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Synopsis 

Three acrylate monomer systems were deposited by redox emulsion polymerization at room 
temperature into the fibrous matrix of 2-mm-thick chrome-tanned cattlehide over a wide range of 
composition. Polymer not bound to the matrix was separated by hot benzene extractions. Mono- 
mers used were methyl methacrylate, a mixture of n-butyl acrylate and methyl methacrylate and 
n-butyl acrylate, each selected to produce composites having wide variation in glass-transition 
temperature. The same three systems were introduced into the free space of leather by bulk and 
solution polymerization. All conversions were close to 100%. When the emulsion technique was 
used, with feed composition variable, overall deposition efficiency depended on the characteristic 
rate of deposition for the individual acrylate monomers. Observed orders in deposition rate and 
overall efficiency were: methyl methacrylate > comonomer > n-butyl acrylate. However, specific 
deposition efficiencies declined roughly monotonically with feed or time increase, but maintained 
the same order. Microscopic examination of thin sections revealed polymer only in the outer region 
of the leather cross section. Information on polymer location and its influence on specimen thickness 
for composites prepared by both emulsion and solution methods of deposition were obtained by 
correlating experimental densities with theoretical density-composition curves for various assumed 
models. The foregoing, together with observations of greatly reduced grafting frequency, in view 
of the maximum theoretically attainable, made a dominant grafting mechanism unattractive. A 
mechanism involving diffusion controlled monomer transport to occluded radicals in localized 
polymer deposits was suggested as an alternative. 

INTRODUCTION 

This article and several that followlaJb provide a systematic study of the 
process by which selected acrylate polymers are deposited in leather. The me- 
chanical properties of the composites investigated will be presented in a later 
artic1e.l" The polymerization of monomers in collagen and leather has received 
scant attention in reviews24 compared to that in cotton,= wool?-'l and natural 
fibers in general,12 reflecting reduced activity in this field. In contrast, the 
physics and chemistry of collagen and leather have been extensively treated, with 
reviews available on classical protein chemistry,13a practical leather manufac- 
ture,14 materials science,15 and solid-state physics.16 Although the bulk of the 
literature on the treatment of wool and cotton by polymerization of monomers 
within their fibers implies that most of the bound polymer is truly 
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some doubt remains as to whether the unextractable polymer is covalently 
bonded or merely e n t r a p ~ e d . ~ , ' ~  Most of the work involving similar treatment 
of leather by polymerizing monomers has been interpreted to require a controlling 
grafting mechanism to account for the considerable amount of bound polymer 
formed. This was true whether water soluble or insoluble monomers were 
polymerized in soluble or insoluble powdered ~ o l l a g e n , l ~ - ~ ~  in intact pickled goat 
skins,21.22 or chrome-tanned Nigerian  sheepskin^^^-^^ using ceric i0n,17-23 po- 
tassium persulfate-sodium bisulfite redox i n i t i a t ~ r ~ ~ - ~ ~  or other27 techniques. 
Sheepskin composites were characterized by end group unextractable 
networks were prepared,29 and graft molecular weights were controlled by chain 
transfer.30 Kudoba has employed nonradical means as well as radical formation 
through photoinitiation to prepare an extensive list of collagen polymer com- 
posites (see ref. 4). Finally, ratskins and bone have been modified by use of an 
exceptionally large number of acrylate and other types of monomers and poly- 
mers.4'31 

A major aim of this work and that which followslaJb is concerned with deter- 
mining whether a dominant grafting mechanism is responsible for most of the 
bound polymer produced in leather composites or whether the unextractable 
polymer is crosslinked or physically entrapped in confined  region^.^,^^ Conse- 
quently aspects of deposition yield, efficiency and bound polymer frequency as 
functions of polymer composition are emphasized. Bound polymer efficiency 
must remain large, even as feed composition approaches unity, to maintain the 
high graft frequency that must characterize a controlling grafting mechanism. 
Toward these aims new information is presented on the process by which three 
selected acrylate monomer systems are incrementally deposited and bound to 
2-mm-thick panels of chrome-tanned cattlehide as functions of monomer con- 
centration and time. A standard persulfate-bisulfite procedure, developed at  
this l a b ~ r a t o r y ~ ~ - ~ ~  as a practical process for modifying leather properties, is used 
here with only minor modification. A new process, in which polymer is deposited, 
unbonded, into the pore structure of leather is described. Finally, the role of 
composite density in characterizing matrix polymer deposition is treated in 
considerable detail. 

EXPERIMENTAL 

Starting Materials 

The leathers used were commercial grain split 5-oz. (0.23-cm-thick) chrome- 
tanned blue stock (water wet) cattlehide used in shoe uppers. These were cut 
in panels (8.9 X 15.2 X 0.235 cm) from the full hide (short dimension parallel to 
the backbone with 10-cm borders) starting in the butt and progressing to the 
shoulders crisscross to the belly region. To minimize the effect of location on 
properties32a adjacent panels were paired as controls with all treated samples. 
The panels were extracted four times for 45 min each with acetone (5 cm3/g wet) 
dried and analytically weighed after equilibrium over calcium sulfate and their 
density determined. Commercial monomers, methyl methacrylate (MMA), 
n-butyl acrylate (BA), and a fixed composition n-butyl acrylate (0.591 weight 
fraction), methyl methacrylate (0.409 weight fraction), monomer mixture (BA + MMA) from commercial sources, were freed of inhibitor by alkali extraction. 
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The glass transition temperatures Tg for the respective polymers were MMA, 
105OC (ref. 33); BA + MMA, 10.5OC (ref. 34); and BA, -55°C.33 

Composite Preparation Procedures 

In the emulsion procedure, each panel (-16 g) after overnight equilibration 
under nitrogen in water (16 cm3/g dry) was padded dry, corrected for salt loss 
in the soak, and tumbled in sealed jars for 30 min with the redox initiator dis- 
solved in the aqueous phase. The monomer was then introduced under nitrogen 
and the mixture tumbled for another 24 hr at room temperature. Polymerization 
conversions were usually 100%. The treated panels were water washed and ex- 
tracted four times with hot methanol (16 cm3/g initial dry weight) and, after 
drying at  ambient and over calcium sulfate, the deposited polymer was deter- 
mined gravimetrically; some compositions were checked using Kjeldahl nitrogen 
analysis. The aqueous emulsion (float) was coagulated in sodium chloride and 
methanol and extracted with hot methanol. Homopolymer was removed from 
selected panels by use of three hot benzene extractions (50 cm3/g) for 24 hr, except 
that the first extraction was for three days. For multibatch deposition (text) 
this polymerization procedure was repeated several times. A complete material 
balance was maintained throughout the work. 

Quantities used were water, 5/1 based on dry leather; monomer, variable; 
potassium persulfate, generally 4 mole % based on monomer; NaHS03/K&08, 
0.5 except MMA, 0.2; Triton X100, 1.03%, 2 cm3/g based on wet leather. For 
rate determination strips 2.6 X 7.3 X 0.235 cm were used and the initiator pre- 
treatment was eliminated. 

In the solution polymerization procedure leather panels saturated with 
monomer or incrementally varied benzene-monomer mixtures, adjusted to 
regulate the feed composition, and containing 3 mole % azo-bis-isobutyronitrile 
(AlBN) 2 mole %, MMA) were polymerized in sealed systems in nitrogen at 60°C 
for 24 hr to 100% conversion. The excess monomer was separately polymerized. 
Panels and polymer were extracted in methanol a t  room temperature and 
dried. 

Physical Properties and Staining Procedures 

Apparent densities of composites and untreated controls were calculated by 
measurement of their volumes; machine cut specimens gave similar densities. 
Real densities were obtained with a model 1302 Micrometric Helium-Air Py- 
crometer. Density of the neat homopolymers and copolymer were estimated 
from a group additivity method35 and some were checked with the helium air 
pycrometer. Densities, g cm-3, were MMA, 1.146; BA + MMA, 1.103; BA, 1.072. 
A staining technique employing Oil Red 0 for 6 hr on thin sections (50 pm) was 
used to monitor the polymer that deposited in cattlehide, unlike  sheepskin^,^^-^^ 
in layers exclusively in the grain (top) and split corium portions (bottom) of the 
cross sections, leaving the center section polymer-free. Bound polymer was 
isolated from the composites by digesting small panels with excess 6N hydro- 
chloric acid at  90°C for 8 and 18 hr a t  room temperature. Lack of color change 
on repetition of the process for 1-2 hr was taken to yield complete hydrolysis. 
Drying followed many water washes; nitrogen values on the isolated polymer were 
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negligible. The MMA polymer replicas retained their leather appearance.lb 
Molecular weights were obtained at 37°C in toluene using a Mecrolab* membrane 
osmometer, model 501. 

Definitions 

In this work mole fraction is designated m, and weight fraction w. Subscripts 
are 1, leather; 2, polymer; d ,  deposited polymer; b,  bound polymer; c ,  critical; 
max, maximum; a, apparent; r ,  real; p ,  synthetic polymer (or copolymer); f ,  float; 
e ,  extracted. Quantities Wand V represent specimen weight in g and volume 
in cm3, respectively. Polymers deposited in the leather are identified by their 
monomers; MMA, BA + MMA, BA, respectively. 

Other definitions used are given below. Deposited and bound polymer fraction 
as percent36 

percent deposited = [(WZ + W,) - W1]/W1 X 100 = (W,/W,) X 100 (la) 

(1b) percent bound = (WZ - We)/W1 X 100 = WZb/w1 X 100 

deposited and bound polymer efficiency fraction37 

cd = Wd/WT ( 2 4  

Eb = wb/wT (2b) 

bound polymer frequency fraction36 

_ _  
WT is the total weight of polymer obtained. The molecular weight (Mn, M,) 
of collagen was taken as 300,000.13aJ5 Curve fitting was done on an IBM 1130 
computer. 

RESULTS AND DISCUSSION 

General Features 

Table I lists selected data on polymer-leather composites prepared by the 
emulsion polymerization method with each acrylate monomer and mixtures of 
the two. Feed weight fractions (column 2) and composite compositions (column 
3) varied over a wide range (Sections A-C). Differing workup procedures ac- 
count, in part, for the large number of samples prepared, of which only selections 
appear in the table. For example, similar composites to those listed here were 
isolated either by air drying or methanol extracting followed by drying. In ad- 
dition, composites produced by varying time at a fixed feed composition  feed, 

0.5 were introduced for comparison (Section D). 
Results in Table I, in harmony with those of most other investigator~,7.~ gen- 

erally show steady increases in deposited and bound polymer composition with 
W2feed. However, conversion weight fractions for polymer formed in the external 
aqueous layer (float) wf tended to attain high values compared to that deposited 

* 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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beyond a critical WZfeed, characteristic of the monomer system, except for MMA. 
Consequently, deposition and bound efficiencies ci (columns 8 and 9), decreased, 
the magnitude of the decrease being dependent on the monomer used. The order 
in deposition and rate of deposition was MMA > BA + MMA > BA. Bound 
polymer was usually considerably less than that deposited. Rate data at  fixed 
feed composition (Section D) followed the trends of Sections A-C, as would be 
expected. All densities appear to be monotonic functions of composition or 
time. 

Data on bulk or solution deposition (Table 11) resembled that for deposition 
from emulsion except that densities were uniformly higher for the same w 2 .  

Molecular weights for the free polymer systems in Table I1 (column 7) tended 
to be low, probably reflecting the high initiator (AIBN) concentrations required 
for high conversions in the composites (-2 to 3 mole %). Molecular weight 
distribution of all polymers was apparently broad because fractions soluble in 
methanol were found for BA and BA + MMA composites. Molecular weights 
for polymer extracted from selected composites with benzene (last column) were 
higher than those in column 7. This suggests that a Tromsdorff effect was 
present when bulk polymer was produced in the tight confines of the leather 
matrix. Reduction in molecular weights with benzene dilution, approaching 
values in column 7, would be expected in view of literature  trend^.^^,^^ Polymer 
could not be completely extracted from at least two of these composites (Table 
11, footnote). AIBN was selected because it is a poor graft initiator.39 Either 
entangled polymer was unremovable from the fine structure, or popcorn, or some 
other type of crosslinked polymer was formed. 

A more detailed treatment of some of the emulsion data in Table I is presented 
in the sections that follow. Further discussion of the bulk or solution composites 
is reserved for the density section. 

Feed and Rate Effects 

Figure 1 shows percent deposition and bound polymer curves plotted as a 
function of the monomer concentration used (based on water) for all three ac- 
rylate monomer systems prepared by the emulsion method. Solid points are 
multibatch deposition points. While the extent of deposition appears to continue 
indefinitely, dependence on monomer concentration increased rapidly beyond 
100% deposition. However, in this work, multibatch deposition was usually the 
only practical way to obtain exceptionally high yields (Table I). In Figure 2 
weight fractions of polymer in the composite w p  are plotted against the weight 
fraction of the monomer in the feed WZfeed. The slopes provide estimates of 
overall deposition efficiency, designated D,, for each monomer system. Thus 

~2 = D e ~ ~ f e e d  (4) 

The maximum D, is 1, the dotted line; values of D, are presented in Table I11 
for the three systems. 

In contrast, polymer deposited as a function of time is shown in Figure 3(A), 
for all three systems. From the slopes the rates, designated R d ,  were estimated 
(Table 111). Percent conversion-time curves accounting for all polymers formed 
in each system, are shown in Figures 3(B)-3(D), and are compared with rates 
in the absence of leather (dotted lines). The rate of deposition of methyl 
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TABLE I1 
Compositions, Efficiencies, Densities, and Number-Average Molecular Weights of Bulk and 

Solution Polymerized Leather Composites 

Experiment Deposited polymer Density al 
No.a WZfeed W 2  % c,jb (g ~ m - ~ )  No leather In leather 

10 
11 
12 
13 
14 
15 
16 
17 

0.153 
0.205 
0.235 
0.268 
0.313 
0.441 
0.456 
0.434 
0.434 

0.172 
0.250 
0.315 
0.306 
0.455 
0.479 
0.531 
0.521 

Poly(methy1 methacrylate) 
0.0962 10.6 0.63 0.775 19,500 
0.155 18.4 0.76 0.780 
0.189 23.3 0.80 0.793 22,600 
0.234 30.6 0.87 0.874 24,800 
0.292c 41.2 0.93 0.948 432,900 
0.397d 64.8 0.90 1.036 60,100 241,600 
0.423d 82.0 0.93 1.081 
0.645" 182e - 1.173 
0.701e 234e - 1.154 

Poly(n-butyl acrylate-co-methyl methacrylate) 
0.084 9.14 0.49 0.683 
0.195 24.2 0.78 0.807 
0.263 35.7 0.83 0.845 
0.310 44.9 1.0 0.962 88,3OOc 
0.442e 79.2 0.97 1.011 190,200 
0.467e 87.4 0.98 0.975 132,O5Oc 
0.543e l lge - 1.134 
0.667e 201e - 1.107 

Poly(n-butyl acrylate) 
18 0.198 0.143 16.7 0.72 0.747 93,700 
19 0.267 0.223 28.8 0.84 0.877 94,950 
20 0.293 0.250 33.4 0.85 0.904 99,200 
21 0.326 0.281 39.0 0.86 0.936 124,700 
22 0.400 0.346d 52.9 0.87 0.951 109,200 210,500 

a Experiments 6 9 , 1 6 1 7 ,  and 22 were bulk polymerized; the balance were polymerized in benzene 
at different concentrations. This table is a partial list of experiments; data for the balance appear 
in appropriate figures. 

Taken here as WZ/WZf&. 
Fractions, 0.35 experiment 13 and 0.41, experiment 15, soluble in methanol, had molecular weights 

of 27,600 and 26,300, respectively. 
After benzene extractions for 7 hr a t  reflux and 24 hr a t  room temperature the composite com- 

positions were PMMA, w p  = 0.114,0.011, and 0.051, respectively; BA + MMA, w p  = 0.1716; PBA, 

Prepared by depositing polymer from methyl ethyl ketone solution to bulk polymerized com- 
~2 = 0.1920. 

posites and evaporating the solvent. 

methacrylate into leather [Fig. 3(B)] was much greater than for neat homopo- 
lymerization. The extent of float homopolymerization was minimal over the 
conversion range. Range of deposition into leather and homopolymerization 
were essentially the same for BA + MMA [Fig. 3(C)] with float polymer in- 
creasing abruptly at around 50% conversion. In contrast, homopolymerization 
greatly exceeded the rate of deposition for n-butyl acrylate [Fig. 3(D)]; float 
polymers followed the usual Tromsdorff rate effects expected for this type of 
monomer, but only after a percent conversion of about 30% was reached. The 
unusual and unexpected behavior for these systems clearly indicates that rates 
of deposition were dependent either on some specific effectiveg concentration 
of radicals forming preferentially in the leather matrix that is characteristic of 
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0 2 4 6 0 
[MI,, M i '  (H,O) 

Fig. 1. Effect of initial monomer concentration on deposition and bound polymer yields. Solid 
points represent multideposition data. Bound MMA curve lies close to the corresponding deposition 
curve but was omitted for clarity; bound experimental points are omitted. 

each system or that polymer latex particles were preferentially removed from 
the float. Initial concentrations of initiator were similar for all three systems. 
Rates also appear dependent on the rate of diffusion of monomer through the 
polymer phase, accounting for the constancy of d W2ld t  for the polymer forming 
in the leathers. However, the rates of deposition are in reverse order of that 
expected if the effect of Fickian diffusion on the Tg of the polymer components 
is considered. Further discussion of these points will be reserved for the next 
article; it suffices to note here that bound polymer rate of formation was about 
one-half of that found for the deposited polymer. 

The effect on overall rate of polymerization by large increase of polymer in 
the float, formed at  times exceeding 160 min in Figures 3(B)-3(D) is demon- 
strated in Figure 4(A). These times mark the onset of reduced rates of deposition 
(dashed lines) for the illustrated dwzldt curves, which continue to very long times. 
Included in the curve fitting are the sums of polymerization times for the mul- 
tibatch deposition data points (not shown). Clearly for each system there occurs 
a discontinuous transfer of the main site of polymerization from the fibrous 
matrix, characterized by the steep curves (solid lines) in the figure, to the float, 
with only the retention of limited deposition activity (dashed lines). The above 
observations suggest that the major portion of polymer growth takes place on 
occluded radicals, where rate is dependent on monomer diffusion up to a satu- 
ration level, whereupon the mechanism changes abruptly. 

The initial curves (solid lines) in Figure 4(A), for each system follow 

~2 = Ft  (5) 
and values of F are given in Table 111. The relation between D, and the rate of 
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0 0 2  0 4  06 0 8  10 
w2, f e e d  

Fig. 2. Weight fraction of polymer deposited wa vs. the weight fraction of monomer in the feed 
W21eed. Curve designations are (1) MMA; (2) BA + MMA; curve (3) BA; dotted line, maximum de- 
position efficiency, D, = 1. 

deposition R d  for the three composite systems [from Fig. 3(A) and Table 1111 is 
(Fig. 5) 

De = DeO - C/Rd = ~ 2 / ~ 2 f e e d  ( 6 )  

It can also be shown that 

F =  C‘Rd (7) 

D,  = D,&”(l/F) (8) 
where C” = CC’. Equations ( 6 )  and (8) link the rate of composite formation with 
these monomers to a common characteristic deposition efficiency that is inde- 
pendent of feed composition. Thus Rd appears to be diffusion controlled, at  
least over much of the preparation range. The magnitude of the constants of 
eq. (6) (Table 111) specify that polymer will deposit only at  a high Rd, between 
61.6 and 5.5% hr-l; below this rate, where D, becomes zero, all polymer should 
form preferentially in the float and on leather surfaces. It may be that a spacial 
restriction governs the magnitude of both D, and Rd. In support of this, R d  does 
correlate fairly well (Fig. 5) with the molar volume of monomer, Vo. It is of 
special interest that no correlation was found between the solubility of the 
monomers in water and these parameters. Solubilities at  25°C in water were 
MMA, 3.0%; BA + MMA, 0.22%; BA, 0.16%. In fact, graft yields and efficiency 
usually decrease for water soluble monomers, the reverse of the effect found here. 
With use of the constants of Table 111, the limiting molar volume is 238, close 
to that of It-octyl acrylate (209); this monomer was not deposited even in more 
loosely woven Nigerian sheepskin.25 However, many more monomers will need 
to be tested to establish the generality of both D, and molar volumes as essential 
parameters. 

The limitation of the constant D,, eq. (4) and Figure 2, is that it expresses only 
an average value for deposition characteristic of each composite system (see Table 
I). Thus it is ineffective in monitoring efficiency effects dependent on specific 

Substituting for Rd in eq. ( 6 )  yields 
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TABLE 111 
Constants and Other Quantities in This Work 

Density and derived quantities 
Equation constants for leathersa 
Eq. Inter- Average values for leathers 

System No. Slope cept Symbols Symbolb Emulsion Solution 

MMAC 
BA + 
BA" 

MMA 
BA + 
BA 

MMAC 

D, VS. 1/Rd 

MMA 

F VS. Rd 
D, VS. Vo 
C,, 

(4) 0.906 0 
(4) 0.777 0 

(4) 0.635 0 
(6) 6.157 1.104 
(5) 4.38 x 0 
(5) 2.28 x 0 

(5) 1.68 x 10-3 o 
(7) 1.33 x 10-4 o 
- 6.59 X 1.48 
(27) 1.45 

0.5556 f 0.0273d 0.6241 f 0.036gd 
1.799 cm3 1.602 cm3 

1.103 cm3 0.9049 cm3 
0.6125 0.5648 
1.434 g cm-3 
7.652 cmb 7.652 cmb 

1.434 g cm-3 

0.2352 cm 0.2094 cm 
0.6014 

0.9238 

a Based on 1 g leather; average values of the apparent densities of approximately 102 samples. 
Used in computing theoretical curves following eqs. (9)-(27). 

The quantities are designated: pao, apparent density; V,, total volume; V,, volume of free space; 
U / O ,  volume fraction of free space; pr, real density; A ,  specimen area; h, specimen thickness; pi, average 
intercept of composite density curve fit, see eq. (19). 

Corresponding rate of deposition values Rd obtained from the curve fitted slopes of Figure 3(A), 
are PMMA, 31.99% hr-l; BA + MMA, 18.17% hr-l; PBA, 13.29% hr-l. 

Extreme limiting values were emulsion, 0.5010-0.6150; solution 0.5459-0.6471. 

feed composition or time. These are set forth in eq. (2) and are shown graphically 
in Figures 4(B) and 4(D), as functions of feed, and time, Figure 4(C). All curves 
are roughly decreasing functions of the variables. The order is MMA > BA + 
MMA > BA, in harmony with values of D, (Table 111). At very high values of 
WZfeed (20.5) efficiencies become very small, especially for batch operations (Table 
I). Consequently, most of the polymer has formed in the float by the time [Figs. 
3(B)-3(D)] 100% conversions are reached. The limits of the bars in the figure 
indicate much variability in the duplication of individual experiments. This 
indicates a complex process dependent on variations in the interactions of the 
leather microstructure, in individual diffusion rates, relative initiator efficiencies, 
adventitious radical scavenging, and other sources of variability. 

Up to this point, the two processes for insertion of polymer into the leather 
matrix over wide ranges of monomer concentration and time have been scru- 
tinized in considerable detail. However, no information has been made available 
as to the location of that polymer. The task of locating the polymer in the matrix 
will be treated in the sections below. 

Composite Densities 

Consider 1 g ( W,) of leather, free of polymer as shown schematically in Figure 
6 (a). From the apparent density (Table 111, pa0), the total volume Vt is 

(9) 
The total volume of free space in the leather (i.e., the sum of fine and coarse free 
space41), designated Va, is given by 

Vt = Wlwl/pao = l .O/pao 
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I 0 0  
C TOTAL 

80 - 
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TIME,  MINUTES 

8 "1 / /LEATHER I 
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20 _ _ - - -  
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 TOTAL 
80 - 

z 

0 50 I00 I50 200 250 300 
TIME.  YINUTES 

Fig. 3. Rate curves for total polymerization including composite formation using UJZfeed = 0.5. 
(A) %polymer deposited in leather vs. time; (1) MMA; (2) BA + MMA; (3) BA. Rate of deposition 
taken from slopes (Table 111). (B, C, D) % conversion-time curves for (B) MMA; (C) BA + MMA; 
(D) BA. Concentrations were, in m1'C MMA, [MI0 = 1.84, [I] = 0.0741; BA + MMA, [MI0 = 1.62, 
[I] = 0.0643; BA, [MI0 = 1.44, [Z] = 0.0585, all based on water content. 

va = v, - v, (10) 

where V ,  = U p r  is the volume of collagenous material. The quantity p r  is the 
real density of leather, taken in this work as 1.434 (Table 111) as an average of 
measurements with a helium-air pycnometer on selected controls. This value 
agrees well with an average value of 1.46532b in the literature. Accordingly, the 
initial volume fraction of free space ufo before any polymer treatment be- 
comes 

(11) 

In composites (W1+ W,) containing polymer, where the polymer is envisioned 
to deposit in the fine structure of fibers, as illustrated in Figure 6(b), leather 
weight fraction w 1 will always be less than unity, and polymer weight fraction 
w2 greater than zero. From eqs. (11) and (9), Va for pure leather will be 

(12) 

Consequently, apparent densities for all composites containing polymer should 
follow eq. (13a), or some modification of this equation, as developed in later 
sections: 

ujo = Va/Vt = V a / ( V a  + Vc) 

V a  = V a o  = UfoVto = U j o ( W 1 w l / p a o )  

(134 
w1+ w2 

( W I  + W d w l / P r  + (WI  + W ~ ) W Z / P ~  + ufo(W1+ W ~ ) W I / P ~ O  
Pa = 

For composites where W1 + W2 = 1.0 g, in this and subsequent equations 

p a  = 1 / [Wlpr  + W d ~ p  + ~ ~ O ( W I / P ~ O ) ]  = U l P a O  + u 2 ~ p  (1%) 
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0 1 

0 0 I - -__- I -. '. 0 2 -  (d  - 
t . . ~  . 

02  

0 50 100 150 200 250 300 0 2  04 0 6  OB 
T I M E .  MINUTES w,, 1 1 S d  

Fig. 4. (A) Rates of formation of ~2 for recipe conditions using WZf& = 0.5. (B) Specific deposition 
efficiency cd as a function of WZfmd. (D) is the same but using t b .  (C) Comparison of Ed (solid lines) 
and t b  (dashed lines) as functions of time. Numbers correspond to (1) MMA; (2) BA + MMA; (3) 
BA. Top of the figure represents the maximum efficiency for (B)-(D). Downward arrows, (C), 
designate time equivalent to start of steep decent of curves in (B) and (D). 

where the subscripts are given in the experimental section. Volume fraction 
ui is defined 

W 2 I P p  

W P I P p  + W , / P a  
u1 = 1 - u2 

up = 

2, 
0.65 

I I I I I 1 I 

0 I 2  3 4 5 6 7 8 9 10 I I  
I / R d ,  % h ? x  10' 

Fig. 5. Relation between the variable feed depositions constant D, and the reciprocal rate of de- 
position URd, as well as the molar volume of monomers VO for the three composite systems. 
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0 b C d e f 9 

i 
Fig. 6. Idealized models of composites discussed in this work. (a) Base substrate, chrome-tanned 

5 oz. cattlehide, acetone dried; (b) polymer deposited from emulsion, eq. (18); (c) same as (b) but 
after benzene extraction, eq. (17); (d) fibers expanded to preserve initial space, eq. (20); (e) location 
of bulk or solution polymerized monomers, eq. (21); (f) effect of polymer layer formation in grain 
(top) and split coriums (bottom) sections, eqs. (ZZ), (23), and (26); (g) surface impregnant, eq. 
(13). 

It  immediately follows that specimen volume increases with polymer deposi- 
tion in accordance with 

11w1 V = -  
Pa 

If only fiber eras sections are expanding [Fig. 6(b)], as most often is found in 
polymer-fiber composites? then specimen initial length and width will remain 
constant and specimen thickness becomes 

h = V / l w  = VIA (15) 
where l w  is the initial surface area A0 cm2. Finally, from eq. (13a), the volume 
fraction of free space uf is obtained as 

Surface impregnants, idealized as model g in Figure 6, should also follow eqs. 
(13)-( 16). Consequently, pa will not distinguish between these types of com- 
posites. However because impregnants do enter the leather matrix, presumably 
into the large pores,14 density rise for these should be greater than eq. (13a) 
predicts, as will presently be seen. 

Extraction of the composites to remove homopolymer [Fig. 6(c)] will introduce 
porosity in the fine structure if h and V are unchanged, as was, indeed, observed 
in this work. Under these conditions, relaxation of the composites cannot have 
occurred under the influence of solvent and heat. The situation can be described 
with 

~a = 1WllPr + WdPp + [ufo(Wl/Pa) + wh(Wd~p)]1-~ (17) 
where W h  is the weight fraction of homopolymer (Table I) removed from the 
composite, defined Wh = 1 - (Wb/Wd). Thus, eq. (17) accounts for increase in 
V,  by adding the removed polymer volume to the fractional free space of the 
density expression, eq. (13b). 
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When experimental densities (Table I and elsewhere) were inserted on plots 
of eq. (13b), the data lay just above the theoretical curves. Either the composite 
shrinks or initially expanded fibers partially fill the free space. By curve fitting 
the experimental densities for each monomer system with a computer, a small 
constant correction factor was obtained from the intercept (Table 111). The new 
factor was introduced into eq. (13b) to yield 

pa = { W d p r  + W d p p  + [ ~ / O ( W ~ / P ~ O ) ] P ~ O / P ~ ~ - ~  (18) 

where pao is the leather density (Table 111) and pi the intercept density (Table 
111) from curve fitting 

(19) pa = pi + aw2 + o w ;  

pa = [ W J p r  + W d p p  + (wI/V,O + w ~ V p 0 ) 1 - ~  

Model d, Figure 6, which can be described by 

(20) 

appears to be highly improbable. Here pa will remain similar to pao. However, 
it  assumes retention of the initial volume fraction of free space by fibrous ex- 
pansion. Slippage of entangled fibers of cattlehide to allow this appears to be 
i m p ~ s s i b l e . ' ~ . ~ ~ ~  Moreover, much of the fine pore space in leather41 is unex- 
pandable. However, some of the experimental composites did show area ex- 
pansion, in at least partial conformation with the model. 

Bulk or solution deposition of polymer into leather (Table 11) is described by 
model e, Figure 6, wherein both fine and coarse pore structure is considered to 
be incrementally filled with polymer. This can be expressed by 

(21) 

In this expression V,  is incrementally filled with polymer of volume W2/pp, ex- 
panded by the quantity pr/pp.  This equation specifies a rapid rise of density 
with w2, and, in compliance with the model, that V and h should remain essen- 
tially unchanged; that is, V N 1.0 g/p,o and h = ho. 

An important complication found in this work with densely packed cattlehide 
used as the substrate but not so readily seen in thinner, looser ~ h e e p s k i n ~ ~ - ~ ~  is 
illustrated in Figure 6(f). The deposited polymer is laid down primarily in fibers 
situated near the outer regions of the matrix, as evidenced by microscope ex- 
amination of stained sections, producing a sandwich effect of untreated fibers 
in the center. At small composite loadings (w2feed s 0.3) a clear layer existed 
at  both surfaces (grain and split corium) which could be filled at higher deposi- 
tion. The combined layers constituted about 25-60% of the specimen cross 
section. To describe densities having the complication of layering requires a 
drastic modification of eq. (18). With an assumption of constant layer compo- 
sition, a general expression for density for layered composites becomes 

pa = {Wl/pr  + W d p p  + [u jo(W1/PaO)  - ( w d ~ p ) ( ~ r / ~ p ) l ] - '  

where f and 1 - f a r e  partitioning functions different from the layer fractions. 
In the polymer composite, layer density p1 can be described by 

PI = [ W ; / p r  + W 2 ~ p  + ( u f o ~ ; / ~ a o ) ( ~ a o / ~ ; ) ] - ~  (23) 

where w z  = W2/(u; + W2) = (l/W1- l)/[u*, + ( l /Wl)  - 11 and w; = 1 - w2, with 
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u; the layer fraction and W2 = (l/Wl) - 1 = [( W1 + W2)/Wl] - ( W1 + W2) the 
weight of polymer added to 1 g of leather to make a composite of a designated 
w2. Thus, in eq. (23), W; = (W1+ W2)w; and W; = (Wl + WZ)W;. The coef- 
ficients f and 1 - f of eq. (22) become 

1 - f = w, = 1 - W ]  

so that density is predicted by 

Pa = W l P l +  WcPnO 

with the subscript 1 for layer and c for free leather, respectively, and p1 from eq. 
(23). 

The form of eq. (as), in view of eqs. (22) and (23) predicts that the density of 
layered composites should be indistinguishable from those deposited homoge- 
neously [eq. (18)]. This is analogous to the unchanging density of model g already 
discussed. Densities of composites estimated by eqs. (18) and (26) were indeed 
found to be close to curve fitted densities [eq. (19)] for two composite systems 
(MMA, BA + MMA) for varying w2 and u i  within the experimental range. In 
the sections below, experimental data are correlated with the above equations; 
in this way location of the polymer in the matrix can be tentatively established 
through the extent of statistical adherence of the data to the theoretical 
models. 

Apparent densities as a function of weight fraction of polymer in the composite 
w2 are shown for all three composites in Figures 7(A)-7(C). Values for pa cal- 
culated from eq. (18) lie close to the curve fitted data [eq. (19)] (dashed line), 
providing confidence in the validity of eq. (18) as can be seen. The considerable 
experimental scatter is the result of the variability of densities of the individual 
leather panels and controls (Table 111). This variability is typical of most 
leathers.32a Figure 7(D) compares volumes of MMA composites [eq. (14)] as 
freshly prepared (curves at  top) with those obtained after drying following 
methanol extractions (dotted line). The fitted curve (dashed line) correlates 
with a theoretical curve (solid line) 

V = Cp[(I/W1)/~al (27) 

where C, = Vt water wet/V;, where V; is V,(p,~lp;), the corrected volume of 
the initial leather. The wet volume increase by a constant amount (C, = 1.451) 
over dry volumes indicates that the presence of polymer has little effect in re- 
tarding the volume expansion of leather in water. This suggests poor mixing 
intimacy between polymer and leather phases, thus further denegating a grafting 
mechanism. 

Thickness versus w2 curves [Figs. 8(A)-8(C)] are described by use of eq. (15) 
(solid lines) for all three systems and volumes by eq. (14) for MMA composites 
[Fig. 8(D)]. The experimental points (circles) were obtained by calculation from 
experimental densities. Measured experimental thickness values (symbol X) 
in Figure 8(A) for MMA composites fall close to the values (circles) estimated 
from density. Similar results were found for the other two systems. This 
agreement provides evidence that fiber expansion was anisotropic laterally only. 
Furthermore, since lengthening of fibers and fiber bundles was largely excluded, 
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Fig. 8. Thickness h vs. wp for the composites prepared by emulsion means. (A) MMA; (B), BA 
+ MMA; (C) BA. Volume V as a function of wp for BA + MMA composites (D). Circles computed 
from experimental densities, symbols marked X are measured thicknesses. Downward arrow marks 
the equilibrium water plumping equivalent composition. Fitted curves (dashed lines) are of the 
form of eq. (19). 

model d, Figure 6, can be eliminated. Downward arrows mark the composite 
composition where aqueous plumping equilibria were reached in untreated 
leathers. Polymer thus adds considerable permanent bulk to the leather, so that 
natural variability can be effectively o b ~ c u r e d , ~ ~ - ~ ~  but the concentration re- 
quired is fairly high, wp = 0.35, to even match the plumping produced by pure 
water in crust ~att1ehide.l~ 

In contrast, the rate of change of density with composition is very much higher 
for bulk or solution filled systems, as predicted by eq. (21) solid lines and shown 
in Figures 9(A)-9(C). When the pore space is filled, densities become constant 
and approach pp for the parent homopolymer. Considerable scatter and a 
transition region at high pa were found for the experimental points. As pre- 
dicted, thickness h [eq. (15)] and volume (not shown) remained rather constant, 
indicating little or no expansion of the fibers, as predicted by eq. (21). The 
marked differences in the rate of change of free space u j  for emulsion deposited 
[eq. (16)] and solution polymerized BA + MMA composites is readily seen in 
Figure 9(D). Since uf affects comfort in leather by affecting transport of 

the emulsion composites are superior for any predetermined com- 
position [usually w2 = 0.3 (refs. 23-26)]. 

Bound (graft) polymer densities, which should have followed eq. (17) and be 
sensitive to weight fraction of extractable homopolymer Wh, obviously do not, 
as can be seen in Figure 10, for three BA + MMA composite systems of varied 
composition but increasing Wh. Qualitatively, densities fell as predicted but 
did not fall on the curves. In fact, a t  high wh [Fig. lO(C)], densities were lower 
than predicted and decreased with increase in polymer content. We think that 
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Fig. 10. Apparent density vs. the bound polymer weight fraction UJZ for BA + MMA systems at 
three average fractional extents of homopolymer removal, expressed as weight fraction homopolymer 
wh. Solid line, theoretical curve. 

expansion of the polymer domains in the composite with imbibed solvent during 
benzene extraction produced a destructive and irreversible expansion of the total 
matrix. Thus, on subsequent drying, densities lower than pao (Table 111) could 
result. This expansion would increase .with'wh, as was found in Figure 10. In 
fact, some highly loaded MMA components became. shredded, and thus con- 
siderably weakened, after extraction. These observations seem especially im- 
portant because solvent extraction is the accepted method of isolating grafted 
polymers in f i b e r ~ . ~ . ~ J ~  

Figure 11 shows the rate of change of the layering fraction u;, with composition 
[Fig. 11(A)] and time [Fig. 11(B)]. Slash marks denote the composition or time 
increment when the clear zone became filled; this heralded the onset of gross 
deposition of polymer in the float [Figs. 3(B)-3(D)]. It  appears that polymer 
initially .pervades the leather through a fixed volume fraction of fibers, leaving 
a clear zone at the surfaces, and builds in both directions, resulting, just before 
transfer of polymerization activity to the float, in an expanded final layer vl. 

WE T I M E ,  M I N U T E S  

Fig. 11. Variation of apparent layering fraction IJ; with polymer deposition weight fraction wp 
(A), and time (B) for composites of BA + MMA, solid lines and BA, dashed line. Slash marks denote 
the region of disappearance of the clear zone and the beginning of an embedded appearance. 
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Molecular Weight Data 

Table IV lists number-average molecular weights for selected emulsion pre- 
pared bound, deposited, and float polymers collected in this work; bound polymer 
frequencies, eq. (3); and the number of amino acids per branch chain length 
P / m n .  Molecular weights were usually higher for polymers either bound or 
deposited in the leather than for polymers forming in the float. Thus, the usual 
behavior indicating a reduction of the chain termination constant kt as the result 
of gel effect that was observed by most other a ~ t h o r s ~ > ~ * ~ ~ - ~ ~ , ~ ~ * ~ ~  appears to be 
present here. The relatively small values of n,, for the deposited and bound 
polymers isolated from the BA composites apparently reflect a long low-mo- 
lecular-weight tail in their molecular weight distributions. Viscosity-average 
molecular weights, which favor the largest species present, were 816,000 and 
793,000 for experiments 17 and 18, respectively. This implies high values of M,, 
for the others in the monomer group. A specific pattern for M,, as a function 
of composition in each group is noticeably absent. Of course, trends may be 
obscured by variable molecular weight distributions. However, bound polymer 
frequencies F b  increase incrementally with feed composition in each monomer 
group. However, values Of F b  are always appreciably less than maximum values 
Fbmax,  the latter being computed on the basis of complete initial feed conversion 
to bound polymer of the experimental molecular weights. This may be seen more 
clearly (Fig. 12) when their ratios F b / F b m a x ,  taken as indices of bound polymer 
efficiency, are compared with accurate values of efficiency Wb/WZfeed ,  where W b  

is the bound polymer weight fraction. Although data for all three composite 
systems fell on the same curve, the coefficient 1.108 is greater than unity and the 
intercept (-0.1542) is not the origin. Increasing bound polymer inefficiency 
(right to left and top to bottom in Fig. 12) occurs as feed composition is increased 
for both parameters but is more severe for the frequency data. According to eq. 
(3), grafting frequency should increase exponentially with increasing feed 
composition, at  fixed graft polymer molecular weight, thus requiring ever in- 
creasing graft branches to maintain F b I F b m a x  at unity. Far from F b I F b m a x  

maintaining unity with increasing monomer concentration, the index values are 
even depressed relative to Wb/W2feed ,  indicating extremely rapid depletion of 
assumed grafting sites. Similar trends have been found by other work- 
e r ~ . ~ , ~ , ~ ~ - ~ ~ , ~ ~ , ~ ~  This is difficult to reconcile with the premise of a controlling 
grafting mechanism for polymer deposition, regardless of m e t h ~ d . ~ * ~ J ~  In the 
absence of predominant grafting, the observed trends in bound polymer 
frequencies could simply reflect a mechanism requiring reduced polymer de- 
position in individual fibers that is relatively insensitive to feed composition. 
A precipitation mechanism involving transport of monomer to occluded radicals 
is compatible with this concept. 

Such a mechanism may be qualitatively envisioned as pictured schematically 
in Figure 13. Each insert represents an assembly of fibers positioned at various 
depths in the layered regions (defined by braces) of polymer deposition. Insert 
1 shows radicals (dots) being generated at the commencement of polymerization 
from the redox couples preferentially adsorbed on and near fibrils. Preferential 
adsorption has been observed for initiators on co t t0n ,4~.~~ wool? and collagen.26 
The initial deposition region in the leather panels should be determined by the 
sorbed persulfate concentration gradient, which fixes the layer by polymerizing 
the initially available monomer. This layer will increase in leathers having de- 
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I .O 

3 
W,/w,, f e e d  

Fig. 12. Quantity Fb/Fbmax vs. wb/WZf&?d for all three composite systems. Circles, MMA triangles, 
BA + MMA; V, BA + MMA rate; X, BA. 

L 

Fig. 13. Schematic diagrams representing the deposition of polymer in leather as a function of 
time [time increasing, (1)-(5)]. Diagram represents individual fibers selected a t  different positions 
in the layered region 0; (the region in braces). The extreme left fiber in (1)-(3) is the clear zone a t  
the surfaces. Dots represent active centers. R1 is the rate of fiber filling; R2 is the rate of layer ex- 
pansion. R1 exceeds R2 in (1)-(3) but is exceeded by R2 in (4) and ( 5 ) .  

creased fiber density. Thus less tightly packed ~ h e e p s k i n ~ 3 - ~ ~  and collagen 
p ~ w d e r ' ~ - ~ ~  received more polymer, and the intact leathers were filled more 
homogeneously. 

Following initiation, nucleation of polymer aggregates commences. These 
grow (Fig. 13, inserts 2 and 3), with eventual fusion of aggregate and expansion 
of fibers. Occluded active centers add increasingly to those being generated in 
the aqueous phase as polymer precipitates; propagating macroradicals are fed 
by monomer diffusing through the polymer phase and depositing on the surfaces 
of aggregates. Thus, diffusion appears to control the rate of deposition. The 
role of surfactant will be treated in the next paper.la As the surface to volume 
ratio of the expanding fibers decrease, the center of polymerization changes (Fig. 
13, inserts 3 and 4); fibers more distant from the initial layer commence filling, 
thus expanding the layers. However, fibers located in the clear zones should 
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be filled at  rates faster than those inside because the time for monomer diffusion 
is shorter. Finally, electrolyte and active center populations will be largely 
transferred to the external float, where polymerization will continue at  a very 
rapid rate, induced by the net increase in active centers, to complete the con- 
version of monomer (Fig. 3). Bound polymer in this scheme should result mostly 
from termination of branched macroradicals and from severe restrictive en- 
tanglements in the tightly packed fibrillar matrix, causing extremely slow rates 
of solvent removal.12 We observed that the effect of successive extraction of 
the composites by a large excess of hot benzene for long times was a very slow 
approach to an asymptotic limit of polymer removed. In addition, many of the 
extracted polymers (labeled deposited) in Table IV had considerable (20-50%) 
microgel, which was removed by filtration. 

In the above qualitative outline, no explanation is presently available for the 
initial creation of a clear zone (Fig. 6). Also unknown is an explanation for the 
large differences in rates of deposition (Fig. 3) for the three monomers. However, 
work to be presented in the next manuscript attempts to provide some of these 
answers.la 

In principle, analysis by end group, together with molecular weights of grafted 
branches isolated by dilute hydrochloric acid digestion, should provide both proof 
of graftinggJ9,28 and information regarding the mechanism of terminat i~n.~ 
However, data in column 10 of Table IV show such a plurality of amino acids for 
each polymer chain and so many variable results for each p, unit of the bound 
polymer that no conclusion can be reached on either point. More significantly, 
extractable and even float polymer showed similar results. The low sensitivity 
of the nitrogen analysis in counting small numbers of amino acids, in combination 
with contamination with residual nitrogenous material, may have produced the 
observed results. However, even when greater care was taken in the isolation 
and identification, integer values greater than 2 (ref. 9) were sometimesz8 but 
not alwayslg found. 

SUMMARY AND CONCLUSIONS 

Three different monomer systems over wide ranges in composition were 
polymerized into the fibrous matrix of cattlehide by a standard persulfate-bi- 
sulfite emulsion type process developed at  this laboratory. The monomers were 
methyl methacrylate, a mixture of n-butyl acrylate and methyl methacrylate 
(containing 0.53 mole fraction of n-butyl acrylate), and n-butyl acrylate. These 
were selected to provide the widest range of variation of TE to the compositeg. 
The same monomers were also introduced into the pores of leather by a bulk or 
solution polymerization with AIBN employed as the initiator. Polymer depo- 
sition by the aqueous emulsion method was analyzed as a function of both feed 
composition at  100% conversion and time at  fixed high feed concentration. 
Overall deposition was proportional to a characteristic deposition rate; below 
a critical rate of about 6% hr-l no deposition of acrylates was predicted to occur. 
Deposition order was methyl methacrylate > comonomer > n-butyl acrylate. 
However, individual deposition efficiencies for composition and time variables 
decreased roughly monotonically. Information on polymer location by both 
methods of polymer deposition came from successful correlation of experimental 
densities with theoretical models. A qualitative picture for the aqueous process 
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finally emerged that considered low grafting frequency values obtained. Polymer 
deposition appears to be nucleated by adsorbed persulfate bisulfite redox initiator 
but grows in external layers largely by an occluded radical precipitation mech- 
anism to saturate and expand the microfine porous fibrillar region of the leather. 
Polymerization activity is then largely transferred to the external aqueous region. 
Graft polymerization, therefore, does not seem to be the dominant mechanism 
in these systems. 

The authors express their special thanks to Mrs. Sandra P. Graham, Northeastern Region, Agri- 
cultural Research, Science and Education Administration, USDA, for the operation of the computer, 
and thank Joseph W. Cheskiewicz, Hides and Leather Laboratory, ERRC, for some of the nitrogen 
determinations. 
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