *

(m&/min) (m2)
0.94 23.09
2.58 29.75
7.50 34.47

* measured using raw chromatogram uncorrected
for axial dispersion and Gaussian distribution

-

Colums (4' x 3/8") each

'1cmmt=5nw

/

(i)  Fractosil 25,000 (120-230 mesh)

(i)  Fractosil 10,000 (120-230 mesh)

(ii1) Fractosil 5,000 (120-230 mesh)

(iv)  Bio Glass (2500+1500) (100-200 mesh)

(v) 7 CPG 1250 (120-200 mesh)

(vi) Waters 200-800 + L.T. 100 (120-200 mesh)

57
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By
 TABLE 7 \tl
Effect of Solvent Flowrate © 7 he rlanco
, of Polystyrene Standard
\ .. Flowrate Variance *
. (m€/min) (me2)
0.94 20.66 . ' o
2.58 , 28.69
\X‘ ! }
7.50 32.89
5]

L g

, ' * measured using raw chromatogram uncorrected
for axial dlsg?rswn and Gaussian distribution

>

Columns (4' x 3/8") each

- (1) ch.tos,ll 25,000 (120- 230 mesh)
C (i) Fractosil 10,000. (120-230 mesh)
(111) ; Fractosil 5,000 (120-230 mesh)
(zv) Bio Glass (2500+1500) (100-200 mesh) : .
‘(v) CPC 1250 (120-200 ‘mesh) . &
(vi) Waters 200-800 + L.T. <100 (120 200 mesh)

1 count = 5ml o : , .

o



TABLL 8 ?

Effect of Solvent Flowrate on the Variance
of Polystyrene Standard (3120 A°)

. Flowrate Variagce *
(m€&/min). (me€*)
0.94 ) 19.39
2.58 27.88
9
7.50 29.34

* measured using raw chromatogram uncorrected
‘for axial dispersion and Gaussian distribution
k]

. Colums (4' X 3/8") each ’

(i)  Fractosil 25,000 (120-230 mesh)
(ii)  Fractosil 10,000 (120-230 mesh)
* {(i1i) Fractosil 5,000 (120-230 mesh)
£ (iv)  Bio Glass (2500+1500) (100-200 mesh)
(v): CPG 1250 (120-200 mesh) :
(vi)  Waters 200-800 + L.T. 100 (120-200 mesh)

1l count = 5 mé

1
i
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TABLE 9
Effect of Solvent Flowrate on the Variance
of Polystyrenc Standard (3120 A°)

Flowrate Variance *

(m¢/min)  ° (me2)
0.33 R 10.05
2.14 | | . 14.91
7.50 . 15.98

¥

e

* measured using raw chromatogram wncorrected
for axial dispersion and Gaussian distribution

Colums (4' x 3/8") each

(1)  CPG 2500 (200-400 mesh)
(ii)  CPG 1500 (200-400 mesh) : v

'

1 comt = 5 ml
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TABLE 10

Effect aof Solvent I'lowrate on the Variance
of Polystyrene Standard (1000 A°)

Flowrate } ‘ Vari an'ce *
(m /min) (m 2)
0.33 23,75
2.14 : 35.16
7.50 4.0 .09
i

<. * measured using raw chromatogram uncorrected

for axial dispersion and Gaussian distribution

Colunn (4' x 5/8") each

(i)
(i1)

CPG 2500 (200-400 mesh) -
CPG 1500 (200-400 mesh)
o’

61



TABLE 11 .

-

Reproducibility of Peak Position and Variance of

Polystyrcne Standard (1000 A°)

1)

Flowrgte Peak Position Diameter Variagce *
(m¢/min) (count) (A°) - {m€4)
7.5 29.32 988 31.88
. * \\ 29.28 © 1012 35,94
X 1 20.50 . 1000 33.97
29.28 1012 35.36
29.28 EERTOY: 34.76
Mean 29.29 1005 34,38
Std. Dev. . 0.018 . 10,7 "1.58
3 Std. Dev. 0.06 1.06 1.59

* measured using raw chromatogram uncorrected for axial

dispersion and Gaussian distribution

Colums (4' x 3/8") each

(i)  Fractosil 25,000 (120-230 mesh)

'(ii) Fractosil 10,000 (120-230 mesh)

(iii) Fractosil 5,000 (120-230 mesh)

(iv) Bio Glass (2500+1500) (100-200 mesh)

(v) CPG 1250 (120-200 mesh) . .
(vi) Waters 200-800 + L.T. 100 (120-200 mesh)

1 count = S ml

kSHY




TABLE 12

Différent Diameter Averages for Polystyrenc Standard (1000 A°)

Corrected for Axial Disgers

Mie Theory o+«

ion Using Analytical Solution
1.16 countZ, a'= 0.0 and
D2 = 0.464 coun;s‘l (02 measured

. using raw chromatogram)

n DS 55 DW DV 'DT
A 1st rn 791 742 667 711 716 811
2nd tun 879 825 746 | 793 798 885
3rd Tun 924 877 810 848 854 926
4th Twn 551 519 496 611 511 790
Sth run 712 692 - | ‘708 806 697 | 908
Mean 771 731 | 685 754 715 864
Std.Dev. 148 138 | 118, 94 130 60.2
4 Std.Dev. 19.2 - 18.9 | 17.3 | 12. 16.0 | 6.9
o




TABLE 13

Different Diameter Averages for Polystyrenc Standard (3120 A®)
Corrected for Axial Dispersion using Analytical Solution
02 = 1.029 count?, and Dy = 0.468 counts-1 (¢2 measured
using raw chromatogram)

~

, Uncorrected Diameter | Corrected Diameter
Diameter Averages : . Averages
Average vies
Rayleigh Mie Scattering gzéii;%?ng Mie §¢attering
Scattering’ ;50.0 d=1.5 o ='0.0'
D 212 214 . 731 1237 617
“op, 220 226 . 678 1204 612
D, 263 . " 330 577 1214 826
, 371 . 861 650 1501 1526
D, 234 256 642 1075 © 676.
D " 810 T 1843 1135 3183 " 1942
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TABLL 15

" Different Diameter Averages fof Standard Nalco (250 A®)

Corrected for Axial Dispersion Using Analytical

Solution ¢¢ = 1.69 count?, a'= 0.0 and Dy = 0.473 counts-l
(62 measured using raw chromatogram)

Uncorrected Diameter

Corrected Diameter

136 . 140

o

Diameter Averages Averages
. Average : ;
Rayleigh * Mie Scattering-'|. Rayleigh Mie Scattering -
Scattering Scattering
A .
D, 57 57 451 , 309
D 59 T 59 392 Ct o281
D, 73 \T\\ii\\\;\\\\ 272 234
D, 63 © 64 © 347 - 265
o U
D .

239 \\\<3ii§§ _

A g



TABLE 16

' leférent Diameter Averages* for Samples with Known Polydispersity
Corrected for Axial Dlsper51on Using Analyt1cal Solution wlth Mie Theory,

= 0.0 and D, = 0.464 counts™!
3
J
Sample Dn DS DSS Dw . DV DT
SMA + Nalco D = 255 | 230 217 216 279 217 359
D, =28 | (52)  (55) (72)  (110)  (61) (210)
'02 = 1.39 couht2
PS(1000) + Nalco ol :
D =250 . 201 182 167 279 177 523
D =272 | (45)  (d6) (55)  (88)  (49) (306)
02 =.1.265 count2 '
PS(1000) + Nalco ,
D =250 | 242 232 255 . 403 240 620
"D, =278 | (63)  (67)  (89) (159)  (73)  (418)
{VI?Smeg
PS(1000) + Nalco _ ,
D =250 | 281 250 7 222 336 240 -538
=260 | (45)  (47)  (S8) T (98). . (50)  (308)
% = 1.25 Count? o '

* pumbers in the

brackets represent the respective uncorrccted values |

i

-




TABLE 17

Measured Variances of LEC Chromatograms for the
Surfactant-Free Emuision Polymerization
of Styrene at 70.5 °C* '

3
Reaction Time  Particle Diameter  Variance
" (min) (A®) (me2)
10 . 645 33.3
120 2480 31.6

705 6430 - - 25.9

* Polystyrene standard with diamcter 0.312u had a variance of
26.3 m¢? and that with diameter 0.10y had a variance of 33.3 m¢2

" 68




TABLE 18

~ Measured Variances of LEC Chromatograms for the,

Surfactant-Free Emulsion Polymerization
of Vinyl Acetate at 85 °C*

Reaction Time  Particle Diameter Varmxi

(min) (A°) (m€)
[
1 ‘ 870 49.4
3.5 1710 48.5
~a .
7 © 1800 52.2
=
12 1950 19,2
20 - 2020

50.1

¥ Polystylene standard with diameter 0.312p had'a variance o
26.3 m2 and with diameter 0.10y had a variancc of 33.3 mt’_

-

;
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TABLE 19

&

Normalized Heights of the Chromatogram for
a Polystyrene Latex Samplc at Two Different
Wavelenghts Using a Turbidity Detector

Count Normalized llcight Normalized lleight
at A = 254 nm at A = 405 nm
7.0 0 ' 0
7.5 0.0002 0.0004
8.0 0.0006 0.0008
8.5 0.00098 0.0013
9.0 0.0014 0.0022
9.5 0.0023 0.0039
10.0 0.0039 .0.0060
10.5 0.0072 0.0086
11.0 0.0133 0.0143
11.5 0.0221 0.0207
12.0 0.0292 0.0285
12.5 0.0329 0.0311
13.0 0.0317 0.0307
13.5 0.0204 0.0259
14.0 0.0203 0.0194
14.5 4.01390 0.0138
15.0 0.0099 0.0095
15.5 0.0066 0.0065
-+ 16.0 0.0047 0.0047
16.5 0.0033 0.0030
17.0 0.0025 0.0022
17.5 0.0018 0.0017
%18.0 0.0014 .\ 0.0013
18.5 0.0009 0.0008
19.0 0.0006 0.0004
19.5 0.0002- 0.0004
20.0 -0 0
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TABLE 20

Corrected Diameter® Averages for a Polystyrene Sample Whose
Chromatograms wexe Obtained at Two Different Wavelengths

Using a Turbidity Detector

. .1
% Deviation

*

"‘Diameter Average A = 2540 A° A = 4050 A°
: Dn 289 274 5.1
DS 266 246 7.5
DSS | 251 210 ' 16.3
I%q 389 300 21.0
D, 261 233 10.7
D 645 590

* Diameter averages were corrected with Mie Theory

-
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APPENDICES 9

9.1 Technique for the Measurement of Monomer Concentratlon in the Aqueous

and in the Polymer Phase of an Emulslon Polymerization

In modeling an emulsion polymerization, it is normal practice to
assume that the total amount of the monomer unreacted is in the polymer
phase. This assumption could lead to éignificany amount,cf error if the
monomer was fairly soluble in the aqueous phase and especially if the'poly-
merization was being carried out under the monomer starved conditions. .

An attempt was made to. follow the concentration of vinyl acetate

monomer in the aqueous phase of the emulsion polymerization by measuring

the refractive index of the aqueous phase. Since the refractive index of

pure nater (1.3342) is very close to thaf of the saturated aqueous solution
of vinyl acetate (1,3352), thcrefore this tecnnique was rejected. Instead
the ana1y51s was done successfully with much netter accuracy using analytlcal
as chromatograph: The latex was centrifuged at-about- 15000 rpm for 10 15
mins whicn separated the aqueous phase from the polymer phase. A few’

microliters of this aqueous layer were then injected into the chromatograph

and theé concentration of the vinyl acetate in aqueous phase was calculated

4

Slnce the total amount of unzeacted monomer Was known from the conver51on~

time history and hence .the concentration of the monomer in the polymer phase

was calculated: The concentrations of qinyl acetate in aqueous and in
polymer phase are shown in Figuré 15(a) for an emulsion polymerization
along with their respective conversion- time history '(in Figure 15(6)).

° ‘
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This technique can also be.uscd to follow the .concentration of
byproducts of an emulsion or suspension polymerization, eg. Acetic acid
in emulsion polymerization of vinyl acetate.

-~ A

' 9.2 Method to Evaluate Frequency Distribution Function Variance and Total

Number of Particles by Measuring the Turbidities at Two Different

Wavelength Using a Light Scattering Detector

While doing t‘hev particle size analysis, one should measure the .
turbidities 'at two different wavelengths. The normalized chromatograms
obtained at. two wavelengths would ;uperinpose if there is no chemical
absorption. Table 20 compares the normalized heights of the chromatograms
. obtained for unknown sample. Table 21 shows the different diameter averages
_calcuiated from these twc; chromatogr.ams. % Standard de(viation-a.rmng t};e
values is Qithin the experimental error.

wriile obtaining the corrected diameter.kave'rages, we need to know”
the variane:‘g. ‘ ﬁ1e ce{lculated‘vaxj}.ance from the chromatogram may not be-
 the real variance that should be u'sed.. Instead one can calculate the
ovémll vari.a'nce or the frequency distribution as follo;vs:

At any poin£ on the c_hrorﬁatogrgnn the turbidities at the two wave-

. lengths can be exf)_ressed as follows

0,0 e TRGE L 20N 70 BpC-0,000) a0
wg (V o}

FEF I
%

(‘) = ‘ fu;K D  n, N(v)"DZ(V) Exp(-(D ':DCV))Z/Z. ('V)Z')dv
T)‘2 Y YZne“(v) o (AZ m " ° O

~
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where Do is the diameter equivalent to t_}ie peak position of the chromatogram.

There are two_unknowns N(v) and oz(v)' and two equations, therefore one

[ 4

?@n&evaluate the total number of particles or the frequency distribution

@mtt ion.
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