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Synopsis

Limited kinetic information on a convenient process for depositing polymer in 5-oz cattlehide
is presented in this article. The work includes a systematic study of the total polymerization rate
and of the derived rates of deposition into the fibrous matrix, of bound polymer formation, and of
polymer production in the external aqueous phase (the float) for three acrylic monomers. The
monomers used, with a persulfate-bisulfite redox initiating system at 27°C, were methyl methacrylate
(MMA), n-butyl acrylate (BA) and a fixed mixture of n-butyl acrylate and methyl methacrylate
(BA + MMA). The effects of the reaction variables on rate, as measured by their intensity exponents,
were not in agreement with a rate expression proposed to describe grafting in homogeneous poly-
merization, nor were they wholly compatible with classical and modified Smith-Ewart theories for
heterogeneous emulsion polymerization. The experimental behavior, however, was in harmony
with self-nucleation in the aqueous phase. Exponential orders of dependence were initiator > 0.5
(MMA, 0.72; BA + MMA, 0.66); monomer, zero; surfactant, ~0.5. The approximately 0.6 order
dependence (MMA, 0.9) on leather amount was shown to be largely apparent and to decline as total
polymerization proceeded. Thus a dominant grafting reaction was not supported. In support of
this conclusion, simple impregnation of the matrix with preformed emulsion polymer yielded the
same amount of bound polymer as that formed in situ. It was concluded that monomer is initiated
largely from active centers formed initially near fibers or fibrils to form embryo polymer particles,
which join penetrating swollen polymer particles and become unstable. These nucleate a polymer
front, containing occluded radicals, which grows by diffusion regulated transport of monomer to
complete deposition.

INTRODUCTION

The previous article! of this series?3 discussed briefly the rates at ambient
temperature at which three acrylate monomers were deposited into or near the
fibrous regions of leather. In that article a fixed set of reaction conditions was
used with chrome-tanned 5-oz cattlehide in aqueous emulsion. These conditions
had been shown*-7 to be convenient and practical for preparing polymer-leather
composites by persulfate-bisulfite redox initiation, with a wide variety of
monomers.3® The present article extends the previous work to include the ef-
fects of systematic changes in reaction variables on the kinetics of the reaction
at ambient temperatures. It was expected that the kinetic information would
provide insight into the mechanisms of the reactions involved and yield infor-
mation concerning the role that grafting to collagenous substrates plays in guiding
the overall polymerization reactions. Because data in the previous article! left
considerable doubt that grafting was the dominant mechanism, this more in-
tensive work seems especially relevant.

* Agricultural Research, Science and Education Administration, U.S. Department of Agriculture.
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Most articles on the kinetics of chemically initiated polymerization of mono-
mers in fibers have been limited to ceric ion redox systems of water-soluble or
colloidal hydroxylated polymers!®-13 and appropriate model compounds.!415
Rates were proportional to the three-halves!® or second order!®1¢ in monomer
concentration and one-half13.18 or first order!®16 in ceric ion and alcohol con-
centration. However, if the substrate was insoluble in water, graft yields fell
dramatically.l” Other proposed mechanisms for grafting to cellulose,!®1? woo},20
collagen,?122 and other natural fibers? usually required an assumption of primary
radical attack on substrate to yield, through chain transfer, a graftable active
center.20:2425  However, experimental support for this mechanism is infre-
quent.2022 Moreover, in the aqueous medium used, competing heterogeneous
polymerization conditions prevail,26-2% where radical capture by monomer
swollen polymer particles often occurs in 1 X 1075 sec.??

A major purpose of this article is to distinguish between the competing pro-
cesses of primary radical grafting and emulsion polymerization to ascertain the
dominant mechanism that controls polymer deposition and bound polymer
formation in leather. This is accomplished here by observing the correspondence
of the exponential intensity factors for the experimental reaction variables
compared to theoretical values for the two mechanisms. To facilitate the stated
purpose, overall rates of polymerization obtained in the present work were further
separated experimentally into rates of deposition into the leather matrix, rates
of bound polymer formation, and rates of polymerization in the float. Monomers
used were, as before,! methyl methacrylate, MMA; n-butyl acrylate, BA; and
a comonomer system of methyl methacrylate and n-butyl acrylate of fixed
composition, BA + MMA, with 0.591 weight fraction of n-butyl acrylate.
Conversions were usually limited to 40-50% to insure the measurement of interval
IT kinetics2?:30 (conversion range, 5-50%). The temperature was maintained
at 27°C. Other information obtained includes rate data to 100% conversion,
steady-state impregnation of monomer and preformed polymer, probable locus
of initial monomer nucleation and monomer transport and its limitation in the
composite growth process.

EXPERIMENTAL

Polymerization Conditions

Chrome-tanned 5-oz cattlehide strips (2.6 X 7.3 X 0.235 ¢m), including strips
designated controls, were dried and equilibrated overnight with surfactant so-
lution; the strips to be treated were polymerized with monomer by a similar
procedure to that previously reported,! except that the 30-min pretreatment with
the redox initiator was not used. Conditions designated standard in this work
were as follows: monomer, 2.5 g; leather, 2.5 g (approximate weight of the above
strips); Triton X100 (1.03%), 13.5 ml (five times dry leather weight plus one);
potassium persulfate, 0.04 mole fraction based on the monomer; NaHSQ3/
KsS20g, 0.5; temperature 27°C; and time was varied. The composites and the
float polymer (the polymer that formed in the aqueous phase) were isolated by
previous procedures,! except the strips and float were short stopped with hy-
droquinone. Deposited polymer was then obtained gravimetrically and bound
polymer estimated after benzene extraction.! These standard conditions, based
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on a convenient practical method for preparing polymer-leather composite
materials,%7 were used as points of departure in this work when changes were
made in the experimental variables. Thus, the effect of varying the reactant
concentrations on total polymerization rates were monitored by this procedure,
as well as their effect on rates for both deposited and bound polymer formation
within the matrix and for polymer produced in the float.

Other Procedures

Preformed BA + MMA polymer latex was prepared under standard conditions
to 100% conversions (odor-free). Deposited and bound polymer present in the
panels after impregnation with this latex were determined by the above proce-
dures for six time increments to 5 hr; pickup rate was slow after 30 min.
Monomer under standard conditions but with no activator present was permitted
to permeate leather strips for six time periods up to 5 hr. Strips and latex were
polymerized separately to 100% conversions in 24 hr by adding activator. The
initial distribution of monomer between matrix and float was determined from
a weight balance. Again little change occurred after 30 min. To determine the
initial distribution of initiator between matrix and float, the leather strips, under
standard conditions, were preconditioned for 30 min with surfactant solution
containing the redox initiator. The strips and latex were polymerized separately
for varied times by addition of monomer (both BA and BA + MMA, but no fresh
initiator) and, for the strips, a new float. Composite compositions and latex
polymer were determined. The distribution of initiator in the original parti-
tioning was obtained from the relative reaction rates using the appropriate ex-
ponential intensity coefficient for initiator concentration to be given below. The
effect of greater exposed surface on total rates and on rates of deposition and
float polymer formation were obtained for panels ground in a Wiley* mill. The
ground leather was treated by monitoring polymerization rate under standard
conditions with BA + MMA monomer, but in one case with the float extended
by 60% (concentrated system yielding a thick mush) and in another case with
the float extended by 667% (dilute system). Comparisons were made by use of
intact strips under the same conditions. Rough estimates of relative apparent
diffusion constants were obtained by imbibation of lightly crosslinked BA +
MMA sheet, 0.19 cm thick, with excess amounts of the three monomers in bulk
at 27°C as a function of time until gravimetrically determined absorption became
constant.?! Repeat experiments gave similar values for the constants, and no
polymer was removed by the procedure.

Definitions

In this work, mole fraction is designated m; weight fraction w; and monomer
or other reaction variable molecular weights, MW. Subscripts are as follows:
1, leather; 2, polymer; d, deposited polymer; b, bound polymer; f, float; any other
designations are defined in the text. Polymer composites are identified
throughout by their monomer symbols: MMA, BA + MMA, and BA.

All experimental quantities were converted to quantities in mole/l. of water
by use of eq. (1) for the concentration of the variable V.

* Reference to brand or firm name does not constitute endorsement by the U.S. Department of
Agriculture over others of a similar nature not mentioned.
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[V] = [1,000(W/MW)]/total water, cm? (1)
where W is weight in g. The pseudo-zero-order expression
[M]o — [M] = R;t (@)

where [M]y is the initial monomer concentration and [M] the concentration re-
maining at time ¢, was used to estimate initial rates because the dominant rates
of deposition in leather were constant with conversion often to 85%. Thus, rate,
R;, mol/l. sec, is the proportionality constant. Curve fitting was accomplished
with an IBM 1130 computer.

THEORY

In the sections below, theoretical aspects of homogeneous grafting and het-
erogeneous polymerization kinetics are compared. These two processes are
competing for initiating radicals under the experimental conditions usually used
for polymer deposition in fibers.4-7.20.24.25 Homogeneous grafting is treated
first.

Most reactions leading to grafting are considered?® to involve a primary radical
attack on the substrate to produce active centers. For attack on collagen by
persulfate—bisulfite initiation,32 the pertinent reactions are the following:

kde
S305~2 + HSO5~! —> $0,~2 + SO,~! + HSO- (a)
ktr
.S0,4~1 (or HSO3") + LH —> L. + HSO,! (b)
k
.80, (or HSO3) + M —> SO,~1 M- (©)
ké’
Lo+ M—%LM- ()
kp
M- + M—)M(n+l)' (e)
k¢
Mn‘ + Mm' - M(n+m) (f)

where LH is leather, M is monomer, and where & values are specific rate constants
for the reactions involved. The subscripts de, tr, h, g, p, and t for these and the
kinetic expressions that follow are designated decomposition, transfer, homo-
polymer initiation, graft initiation, propagation, and termination, respectively.
Here k; represents the sum of the termination constants for termination by
combination, ks, and disproportionation, k;q, respectively. Because in the
overall reaction with [—HSOQ3] fixed,3? the initial rate of initiation of grafted
chains, R, is

Rig = f'Rr = ke [LH]2kge 1] = f'ker [LH] Rge (3)

where Ry, is the rate of decomposition of initiator Sg0g~2, designated [I], and
R;, the rate of transfer of tropocollagen protons to the primary radical. On the
assumption that k), ~ kg, that is that eq. (d) reflects the same efficiency in starting
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chain growth as eq. (c), then f ~ f where f; are the usual efficiency constants.
When the rate of grafting is large compared to homopolymerization, the rate of
initiation will become dependent on the first power of the monomer concentra-
tion. Then, assuming biomolecular termination and, under steady-state con-
ditions, the rate law becomes

Rp = kp/ (e V2IM2{T]1/2fhgo 12 4 oy [LH])V2 @)

Thus, the overall rate of deposition when grafting is dominant is predicted to
depend on the 3 order of monomer concentration and to be % order in both
initiator and leather concentration. Here, leather concentration assumes soluble
collagen; as shown below, the effective concentration becomes greatly reduced
for out-of-phase collageneous fibers. In the absence of grafting, eq. (4) reduces
to the normal rate law for homogeneous polymerization because [M] in the ini-
tiation step is eliminated.

Ry = kp/(k,)2[M][S30872]V2(fka) /2 (5)

For effective grafting, eq. (3) must exceed the rate of homopolymerizations R;p;
consequently, k;.[LH] must be large compared to k,. This condition could be
realized if reaction locus were exclusively in volume elements near fibril surfaces,
brought about minimally by strong adsorption or complexation of initiator,?33:34
thus making [LH] large in local regions. The competing process of heterogeneous
polymerization in highly divided states in aqueous medium is considered
next. '

The rate law for the nearly steady-state rate (interval II, conversion 5-50%)
of polymerization in emulsion6-29 ig

R, = —d[M]/dt = (kp/Na)(pm/pp)¢$>NQ (6)

where N4 is Avogadro’s number; p, density of subscripts m (monomer), and p
(polymer), respectively; ¢s the volume fraction of monomer in the particle; N
the number of particles; and @ the average number of radicals per particle [ideally
0.5 (ref. 26)]. Thus, in the ideal case, rate is proportional to only the number
of particles and the monomer concentration per particle. The number of par-
ticles N depends on surfactant [S] and initiator concentration through?8

N = 0.208 [S]06R; /K04 )

where R; = 2k4N 4 [I], and K is the volume growth rate of a particle. Equation
(6) applies equally well to micellar stabilization and self-nucleation in aqueous
dispersion.3536 If the colloid particles coalesce, the limiting Case II1 condition
applies?® and

Ry = kpIMI(Vpkae N a[1)/ke )12 (8)

where V), is the total volume of the polymer particles. This equation is identical
in form to the normal rate law for homogeneous polymerization, eq. (5). When
emulsion kinetics prevail, the exponential dependence is 0.4 in [I} and 0.6 in [S],
but zero in monomer disappearance from the stabilized droplets in the aqueous
phase.26-29

The above expressions provide a means of elucidating the pertinent mecha-
nisms by comparing experimental with theoretical variable intensity exponents.
The experimental environment just discussed favors heterogeneous polymer-
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ization. Experimental data inserted into these expressions show that there are
approximately 1 X 1014 particles per cm? and that radical capture therefore occurs
in about 1 X 10~5sec.2?” However, a better means of predicting the probability
of grafting would be desirable. New developments in the basic science of het-
erogeneous polymerization make these predictions more feasible.

The concept of self-nucleation, proposed by Roe®? and extended by Fitch et
al.,3536 between dissolved monomer and initiator in the aqueous phase produces
particles independent of the micelle concentration. As the soluble growing ol-
igomeric radicals reach a critical size, dependent on their solubility and the
temperature, they flocculate to form particles; these either capture other growing
oligomeric radicals from solution and increase in size and stability or new particles
are nucleated. Particle concentration becomes constant when the rate of radical
capture becomes as large as particle nucleation at high particle concentration.
After that, eq. (6) determines the steady state rate.

Thus, the foregoing discussion stresses that regardless of whether the initial
particles are formed in micelles or by self-nucleation in the aqueous phase only
oligomeric radicals would be available to approach fibrillar surfaces to initiate
active grafting sites. Consequently, the probability of grafting can be estimated
by use of expressions taken from the theory of Fox et al.38 The ratio of the
number of radicals terminating by radical-radical reactions to those terminating
by chain transfer, at any conversion, «, is

y =yoll — a)C; (9)

where the transfer constant C; is defined as k;,/kp, and where the quantity yo,
which is amenable to experimental evaluation, is

yo = 2(k:/kp)*(da/dt)o/Cs[LH]o (10)

Initial grafting efficiency, €o, and efficiency at time t, ¢, may then be computed.38
Clearly if C, is small in eq. (10) chain growth will be favored over chain transfer
and ¢y and ¢ can be shown to be small. Consequently, little grafting is predicted.
Viscosity increase in the particles however, should increase ¢y and ¢ somewhat
because k; in eq. (10) becomes smaller.

If the fibrous substrate is insoluble in the aqueous medium, [LH] reduces to
[LH] effective, defined as

[LH]eer = Af[LH]o (11)

where A is the fraction of tropocollagen chains at the surface of fibrils! and f is
that fraction of amino acid residues that is labile. A calculation shows that A
will be 0.0153 if f is taken as unity and the surfaces of fibrils are the loci of
grafting. Thus, the requirement of only surface grafting to fibrils would greatly
reduce its incidence per unit weight of collagen, although the grafting efficiency
would remain unchanged in view of eq. (10).

RESULTS AND DISCUSSION

A. Estimates of Grafting Efficiency

Estimates of the parameters of eq. (10) and ¢ and ¢ for several assumed values
of C; are presented for grafting to collagen by both methyl methacrylate and
n-butyl acrylate in Table I. The value of C; selected in experiments 1 and 4 is
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TABLE 1
Grafting Efficiencies Estimated by the Fox Relations for Assumed Values of Chain Transfer
Constants
Experiment Csb y F €
No. System®  (assumed) Yo (@=05) (a«=0.5) € (a = 0.5)
1 MMA 18X 104 297 297 0.9998 0.00671 0.00354
2 MMA 0.66 0.0810 0.128 0.633 0.932 0.916
3 MMA  0.0534 1.0 1.04 0.964 0.625 0.623
4 BA 1.8 X104 17.2 17.2 0.9998 0.0581 0.104
5 BA 0.66 0.0047 0.0074 0.633 0.995 0.998
6 BA 3.10 X 1073 1.0 1.002 0.998 0.625 0.667

a Uses as da/dt the constants kg of Table V for standard conditions.

b C taken from ref. 41(c) for polymerizing MMA toward heptane, experiment 1 and 1-butenethiol,
experiment 2; the same values were assumed for BA. In experiment 3 and 6, R,/R;, ~ 0.5 so that
yo = 1.0; C; was calculated from eq. (10). Constants k, and k; are from ref. 41(d).

typical of residues containing many protons. In contrast, if C; is large (~1.0)
because residues are highly labile,20 grafting probability will be large [neglecting
eq. (11)]. With the assumption that the ratio of bound polymer rate to deposited
rate is 0.5 (discussed below), as it often is in this work, the required C, value and
efficiency parameters were computed (experiments 3 and 6). A value of C; as
large as the tabled value for any tropocollagen residue??40 appears improbable.412
Thus, with certain reservations concerning the influence of declining k; and the
decrease of rates with conversion, these calculations provide little support for
grafting as the dominant mechanism in creating bound polymer, especially in
view of the further reduction per unit weight of collagen required by eq. (11).
Actual experimental results are now compared with the predictions of theory.

B. Effects of the Reaction Variables

Table II lists rates of deposition, rates of bound polymer formation, rates in
the external aqueous phase (float), and the total rate of polymerization for
variation in both initiator concentration, [I], and leather amount, [L], for all of
the systems studied. The rate of deposition Ry dominated the total rate, over
a span of 40-50% conversion, for all systems. Because deposition conversion
was linear with time (Figs. 1 and 2) at least over this time span,! diffusion control
of deposition appears to be likely for all three systems. The linearity observed
here is not merely a manifestation of interval II kinetics, because the upward
curvature predicted by theory?%30 was not observed. Bound polymer rates B,
(Table II) were generally about 0.4-0.5 of By, and Ry/R4 decreased with initiator
concentration for the BA + MMA system. Thus, bound polymer rates were not
a dependable constant fraction of Rg. Rates for BA + MMA in the absence of
leather were similar to Rr for the system with leather, suggesting minimal de-
pendence of rate on leather amount for this system. The total rate for MMA
composites, however, appeared to be dependent on leather. More details are
provided in the sections below on this and the other aspects of the kinetic data
not shown in this table; the theory presented above is invoked to rationalize the
results obtained.

Figure 1 shows typical data for the effect of initiator concentration, and Figure
2 shows the effect of leather amount for all experimental data comprising the



JORDAN AND FEAIRHELLER

2762

A 62’8 - - 0 68°% 0 vy o L8'1 LS10°0 Gl

LY 00'% STl SL'G 1%¢°0 oL'e GgL0 ge'1 L6C €€E0°0 11

83'G 0’1 08¢ 80'% TIL'O <0’ 01’1 08’1 96'e ¥670°0 01
ay'e O~ S92 Sy'e ¢0'1 LT'L [444 L9'T SL'Y 9990°0 6
059 o~ 09'¢ 059 el 00'¢l1 eT'¢ LTV a8’L 1810 8
o¥'8 0~ 0g'y 0¥'8 296°1 GT'61 Lo1 (€ 4 09’8 L8910 L

aje[AIoByjaw [AYjauI-00-9)e[LIdR [AIng-u
(%4 1104 - _ 0 889 0 [ 4 8€'SG Y0600 9
0g'¢ 0~ 081 02°¢ 6160 68’8 0 009 £¥'8 ¢0¥0°0 ¢
LT'9 0~ 00°¢ LT'9 069°0 671 L3O 058 971 %8500 14
08’8 0~ 09v 098 0’1 102 60'C 06°6 081 0GL0°0 g
0Tl 0~ qL'e 011 L1 1'92 081 701 €8¢ ¢SS1°0 4
<91 o~ 00’6 991 3961 L85 0g’1 LTl ¢'Le S¥61°0 1
ajelAIoRY)aUl [AYIOIA
01 X Ly 01 X 7y 01 X Y 0l X Py /o1 01 X 'Y 01 X 7y 0T X Y 0T X Py ‘I/o10w ON
palqetea ] “(99s "[/ajow) sajey H[1] qP1qeLaea []] “(99s "1/aj0m) saey o[ Juawrradxn]

SWaISAG 221y ], [[V 10] paliep Junowy Iayjear] pue 10je1u] yiim Iswk[oJ 1801 ] pue 1swkjoJ punog ‘pansoda(] jJo sejey] ferniu]

II 3'1dvL



2763

II

POLYMER-LEATHER COMPOSITES.

"A 9[qeJ, Ul 110§ [BULJ UI 19 81 L3, 'SUOI}IPUOD prepue)s A[ejewrxoidde sapun paredeid asem sjuswiradxa asay], o

€910°0

8] te850°0 ‘(1] ‘09%'T ‘[N]—Vd ‘€910°0 “[S] 189070 ‘{1) ‘6091 ‘[W]—VIN + V4 ‘69100 ‘[S] ‘2¥20°0 ‘(1] ‘€981 ‘[IN]— VININ "[/O10W UI 219/ SUOIIBIIUSIUOD PIXLY] p
"19)eM U0 Paseq OS[e ‘9[qn[osul Y3noyj[e ‘SuorjeIjusducd JaWwououwr pue 18yjes’y ,

"£910°0 (8]

‘£69'T ‘[IN)—10y3ea] ou ‘YININ + vV ‘160°0 ‘[S] ‘096°T [T] ‘€691 ‘[INI—VININ + vd ‘€910°0 [S] ‘2661 “[T] #96°T ‘[I]—VININ '1/3[0W Ul 513 SUOI)RIIUIIUOD PIXL] q
‘I91em .wo A\wﬂoe uo ﬁwmﬁn m:omambcmozoo :< v

0yl

O~
O~
o~
o~
O~
O~

00'¥I1
S¥'1
0¥°c
00'¢
00¥
00°G

I3Y)ea] OU ‘9)B[AIDE10W [AYIoW -00-3)B[AI0R [AIng- N

0
¢0€°0
§29°0
096°0

9’1
a86°1

1 3*i 4
£Y'9
SL’L
GL'6
06°¢1
0G'%1

aje[AIoe [Amng-u

89y
€9
SL'L
L6
0G°g1
05'v1

¥910°0
€680°0
¥6¥0°0
9990°0
1381°0
L8910

¥e
€%
(44
alg
0%
61

81
L1
91
g1
4t
g1



2764 JORDAN AND FEAIRHELLER

o

i 2 3 4 4 5
o8k - - - =
=
2 o.sr r - k F
= , J/

'I_‘o 04"' - d X -~ - V4
Z / / / /
o2H,/ N L s -

0 Vo VJ/V’I i \/:/ N et %

0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
1 %107 sec.

Fig. 1. Rate of monomer consumption vs. time for the MMA composite systems of Table II at
varied initiator concentrations. Inserts correspond to their experimental numbers in the table
(experiment 6 not shown). The order of the rate curves in each insert, top to bottom, is Ry (o);

Rg (O); Ry (X); Ry (v).

total polymerization rates with MMA. A conversion span of about 50% is covered
for the standard condition experiment (insert 3, Fig. 1, and insert 1, Fig. 2). Thus
the conversion span of interval II was largely encompassed as illustrated in the
figures.2® The paucity of data points reflected the laboriousness of the gravi-
metric procedure used to obtain the rate data; the scatter resulted from the
marked variability of leather composition, even for adjacent samples, as dem-
onstrated in a previous article.! The order of the initial rates was R4 > Ry, > Ry
in both figures, as well as for most of the initial rate data in this article. Note-
worthy is the exponential increase in float rate in Figure 2, which generally in-
creased as leather amount decreased. The significance of this is demonstrated
below.
Plots of In R4 and In R}, vs. In {I] shown in Figure 3 follow the general expres-
sion
R; = R;o[V]e (12)

R; is any rate, V the reaction variable, and R;q and a are constants. Values of

10 r
1 2 3 4 5
— 08+ - o - =
2 |
E 06 ,? L 4 i r
= ; : :
T " [} /Il ’P
=% ; ST g
Y Ill o /’ II
g i
02 g - x| r K
7 A g M
7 ¥, x—=<" x
0 P L1 ezl 1 XX
2 46 02 46 02 4%

12107 sec
Fig. 2. Rate of monomer consumption vs. time for the MMA composites of Table II at varied
leather amounts. Inserts correspond to their experimental numbers in the table. The order of the
rate curves in each insert, top to bottom, is R7 (---) (&); Rqa (—) (0); Rp (—) (X); Rf (---) (v).
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Fig. 3. Rate of R; vs. the initiator concentration {I], plotted in accordance with eq. (12) for the
following systems: curve 1, MMA Ry, curve 2, MMA R;; curve 3, BA + MMA Ry; curve 4, BA +
MMA Ry; curve 5, BA + MMA, no leather.

R;q and the intensity constant a for the variables used with all of the systems are
given in Table III. In the figure and in the table under initiator concentration,
[T], the exponents a for Ry for both the MMA and BA + MMA systems are
similar, but for R}, they are different. More scatter accompanied this and the
other R,-variable plots. Because of this scatter and especially because of the
large change in exponents a for monomers of similar reactivity, R, appears to
be a trivial result of the formation of deposited polymer. Of equal importance
is that the magnitude of a in the absence of leather was less than that for com-
posite formation; the significance of this is also discussed below.

All data for monomer depletion with time fell on common curves for Ry, Ry,
and Ry, as is shown in Figure 4 for MMA composites and in Figure 5 for those
with BA + MMA. Thus, rates were independent of monomer concentration
(Table ITI). This is the expected result [eq. (6)] for heterogenous polymerization
at a colloidal state of subdivision where rate is dependent on the equilibrium
monomer concentration of the particles, as in set 10; even a slight perturbation
of the Ry curves?® produced when @ > 0.5 [eq. (6)] can be observed in both figures.
However, polymerization in aggregates, when rates are regulated by diffusion
of monomer to active sites, would produce similar results. Dependence of the
log of rate on the state of subdivision is also reflected in the rate dependence on
the logarithm of surfactant concentration [Table II1, Fig. 6, and eq. (7)]. Data
to the right of a critical surfactant concentration (0.0301M/1. for MMA com-
posites, insert A, and 0.0143M/1. for those using BA + MMA, insert B) fall on
a straight line, yielding the exponent a of eq. (7), while those on the left show
anomalously increased rates. Because considerable flocculation was noticed
in the low surfactant experiments (those to the left in both inserts in the figure),
the effect illustrated was attributed to instability resulting from partial de-
sorption of the protective colloid from the particles to the leather matrix. Gel
effect would then produce the increased rates. The discontinuity was not seen
in the absence of leather (dotted line in insert B).
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Fig. 4. Rate of monomer consumption vs. time for the MMA composites with monomer concen-
trations varied. MMA concentrations used were O, 0.487 mole/l; <, 0.816 mole/l X, 1.28 mole/l.;
o, 1.92 mole/l.; v, 4.85 mole/L.; all based on water.

The significance of the exponential intensity dependence of the variables in
Table I1I on the rates of deposition are now considered. Values of a for initiator
in both MMA and BA + MMA composite formation are considerably greater
than the 0.4 dependence specified by eqs. (6) and (7) for heterogeneous poly-
merization and by egs. (4) and (5) for homogeneous polymerization, except for
BA + MMA polymerization in the absence of leather. While values of ¢ = 0.5
are found for stable latices in the polymerization of vinyl acetate?? and vinyl
chloride,*3 these monomers have considerable water solubility and terminate
by chain transfer. Consequently they probably constitute special cases. The
pattern of results in the table and the observed buildup of polymer in the leather!
suggest that particle aggregation caused the reaction kinetics to pass from those
characteristic of heterogeneous to that found for homogeneous systems, thus
producing Case III conditions [eq. (8)]. Values of @ > 0.5 for initiator dependence
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Fig. 5. Rate of monomer consumption vs. time for the BA + MMA composites with monomer
concentrations varied. The BA + MMA concentrations used were O, 0.432 mole/l.; o, 0.746 mole/l;
X, 1.096 mole/l.; a, 1.70 mole/l.; v, 3.34 mole/l.; all based on water.
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Fig. 6. Rate R; vs. the surfactant concentration [S] plotted in accordance with eq. (12) for insert
A, MMA composites, and insert B, BA + MMA composites. Curve 1, Ry; curve 2, Ry; curve 3, Ry;
curve 4, R7; curve 5, Rg; curve 6, Rp; curve 7, no leather. The discontinuity in curves 1-6 represents
the region of assumed protective colloid instability.!

could only result from delayed termination through radical scavenging. A strong
gel effect was also shown from molecular weight data in the previous article! and
is typical of polymers depositing in fibers.18-25 Qualitatively, the effects of
monomer and surfactant concentration support heterogeneous polymerization,
but subject to the diffusive alternative with respect to monomer concentration
discussed above. However, the predicted dependence of 0.6 on surfactant
concentration [eq. (7)] was not found, even in the absence of leather.

The apparent strong dependence of rate on leather amount (Tables IT and III)
is deceiving. The data in the tables consider only initial rates for polymerization
in the float. When the time period was extended to 1 hr (Table IV), where total
monomer conversion was around 20-25%, rates in the float started to equal those
for deposition in the fibers (BA + MMA) or greatly exceeded (BA system) the
deposition rates as leather amount was incrementally reduced. By this time,
the total rate for BA + MMA was nearly the same as in the absence of leather
and thus no longer depended on leather amount (Fig. 7). The total rates with
no leather and with diminishing leather amount approached each other in the
BA system. Only in MMA composites did the leather concentration appear to
have a long time influence on deposition rate. The rate enhancement here could
reflect a decreased k; in the viscous medium. Thus the rate would increase with
leather amount as the confined polymer volume increased. It may be concluded
that leather amount strongly influenced the nucleation period of aggregate de-
velopment in the leather fibers.! However in the steady-state period of depo-
sition, rates between float and matrix became more competitive and were ac-
companied by a strong gel effect.

The dependence of bound polymer formation on the reaction variable through
eq. (12) was very erratic and the individual data were somewhat scattered com-
pared to those for deposited polymer (Figs. 3 and 7, and Table IT1I). Bound
polymer formation appeared to be a secondary consequence of polymer depos-
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TABLE IV
Effect of Leather Amount on the Rates of Polymerization in mole/l. sec in the Float at 3600 sec
Experiment L]
No. (mole/l.) Ry X 105 Ry X 10° Ry X 108 R, X 10° % Conversion
Methyl methacrylate
1 1.964 16.5 9.00 1.67 18.2 30.5
2 1.374 11.0 5.75 2.64 13.6 21.0
3 1.027 8.50 4.60 1.94 10.4 25.0
4 0.6895 6.17 3.00 0.778 6.95 14.0
5 0.3187 3.20 1.30 0.417 3.62 9.0
6 0 — — 2.10 2.10 4.2
n-Butyl acrylate-co-methyl methacrylate
7 1.963 8.40 4.30 0.556 8.96 20.0
8 1.338 6.50 3.60 .11 7.61 23.6
9 1.020 5.45 2.65 3.33 8.78 17.8
10 0.711 4.08 2.50 4.86 8.94 17.0
11 0.341 2.75 1.15 5.56 8.31 18.2
12 0 — - 9.75 9.75 18.6
n-Butyl acrylate
13 1.975 5.00 — 0.556 5.56 17.0
14 1.259 4.00 — 1.67 5.67 13.5
15 0.960 3.00 — 2.08 5.08 6.0
16 0.625 2.40 - 4.86 7.26 19.0
17 0.302 1.45 - 25.0 26.5 90.8
18 0 — — 27.8 27.8 100.0

iting in fibers. The behavior seemed, therefore, to indicate incomplete removal
of homopolymer or chaotic adventitious crosslinking and thus to reflect the
variable tenacity of different leathers in causing homopolymer entrapment during
solvent extraction.! These observations do not support dominant grafting; if
a grafting reaction guided deposition, a more consistant pattern would be ob-
served in the results in Table III for the different systems, and a closer correlation
with theory through eq. (4) should have been found.
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Fig. 7. Rate R; vs. the leather amount [L] for the BA + MMA composites at 3600 sec, plotted in
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C. Proposed Deposition Mechanism

Acrylic monomer deposition in cattlehide leather fibers appears to be a het-
erogeneous process, initially, that assumes the character of a homogeneous
process as polymer flocculates and grows as a bulk phase in the system. Thus
a progression from largely interval II, Case I kinetics eq. (6) to essentially Case
I1126 kinetics [eq. (8)] seems to occur but with some intensity exponents perturbed
by the gel effect. In this mechanism the persulfate redox ions distribute
themselves in equilibrium concentrations in the internal stationary aqueous
phase around fibers and encompassing fiber bundles, by preferential adsorption
at fast rates,” and perhaps they are even adsorbed at specific sites on fibrils. For
example, -S04 might be ionically attracted to the cationic protein and Cr complex.
Growing polymer particles, formed by self-nucleation in the external water phase
or in micelles penetrate the fine collageneous structure and become unstable.
These join larger monomer swollen particle populations already formed in the
matrix as a result of the persulfate concentration gradient. These two colonies
of flocculating particles, one formed in situ and the other invading from the
external float, would tend to concentrate the initial aggregates in those fibers
located near leather surfaces. The aggregates would tend to nucleate the layered
growth pattern, such as the sandwich effect in cattlehide discussed at length in
the previous article.! Whether the specific deposition locus is in the fine
structure near fibrils, thus expanding fibers on propagation, or more coarsely
deposited around fibers, thus expanding fiber bundles with continued deposition,
is not clear because both growth mechanisms would produce similar effects on
density—composition curves.l Following nucleation, the aggregate propagation
period commences, fed by slow diffusion of monomer from the colloidal droplets,
through the growing polymer front, to the occluded active centers. This growth
expands the fibers or fiber bundles and produces the changes in density discussed
in detail in the previous article. When the growth front reaches the surface,
polymerization activity accompanied by enhanced rates from the increase in
active centers is transferred largely to the float. Matrix deposition then slows,!
becoming only a surface growth that embeds fibers. As discussed above, con-
siderable bound polymer could result from the intimacy of its deposition in in-
accessible regions of the fine structure. Much of that which was grafted either
to collagen or by prolific polymer—polymer branching to form networks would
be produced in compliance with the magnitude of the parameters of eq. (10).
Primary radical grafting would account for the balance.

Data are introduced in the sections below that will lend additional support
to these concepts as well as provide new insights into the mechanism of this
complex process.

D. Overall Yields

Table V and Figure 8 present the rates of deposition and of bound polymer
formation under the standard reaction conditions outlined in the experimental
section and in the previous article,! when polymerization was carried to 100%
conversion with all of the available experimental data. These rates are similar
to those in Table 11, where conversions were limited. Some of the leathers were
conditioned 30 min in the redox reagents, but most were not; the random dis-
tribution of data points indicated that this treatment was not necessary. The
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appreciable scatter (Fig. 8) again reflects leather density variability when used
to monitor rates by a gravimetric procedure.! The data were significantly linear
by computer fit and not concave upwara, as predicted for interval II kinetics,2?
and thus add to the evidence provided above that flocculant growth, rather than
the state of subdivision, controlled rates through much of the deposition. Be-
cause rates were independent of monomer concentration in the aqueous phase,
the quantities k4 and k; are system constants with first-order dimensions that
also represent the fractional extent of conversion da/dt (Table I).

E. Additional Supportive Data

The data in Table VI provide additional support to the mechanism of depo-
sition first discussed. All of the data were obtained by procedures outlined in
the second portion of the Experimental section. The ratio [I]/[I]o is the fractional
distribution of persulfate ion in the matrix after a 30-min pretreatment. The
statistical equilibrium ratio is 0.28. The values for the two systems in the table
agree with a value of 0.778 in 30 min calculated from the titrometric data of Harris
etal.” Thus, preferential migration of initiator within the fiber region, postulated
previously? and in section C, is supported. Rates of adsorption of persulfate ion
apparently exceeded deposition rates (Table V, section D) because the pre-
treatment had no apparent effect on the magnitude of k3 and k,. However, the
hydrated matrix tended to exclude monomer because the ratio [Mg}/[M7],
column 8, was even less than the statistical ratio 0.28, even after 5 hr. Because
growing particles in emulsion systems usually contain 75-80% monomer,* the
collageneous material was relatively deficient in monomer. This lends support
to the primacy of the floculating emulsion process proposed in sections B and
C. Itis especially significant that mere impregnation of hydrated leather with
preformed BA + MMA latex yielded about half the amount of unextractable
polymer [P;] (column 5) as that deposited (column 4). These quantities rep-
resent an average of six separate experiments with time of impregnation varied.
Thus, the presence of active centers are apparently not required to produce
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Fig. 8. Rate of polymer deposition in leather vs. time to 100% conversion for all three systems at
standard conditions (Table V) with all of the available data combined.
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unextractable polymer, as implied in section C. When more collageneous surface
was exposed by grinding the leathers (last three columns) a large increase in the
deposition rate constant, kg, was observed for polymer depositing in a thick paste
of swollen fiber compared to the corresponding intact leather. On dilution with
more water, however, the constants for total rates, k7, and for rates in the float,
ks, were now abnormally large compared to k5. A controlling grafting mecha-
nism, operating in a dispersion of short fibers would be expected to produce large
kq because of greater surface exposure and small &; because of enhanced grafting
efficiency [eq. (11)]. Reasons for the strong Tromsdorff rate accelerations noted
for the ground systems and the small value found of k4 found for the dilute intact
leather system compared to the correct value (column 2) are not understood at
present.

Finally, the influence of the monomer used on diffusion through the polymer
layer on the relative rates of deposition for the three acrylate monomers used
remains to be treated. Insert A, Figure 9 shows good correlation of a plot of the
system deposition efficiency constants D, (equal to wo/ws feed) (ref. 1) for the
three monomers plotted (solid line) as a function of the reciprocal of the depo-
sition rate constant 2g (Table V). A similar plot (dashed line) of rate data given
in the previous article! is shown after conversion to k4 using By [M]. Thus, the
system efficiency was directly proportional to the rate of deposition regardless
of float volume. These rate constants, kq are also directly proportional (insert
B) to the apparent diffusion constants for the three monomers imbibed into a
thick BA + MMA film. The magnitude of the constants specify rapid diffusion
through the polymer phase. This is not at variance with known diffusion rates®s
for like monomer—polymer pairs having, as in this work, similar solubility pa-
rameters for monomers and polymers.*'? Although the D, values observed are
accurate only as relative values, the close correlation observed with k4 provides
encouraging evidence for diffusive transport of monomer to expand the polymer
phase as proposed in section C.

HE 8 9
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Fig. 9. Relation (insert A) between the system efficiency constant D, of the previous article! and
1/k4 of this work (from Table V), and that calculated from the data in Table III of the previous work.
Insert B illustrates the relation between k, of this work and the apparent diffusion constant D, for
the monomers through BA + MMA panel. Values of D, X 106 cm?2/sec were MMA, 6.72; BA + MMA,
4.69; and BA, 4.16.
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SUMMARY AND CONCLUSIONS

This work ascertained the effects of systematic changes in the reaction vari-
ables on rates of deposition, bound polymer formation, polymerization in the
float, and total polymerization for the emulsion polymerization of three acrylate
monomer systems at 27°C in the presence of 5-oz cattlehide. A potassium
persulfate-sodium bisulfite redox system was used as the initiator. The results
showed no direct correlation with any single theory derived either to explain
grafting through homogeneous polymerizations or to characterize heterogeneous
polymerization in a subdivided state. Instead, exponential intensity coefficients
for the reaction variables indicate a transfer of mechanism from heterogeneous
to homogeneous polymerization as monomer swollen polymer particles are
flocculated after penetration of the aqueous leather matrix near fibers or, per-
haps, fibrils. These become the favored loci because of fast migration of per-
sulfate ion to this region. Aggregating polymer particles containing occluded
radicals thereafter constitute a growth front that expands in fibers or fiber
bundles located near specimen edges. Thus, the growth front is maintained at
a constant expansion rate by slow diffusion of monomer to active centers.

The authors express their special thanks to Mrs. Sandra P. Graham for computer fitting the ex-
perimental data.
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