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ABSTRACT 

Silanes have been used as coupling agents between inor­

ganic reinforcements (such as clay) and polymer composites such 

as rubber and plastic for the past few years. The rubber in­

dustry uses silane-treated kaolin as reinforcements for SBR 

tires. 

It is possible that silane-treated kaolin may provide 

desireable crosstinking properties in coatings used in the paper 

industry. This would provide strength to the coating and pos­

sibly maintain optical properties upon supercalendering. This 

study shows this may be possible from increased pick resistance 

with silane-treated kaolin coatings and a protein binder. These 

same coatings also yielded less ink absorption with silane­

treated kaolins. Latex coatings with silane-treated kaolins\ 

yield better opacity but show no increase in pick resistance. 

Overall results of the study show possibilities for future work 

in using silane-treated kaolins for paper coating. 
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INTRODUCTION 

A coating is a thin layer of material intended to protect, 

decorate, or improve printing quality.of a substrate. Coating 

of paper to improve surface properties and general sheet appear­

ance has been a general practice in the paper industry for many 

years. In applying the coating to paper, a binder is needed. 

The binders generally used are starches, proteins, and latexes 

with an increasing trend toward latexes. 

It is a well known fact that latex improves the strength, 

flexibility and printing ink hold-out of the coatings while opa­

city, brightness, and gloss decrease with increased latex usage. 

Therefore, it would be beneficial to have a binder that would 

adequately bind the coating to the sheet using lower binder 

levels, which would better maintain optical properties. This 

study proposes to do this by the use of silanes in combination 

with latex. It is believed that the silane may act as a coupling 

agent between the clay surface and the binder, thus reducing the 

level of binder needed. 

1 
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LITERATURE REVIEW 

BAStC PRlNCifLES OF AD1IBSION.
1

'
2

As a starting point, it is advantageous to begin with a 

discussion of some principles of adhesive bonding. This will be 

followed by a more specific discussion of silanes used as coupling 

agents to reduce the amount of binder required. 

All good.adhesi¥es must either be macromolecules or contain 

macromolecules, because only a macromolecular layer between two 

solid surfaces to be joined· together will provide for ·lhe neces-· 

sary tensile or shearing strength of the adhesive bond. In ad­

dition to strength, a good adhesive must be applicable within a 

short period. This means that the wetting of the two solid sur� 

faces by the adhesive must be rapid. Therefore, the viscosity 

at the time of application must be low, while the final strength 

and toughness has to be great. In order to combine rapid wetting 

with firm holding, there must be a transition from fluid to solid 

taking place in a controlled fashion within a short time period. 

This requires a compromise between the rate phenomenon of wetting 

and the equilibrium phenomenon of bonding. 

In principle, the transition from fluid to solid can be ac­

complished in the following ways: 

1) The adhesive can be applied as a melt at elevated
temperatures and can solidify upon cooling to a
tough, rigid layer between the surfaces which have
to be bonded.

2) The adhesive can be applied as a solution and can
be solidified by evaporation or absorption of the
solvent.

,.. . :.; . .



3) The adhesive can be a system capable of undergoing
polymerization or crosslinking. It can be applied
in a state of relatively low degree of polymeriza­
tion (and hence low viscosity) and can then be
cured into its final state of firm bonding.

3 

Each of these possibilities has its advantages and disadvantages. 

One particular way to effect fluid-solid transition may be 

used separately or combinations may be used. Silanes fall under 

that condition best described under the third method which wi 

now be discussed. 

CU.ring adhesives are applied at a low viscosity and at a 

low degree of polymerization and then cured into a firm-holding 

three-dimensional network of covalent bonds. In most cases, 

water is eliminated during the cure and must be either evapora­

ted or removed by diffusion or wicking. The crosslinking reac­

tion is often slow and in most cases requires elevated tempera­

tures. This cannot be under complete control, so there is the 

danger of stress accumulations in the final bond. Many silanes 

used a:s "coupling agents" to bond kaolin to other composites 

generaJl.ly yield less stress accumulation and fracture points.
3 

Because of the delicate nature of the crosslinking process, ad­

hesi� of this type are not very stable in the initial liquid 

state and frequently show a tendency for gelation or syneresis. 

This may often be true with solutions of silanes. On the other 

hand. the bonds established by adhesives of this type are very 

strong and resist the influence of high temperatures as well as 

the otl:.ack of solvents or chemical agents. Sometimes they have 

the tendency of a slow and gradual aftercure which eventually 

leads to the formation of cracks and later to a complete failure 

of tlle bond. 

• 
11 

-
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The two specific properties that make a macromolecule a good 

adhesive ares 1) rapid segment diffusion in solution, and 2) strong

bonding in the solidified state. 

The first property would depend primarily upon the degree of 

polymerization, the macromolecules being linear or branched, and 

the flexibility of the macromolecule. A low degree of polymeriza­

tion will provide for rapid wet-out from its low viscosity but will 

not provide for the firm holding as will higher polymerization. 

Therefore, there is a trade-off which usually is a compromise of 

medium molecular weight. A small number of large branches would 

be desirable because they reduce viscosity in solution, also, the 

larger number of free chain ends increases the mobility of the_ 

individual segments and favors more rapid wet-out. If the branch­

ing is excessive, both the wetting and holding are adversely af­

fected. Greater flexibility of the macromolecule will provide for 

rapid segment diffusion, although most linear polymers in dilute 

solution are adequate. It is interesting to note that -o-si-o­

bonds are considered very flexible. 

The second property for good adhesives, namely strong bonding, 

is dependent upon the presence of groups which develop molecular 

forces. These forces include dispersion (or London) forces, 

interaction of permanent dipoles, induction forces and hydrogen 

bonds. Of most importance to this study will be hydrogen bonds 

and dispersion forces to help in adhesion. 

The requirements for a good adhesive can be seen as a com­

promise between internal mobility and intermolecular bonding 

capacity. If there are too many groups in a macromolecule there 
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is decreased flexibility; on t..�e other hand, if there are not 

enough interacting groups, the bonding strength will be weak al­

though the wetting characteristics will be superior. 

SILICON 

Basic to any discussion of silane_s is that of silicon. Com­

pounds of silicon, in the form of naturally occurring silicates, 

have been of service to man for thousands of years. Silicon has 

some advantages that are unmatched; there is an inexhaustible 

supply amounting to 28% of the earth, and the element is easily a·nd 

ine�ensively obtained from natural sources.
4 

The biggest rea- -

son for limited use of silicon is because free silicon does not 

occur in nature, nor do its organic compounds. Silicon has a 

natural association with oxygen and together these two elements 

constitute three-fourths of the world around us.
4 

It has only 

been through relatively recent "laboratory" chemistry that has 

produced information about the reactive and covalent compounds of 

silicon. This research has brought about the commercial prepara­

tion of organosilicon compounds, which are of primary considera­

tion to this project. 

This report begins with a consideration of the chemical 

behavior of silicon. This provides an introduction to the chem­

istry of more complex substance and the background to help in an 

understanding of organosilicon compounds. 

Elementary silicon shows no oxidation or corrosion at 

ordinary room temperatures and oxidizes very slowly below red 

heat. It is attacked more readily by halogens at 2so
0
c or more.

4 



Silicon is usually tetracovalent as might be expected, however, 

since it lies in the second short period ?n the periodic chart, 

its maximum covalency is not four but six. In this respect, it 

differs markedly from carbon. Silicon builds up with oxygen 

crystalline silicates with polymeric anions as stable end pro­

ducts, while carbon compounds are degraded by oxygen to gaseous 

carbon dioxide. 

CHEMISTRY OF THE SILICONES 

The term silicone or polyorganosiloxane will be used to 

describe organosilicon polymers containing Si-O-Si bonds with 

si-o-si being the siloxane unit. Siloxane being defined accord-

ingly by Noll, as organosilicon polymers in which the silicon 

atoms are bound to each other through oxygen atoms. The sili­

con valences not taken up by oxygen are saturated by at least 

one organic group.5 The following being a simple linear polymer,

when R is an organic group. 

R 

I • 
- S1
'

R

R 

I 
- 0

I
R

R 
I. 

- Si
I
R

- o-

Sil.cones are an intermediate between organic and inorganic 

compounds, and in particular, between silicates and organic 

polymers. The silicon in polyorganosiloxanes can be combined 

with one, two, or three organic groups with the remaining va­

lences being satisfied by oxygen. This yields three siloxane 

units of the polymers which ares 

6 ' 



- 0 -
I • 
S1 - 0 -
I • 0 -(RS103);

7 

- 0 - - 0 -

These siloxane units lie between the two extremes of R4si

(a nonfunctional organosilicon compound) and the complex ion 

( . )
-

4 S10
4 

One can readily see the dual nature of the polyorgan-

osiloxanes as a link between silicate chemistry and organic 

chemistry. 

The functionality of each siloxane unit is determined by 

the free valences on the oxygen atom. . - . -2 R3S10 , R2sio2 , and

RSi03
-3 are monofunctional, difunctional, and trifunctional re-

spectively. One must also consider the tetrafunctional group 

Si04-4 because it is often used with the others in the synthesis

of organosiloxane polymers. 

A wide diversity of compounds is possible because different 

siloxane units can be combined with one another in the same mole­

cule. This leads to molecules that are linear, cyclic, branched 

or spiral with varying properties. The siloxane units follow 

well established rules of macromolecular chemistry and combine 

functionally as follows: monofunctional units act as chain stop­

pers or regulators; difunctional units form linear chains or 

rings; and the tri and sometimes quadifunctional units serve as 

centers for crosslinking and, eventually, network formation. 

Another parameter influencing the properties of the mole­

cules is the nature of the functional group(s) on the silicon 

atoms 

. .. , .. .. � .. # .... 

R R 
I 
Si - R 

(R3sio); 
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SILANES 

The present-day use of the word "silane" has been proposed 

by Stock, who called SiH4 "si lane", by analogy to CH4 .,1. methane. 6

In addition, Stock coined terms such as "silanol" for H3SiOH and

"disiloxane" for H3SiOSiH3, which are now part of current usage.
6

ORGANOFUNCTIONAL SILANES 

Interest in recent years has been given to developing organo­

functional silanes, beyond the traditional silanes with only 

alkyl, aryl, or ary1alkyl groups attached to the silicon atom. 

Organofunctional si1anes are molecules with unsaturated br func­

tionally substituted hydrocarbon radicals. These functional

groups vary in reactivity and impart interesting physical proper­

ties to the silanes. Scientific and technical research with 

organofunctional silanes has developed widespread use in industry, 

particularly as coupling agents. 

COUPLING AGENTS
7
,
s
,
9 , lO

Silane coupling agents are bifunctional molecules with the 

ability to bond inorganic reinforcements and organic polymer ma­

trices. This results in stronger composites and retention of pro­

perties after prolonged exposure to moisture. Chemically they 

have the functionality of an inorganic reactive group at one end 

and organic at the other. The commercially available silane 

coupling agents are organofunctional silanes represented by the 

general structure: {Ro)3SiR'X where Xis a functional organic

group attached by a carbon linkage; R' is usually - (CH
2

)3 -, and

• -·•· ..... ··- --•......t:_ .... , • ...-...- _ .._._ 
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11 
RO is a hydrolyzable group. Typical hydrolyzable groups in-

clude alkoxy of 1 to 4 carbon atoms; alkoxyalkoxy containing up 

to about 6 carbon atoms; halogens such as cholorine, fluorine, 

and bromine; acyloxy of 2 to about 4 carbon atoms; phenoxy; and 

oxime. The preferred hydrolyzable groups are alkoxy, alkoxy-

11 
alkoxy, and acyloxy. The alkoxy group hydrolyzes in aqueous 

solution to from - Si{OH)3
, a silanol group. 

Kaolin has a rather unreactive silica sheet surface and as 

a result, has relatively weak crosslinking reactions with con­

. 12 
ventional elastomer polymers. This is changed by modifying 

the kaolin with silanes or another appropriate adhesive. 

The coupling mechanism is complex but fairly well understood. 

Ambifunctional {organofunctional) silanes are selected that form 

stable covalent bonds with the resin while presenting silanol 

functionality to the mineral surface. The silane portion of the 

molecule has a strong affinity for the silica sheet in kaolin 

and attaches readily to it while leaving a chemically bound or­

ganic functionality.12 
More specifically, the coupling agent is

typically supplied to the surface of the inorganic oxide through 

the hydrolyzable or silanol groups, <= Si - OH). Bonding through 

. 1 . . {- . ) . d 11 
si oxy moieties = Si - o - is effecte . This is known as a 

silanol condensation (or step polymerization.) Figures 1 and 2 

show clay platelets with two different organic groups attached 

to clay via a silanol condensation. 
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Silanol Condensations 

Fig. 1. Condensation of a 
diamino functional 
silane 

Fig. 2. Condensation of a 
mercapto functional 
silane 

Ut should be noted that although both amino and mercapto 

functional silanes are relatively hazardous and toxic materials, 

the modified clays have been found to be safe.)
13

Silanols bond with hydrated oxide mineral surfaces under 

conditions that allow stress relaxation through a chemical 

equilibrium in the presence of water while maintaining overall 

dh . 14 a esion. Once reacted, the organic groups are left unreacted

but are permanently attached to the clay surface. Tests have 

shown that extraction techniques have not been able to remove 

these chemically bound groups, also long term storage tests have 

shown that they maintain their original activity.
12

' 
13 

The

unreacted organic groups are then available for crosslinking to 

the polymer or binder, resulting in strong chemical bonds of 

pigment to polymer or binder. Typical commercial organic 

-



i .

11 

functional groups are vinyl, methacryloxy, primary amino, beta­

aminoethylamino, glycidyl, epoxycyclohexY.l, mercapto, polysul­

fide. ureido, and polyazamide. 

The functional organic groups on the clay offer many possible 

reactions and from the following abbreviated list, it is apparent 

that the modified pigment may increase reactivity directly with 

elastameric polymers and become an integral part of the polymer 

matrix. 

L. 

2. 

3. 

Addition to double bonds. 

\._____,I 

;,---, + 
H.; N- R. 

( HS- /z) 

Displacement of Chloride ions 

� 
+
HJN-R.

(t/5- �) 
Cl 

Condensation with isocyanates 

H N-R. 
0 
II 

X-f\l=C=O-t J. 
C Hs .. �J 

�-N-C-N-/2. 
� 1-1 h 

4. Reaction with saturated polymers

+ X.:i

As mentioned previously, attachment of the silane to the clay 

is a chemical bond and not merely a coating. As a rule, coupling 

agents enhance the chemical bonding between the medium and the 

inorganic surface to achieve improved adhesion. This could 

affect the strength properties of the composite of the plastic or 

resin associated with the inorganic oxide substrate or substrates. 

However, in only rare instances do coupling agents provide benefits 

,. >-H N - I<. 
(Sfi!) 

,,.~ + HCI 
H N f< (SR.) 

0 (x-i-C-s1 
.,. +JHX 

HNR(Hs) 
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other than incr�ased adhesion. One particular exception is the 
�.;-,. 

use of vinyl silanes on aluminum trihydrate to enhance their 
. •t-.. 

15dispersion in polyester resin systems. 

DRY BLENDING OF FILLERS WITH SILANE 

The most efficient use of silanes as coupling agents is by 

direct application to the inorganic surface. Neutral silanes 

may require an organic solvent as a catalyst for best utilization, 

however, solvent treatment of fillers is not general commercial 

practice because of added costs and the hazards involved with 

handling large volumes of organic solvents. The silanes may also 

be dry blended with the filler with high shear at room or ele­

vated temperatures. One such method is described in a patent by 

T. A. Grillo.15 Some silanes disperse very readily over the

filler, while others may require prolonged storage times and 

�atalysts due to their slower hydrolysis reaction with the filler 

surface. It has been observed occasionally that old samples of 

treated filler, after standing in closed containers for six 

months, give lower viscosities in polymer mixes than freshly 

treated filler. 17 If a silane is slow in diffusing throughout

the filler, it may be diluted to about 10 times its weight in 

water or a medium alcohol before mixing with the filler� This 

may be rather effective but the treated filler must then be 

dried. 

The effectiveness of the silane treatment on the filler may 

. · 17 then be determined by the Daniel's Flow Point Test or as a re-

duction in viscosity of a polymer mix. This often correlates 
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well with performance of the filler as shown by increased flex­

ural strength and chemical resistance in �omposites used in the 

plastics industr_y. 

RHEOLOGY 

There have not been any systematic and quantitative studies 

done on the rheomgy of silane treated fillers, but a general 

discussion may be presented. 

Surface mod:i.�ication alters the rheology of the polymer by 

changing wet-out, dispersion of particles, viscosity, thixotrophy 

and flow during p:n.astic fabrication. H. Burrell sought for a 

"pigment wetting_ parameter" and a "pigment dispersion parameter" 

as an aid in pred�cting pigment dispersion in inks and coating.18

He concluded that all pigments (and fillers) have water absorbed 

on their surfaces which affects each stage of the dispersion 

process. Adsorbemi water acts as an adhesive to cement ultimate 

particles togethen:-. If the particles are separated by high shear, 

they reagqlomerabe in the absence of something to hold them apart. 

Once the agglomerate has been sheared, a polymer molecule can 

move in and stah:ii.lize the dispersion by antropic repulsion. The 

preferred dispersant is an organic molecule that is soluble in 

the solvent with �-unctional groups that can bridge absorbed water 

on the pigment Sllllrface. They are active in the order amide> 

amine > phenol > hydroxyl > carboxyl :> ester > ether > nitrite;> 

phenyl. Therefone, a silane with the proper functionality may 

be chosen. Berger proposes that certain silanes may be used in 

what he describes as "dispersion prornotes."15 He suggests that

. . . 
... 

·. 

• l 
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"dispersion promotes" alter the surface characteristics of 

titanium dioxide so that the treated clay became more readily 

dispersed within the polymer matrix in which they are incorpor­

ated. This will also enhance the appearance of the resulting 

composite. The overall strength of the composite increased when 

the silane treated titanium dioxide w�s used to reinforce the 

composite •. It is noted that these silanes differ from classical 

coupling agents (although there may be limited bonding) in that 

they have relatively low reactive organic groups. 

SILANE-MODIFIED CLAYS IN THE RUBBER INDUSTRY 
121 131 19 

The rubber industry has available to it silane modified 

kaolin pigments which offer high modulus and low hysteresis as 

well as offering low compression set and low viscosity which 

h. h d' 
12 

' 1 promotes ig performance compoun ing. It is we 1 known that 

elastomers are reinforced by fillers by means of a chemical 

crosslinking between the pigment surface and polymer molecules 

of the elastomer. While reinforcement of the elastomer is in­

fluenced greatly by particle size and dispersion of the pigment, 

the crosslinking of the pigment is determined by the chemical 

characteristics of the pigment surface. As discussed previously, 

the silane treated kaolin has the functionality needed for cross­

linking of the pigment to polymeric binders. 

The coupling mechanism produces some noticeable changes in 

the physical properties of compounded rubber using silane-modi­

fied clays.
13 

The polymer movement is restricted due to increased 

pigment to polymer bonding. This results in an increased modulus. 
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Tensile strength is not affected because the rupture strength 

of polymer-polymer linkages remains unch�ged. In addition, 

there are other tests used in the rubber industry which would 

indicate increased pigment to polymer bonding in using silane­

modified kaolin over unmodified kaolin. Improved pigment to 

polymer bonding with modified kaolin has also been seen in photo­

micrographs of the rubber compounds which show a reduced number 

f . l 13 o vacuo es. Reducing the number of vacuole& in essenc� closes

up the surface (i.e. fills in the holes and hills and valleys 

of the surface.) This could be of interest in the coated paper 

industry for an improved printing surface due to a smoother and 

stronger surface. It has been shown that silane treated kaolin 

and ground crystalline silica used in polyester composites have 

increased flexural strength due to the increased bonding-between 

the filler and resin.3 As could be seen from photomicrographs,

the surface was smoother and the fracture points occurred pre­

ferentially in the resin and the filler. 

It should be noted that SBR rubber is often used with the 

silane modified kaolin. In addition, commercial glass-fiber 

tire cords are first treated with an aminofunctional silane and 

then a resorcinol-formaldehyde modified vinylpyridine copolymer 

latex (RFL latex) to obtain adequate adhesion to rubber for tire 

b . ld' 
20 

Ul. l.ng. 
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STATEMENT OF PROBLEM 

Based on the analysis of previous studies, it is proposed 

that silane-modified kaolin will improve the qualities of coated 

paper as seen in improvements in the properties of composites in 

the rubber and plastics industries. It is anticipated that there 

will be improved adhesion of pigment-to-pigment, pigment-to-ad­

hesive, and cqating composite to paper. It is possible that 

there may be improved rheology of the coating as well as a 

smoother sheet surface. 

The above proposals yield an overall objective which is: use 

less binder in the coating and at the same time maintain or les­

sen the decrease in optical and printing properties. This may 

be possible with silanes known as coupling agents. 

The experimentation to determine this overall objective will 

involve the following steps: 

1) Determine the compatability of silane-modified clays
with the coating formulation.

2) Make a basic determination of the rheology of the coat­
ing as compared to the unmodified clay.

3) Obtain a "usable" coated sheet by utilizing the Keegan
coater.

4) Test the paper to determine how the desired properties
for coated papers are affected by silane-modified
clays as compared to the unmodified clay.

. . 
... le.-~ .. ...... ~«!l·#~_- ,c,,.,..11;.....-...,;.~.,,,... ......... ....., 
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EXPERIMENTAL 

INTRODUCTION 

The experimentation will be based on the objective of the 

study which is to use less binder and maintain or lessen the de­

crease in optical and printing proper_ties. It is proposed that 

silanes known as "coupling agents" will accomplish this by pro­

viding increased adhesion in the coating composite. Coatings 

will be made utilizing starch, protein, carboxylated latex, and 

PVAC latex to test the effect of four different silane treated 

clays against untreated clay. The functionality of the four Dow -

Corning silane coupling agents used in this study are as listed 

in Table I. Dow Corning dry blended these silanes with "Hydra­

gloss" at high shear in a high intensity mixer. The clay was 

then dried at so
0
c. The addition rate is 0.5% active silane

based on clay. 

EXPERIMENTAL DESIGN 

Being an overview study, this project was designed to deter­

mine the interaction of the silane treated clays with starch, pro­

tein, carboxylated latex, and PVAC latex. Each of the treated 

clays was evaluated against the control which was untreated 

Hydragloss. Being interested in the differences between the 

various clays and not so much between the binder systems, a ran­

domized complete block (RCB) design was established. This is 

shown in Table II along with the trade names. 

This is the layout for the testing analysis as well as the 

experimental layout. In using a RCB design for this study, the 
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t. 
'l 

Exp 
Number 

Cl 

C2 

C3

C4 

si1ane 

Z-6040

Z-6020

Z-6030

Z-6062

COUPLING AGENTS USED 

Functionality 

Epoxy 

Aminoalkyl 

Vinylbenzylamine 

Mercapto 

i 

Formula 
'JJ 

(CH
3
0)3-Si(CH2)

3
0CH2CH-CH-H

glycidoxypropyltrimethoxysilane 

{CH
3
o�3-si-(CH2)

3
NH-CH2-NH2

N-(2 aminoethyl)-3-aminopropyltrimethoxysilane 

(CH
3

o)
3

-si-(CH2)
3

-NH(CH2)2NHCH2-@-cH=CH2' HCl

N-t-(N-Vinylbenzyl�mino) ethyl-Y-aminopropyltri-
methoxy silane • HCl

(CH
3
o)
3

-si-(CH2)
3

-SH

mercaptopropyltrimethoxysilane 

Table I 

.... 
·CX> 
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binder systems are the blocks and the five different clays are 

the treatments. This design involved running the five different 

clays within a binder system at one time. The order in which the 

clays were run was randomized. In doing this, variations such 

as humidity, base stock, and conditions of the Keegan coater were 

kept to a minimum within a specific binder system. There was 

also a reduction of extraneous error, such as biasing, by random­

izing the order in which the five clays were run. :Finally, run­

ning the experimentation according to �a preplanned design aided 

in statistically analyzing the data. 

To provide for a more complete analysis, it was decided to 

replicate the design twice. This required each clay-binder-sys­

tem to be run twice (i.e. 40 coatings overall). Replication 

provided for a better and more accurate "error" term in the an­

alysis of variance table. 

METHODS 

Clay Dispersions 

The first step to coating is to obtain good dispersions. 

Master batches of the five clays were dispersed in the Cowles 

dissolver. Standard procedure was used in which 2000g of clay 

was dispersed at 70% solids for 10 minutes. Water was first 

added to the beaker (857g) and then the clay was slowly added 

under shear. It was found with the silane treated clays that 

slightly more water had to be added in order to disperse all the 

clay. With the silane treated clays, 0.2% TSPP was used for the 

control. (Jim Kuhagan's rheological study 
21 

showed 0.1% to be 
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closer to the optimum amount of TSPP for the silane-treated clays.) 

With the exception of Cl, the silane-treated clays were pseudo­

plastic. Water was added to these clays until an adequate dis­

persion was obtailned. To each of the five clay dispersions O. 2% 

defoamer (Foammaster VF: Diamond Shamrock) and 0.5% calcium stea­

rate (Nopcote c-�04HS; Diamond Shamrock) was added. The disper­

sions were- then �djusted to a pH of 9.5 with dilute NaOH. It 

should be noted. -lt!hat concentrated ammonia yielded pH shock. The 

final solids of the five clay dispersions (masterbatches) are 

listed in Table III. 

Tab:B.ie III. 

Coating Makedown. 

Clays 

Control 
Cl 
C2 
C3 
C4 

Clay Dispersion Solids 

% Solids 

67 % 
64 % 
55 % 
51.5% 
48 % 

Once the masterbatches of clays are made, the coating make­

down is a simpl.e iprocess of adding the appropriate binder to the 

clay dispersion. The binders added were starch (20%), protein 

(15%), Dow 620 (15%), and PVAC latex (15%). TO achieve approxi­

mately the- same solids for each coating, a visual determination 

was made by preparing a "usable" coating with one of the binders 

and the control .. 

The viscosity of the coating was determined by using the 

Brookfield visoccmmeter with a #6 bob at 30 rpm and room tempera­

ture. The silane-treated clays were then prepared at the same 

• 



viscosity. The solids were then determined the following day 

after drying overnight in the oven. The breakdown for each of 
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the binder systems is given in Table IV. (The nu�bers given are 

averages of the two replications as the two are similar.) 

The binders for all coatings were mixed into the clay dis­

persion by use of a stirring rod. The latexes were added "as 

is." (i.e. Dow 620@ 50% solids and PVAC latex@ 47% solids.) 

Starch (Stayco-M) was cooked at 20% solids for 30 minutes at 190
°

F.

Protein (Pro-Cote 200) at 20% solids was soaked for 30 minutes. 
. 

0 
The temperature was then brought up to 135 F at which point 12% 

cone. ammonia was added. The protein was then cooked for 3 min­

utes at 140
°

F. 

As mentioned previously, the five clays with a particular 

binder were all run at the same time. The procedure involved 

weighing out 50g (dry basis) of each of the five clays into a 

beaker. The beaker was then covered with tape to prevent the 

clay from skinning over. Then, in random order, the binder was 

added to a clay and the viscosity adjusted to the predetermined 

value by the method described previously. The coating was now 

ready for application to the paper. 

Coating Application 

Application of the coating to the base stock was accomplished 

by utilizing the 10" Keegan coater. For this project, the coater 

was used as a blade coater with the coating poured into the blade­

paper nip and contained by wax end dams (see Fig. 3). 



Clay 

Control 
Cl 
C2 
C3 
C4 

Control 
Cl 
C2 
C3 
C4 

Table IV. Coating Makedown 

Dow 620 

Latex CMC Viscosity 

15% 0.5% 29("'-'lOP) 
15% none 28 
15% none 30 
15% none 29.5 
15% none 31 

PVAC Latex 

Latex CMC Viscosity 

15% 0.5% 30.5 (,vlOP) 
15% none 29.5 
15% 0.15%* 16.5 
15% 0.14%* 16.5 
15% 0.11%* 18.0 

% Solids 

49.0 
58.5 
49.5 
48.5 
45.5 

% Solids 

49.5 
59.0 
48.0 
49.0 
44.5 

*It was discovered that a 1% solution of CMC did not
increase the viscosity of these silane-treated clay
coatings and actually began to decrease viscosity.

Starch 

Clay Starch Viscosity % Solids 

Control 20% 65 ("'20P) 43.0 
Cl 20% 80 40.5 
C2 20% 80 40.0 
C3 20% 83 37.0 
C4 20% 55 36.0 

Protein* 

23 

Clay PVAC Latex Protein viscosity % Solids 

Control 10.5% 4.5% 51 ("'17P) 44.5 
Cl 10.5% 4.5% 51 46.0 
C2 10.5% 4.5% 47 42.0 
C3 10.5% 4.5% 46 45.5 
C4 10.5% 4.5% 57 41.5 

*It was discovered that 15% protein (based on clay) yielded a
very high viscosity coating. A coating within a usable vis­
cosity range with protein would have been less than 30% solids.
It was then decided to use a binder consisting of 70% PVAC
latex and 30% protein and, henceforth, this 70-30 PVAC and pro­
tein combination will be called "protein."
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Tttl<e-up ree I

-r Heaters 

Fig. 3. Schematic of Keegan Coater 

A coating was run on the coater and then another clay was 

selected--binder added--viscosity adjusted--and then run on the 

coater until all clays with a certain binder were run. 

The targeted coat weights were 8 lbs. (12g/m
2

) for the two

latexes and 6 lbs. (9g/m
2

) for starch and protein. (lbs. based

on 25" X 38" X 500) The coat weight was varied on the Keegan 

coater by either changing the weight on the blade, the speed, or 

a combination of both. Two weights and three different speeds 

were run on each coating to obtain a spread of coat weights • 

Upon running the last coating with a certain binder, the coated 

paper was rolled up and stored in the constant humidity room. 

Testing 

The coated paper was cut into samples in which the coat 

weight was determined by difference between the coated paper and 
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the base stock. The weight of the base stock was determined at 

the start and finish of each coating, allowing for a more accurate 

determination of coat weight. Samples were selected for each 

coating that were closest to the targeted coat weight. In many 

cases, samples were selected for each coating in which a test 

value could be determined for the targeted coat weight. As an 

example, samples for the second �un of C2 and starch were used 

that had coat weights of 5.1 lbs. and 7.6 lbs. A certain test 

could be run on both samples and then the value for the targeted 

6 lbs. sheet could be obtained by extrapolation. The same sam­

ples were used for all tests. The tests performed are listed in 

Table S. 

0 & 6 Nips 
Supercalen­

dering 

6 Nips only 

Table v. Tests Performed 

Brightness 
Caliper 
Gloss 
Opacity 
Smoothness 
Porosity 

IGT Pick 
K&N Ink 

(Martin & Sweets) 

(Hunter) 
(BNL-2) 
(Sheffield) 
(Sheffield) 

(Std. Ink after 2 min.) 

The samples were tested both initially and after 6 nips of 

supercaQendering. Additionally, gloss was measured at 4 and 6 

nips to obtain gloss development curves. 
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PRESENTATION AND DISCUSSION OF RESULTS 

ANALYSIS OF DATA 

Basic to any discussion of results is the need to discuss 

how the numbers were obtained and the analysis of the numbers. 

The numbers for each test were obtained by taking 6-10 readings 

on each sample. (Usually ten readings were taken.) The only ex­

ception was IGT Pick in which two readings were taken per sample. 

An average was the calculated for each coating using the 6-10 

readings. Two samples were needed for each coating to obtain the 

test value at the targeted coat weight by extrapolation. This 

value was then recorded in the data table for one replication. 

The data tables contain forty values. (Twenty separate coatings 

--replicated twice.) The data for each test are presented in 

Appendix I. 

The analysis of the data was accomplished by an analysis of 

variance (AOV). The AOV tables contain a complete breakdown. 

The least significant difference (LSD) value is included for 

comparison of each silane-treated clay against the control within 

a binder system. It should be noted that this LSD value can 

only be used when the F-test shows significance for either treat­

ments (Trts), blocks (Blks), or block by treatment (Blk X Trt) 

interaction. If significance is not shovm for Blk X Trt inter­

action, but shown for the Trts (clays), the LSD value is given 

for comparison of each clay. The F-test for blocks (binders) is 

not included, as by itself it is not important to this study. 

The AOV tables and LSD values are included in Appendix I along 

with the data tables. 
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The data from each test was then assembled onto a_ "master" 

data page. (see Table VI) These values are the average of the 

two replications. The only value missing is that of the Hercules 

size test for the base sheet--which was 0.6 sec. Using Table VI 

and the A0V tables (Appendix I) the results are discussed below. 

RESULTS 

The only results discussed here are those in which statisti­

cal difference was shown with the least significant difference 

(LSD) ato(.= .10 (90% significance.) In whicha 

For comparison of clays within a binder: 
.,;lo ,---� 

L5D .10 :- ?; os- J.i fYISc = J. 725 /l1sE
. 

r 

For comparison of clays with all binde·rs: 

L Sl) . lo -= L .t} J J.��c = /, 7;15 ✓M�e 
Where: MSE = mean square error 

r = replications 
b = blocks 

A discussion of results for this study is somewhat compli­

cated. Therefore, it will be broken down into a discussion of 

each of the clays within a binder system. To aid in the dis­

cussion, " S. T. clays" will be used for silane-treated clays 

and "control" for untreated Hydragloss. Refer to Table VI for 

any values not included in the discussion. 

(Pick resistance (IGT Pick) was of primary importance to 
this study. With the exception of the starch system coatings, 
the failure point in the coating had to be redefined. This was 
due to coatings having minute random pickouts from the beginning 
of the strip. A "gross" pickout or concentration of pickouts 
was then determined to be the point of coating failure. This 
was possibly due to binder migration and pigment agglomeration. 
Pigment agglomerates of 20 micron size were found in the dis­
persions by the grind gage test. Results reported in cm/sec.) 

..,.,._ .. �r � - ... .....,.,... .. ,;.>-;; ....... _ ,,._{,,,,. 

-
:J 

-



Binder 
System 

620 

PVAC 

Protein 

Starch 

• 

Clay 

Hydra 

Cl 

C2 

C3 

C4 

Hydra 

Cl 

C2 

C3 

C4 

Hydra 

Cl 

C2 

C3 

,C4 

Hydra 

Cl 

C2 

C3 

C4 

Base sheet 

• 

Brightness 

79.3 76.5 

78.8 75.2 

78.9 75.5 

78.8 75. 5 

78.3 75. 7 

78.9 77.3 

78.2 76. 3 

77.9 75. 6 

75.1 74.1 

77.3 7 5. 7 

79.4 76.9 

77.6 7 5. 3 

78.4 75.7 

78.1 75.4 

78.2 76.4 

78.0 75.9 

77.1 75.5 

77.8 75.4 

77.5 74.5 

76.6 76.1 

77 .4 I 75. 7 

Caliper 

4.11 3.08 

4.09 3.05 

4.27 3.11 

4 .41 3. 14 

4.31 3. 04 

4.04 3.0 

4.32 3.11 

4.11 3.03 

4 .18 3.05 

4. 17 2.99

4.02 3.16 

3.93 3.06 

4.02 3.04 

3.94 3.05 

3.96 3. 04 

4.02 3.02 

4.01 2.99 

4. 04 3.03

4.11 3.07 

4.04 3.04 

3.80 2.90 

Table VI 
EXPERIMENTAL DATA 

(0 & 6 Nips Respectively) 

Gloss Opacitv Smoothness 

38.2 75.8 91.4 91.2 41.5 15.5 

30.8 74.3 92.2 92.0 34. 2 12.5 

28.3 74.3 92.6 92.3 46.1 12.0 

26.3 72.5 93.0 93.4 76.5 12.2 

21.3 68.8 91.7 90.9 67.8 14 .4 

31.2 69.5 91.7 91.5 42.5 13.9 

29.8 70.4 93.2 93.0 69.5 15.0 

28.4 70.3 92.7 92.5 60.0 12.4 

28.1 69.5 92.7 92.8 68.7 14. 7

23.5 66.8 92.2 92.2 63.4 13.6 

24.4 69.0 92.4 91.7 47.4 15.8 

21.0 61.6 92.1 91.1 58.8 17.4 

20.8 67.4 92.9 91.5 62.6 17. 8

19.4 60.4 92.1 91.5 57. 6 17. 8

13.9 52.6 92.0 90.8 68.4 16.3 

13.6 48.1 91.3 90.5 57. 2 16.5 

13.2 50.3 90.9 90.3 70.5 19.0 

13.5 51.2 91.2 91.2 76. 0 19.4 

12.2 53.8 91.1 90.9 81.7 18.1 

10.6 47.1 90.9_ 90.3 70.8 18.0 

5.50 20.0 88.9 88.0 100 40 

• 

Porosity 

47.3 16.9 

40.9 16.3 

42. 8 13. 6

44. 8 15.8

38.0 15.2 

49. 8 21. 0

75.3 29.0 

62.0 25.3 

57.3 23.7 

56.3 22.7 

61.3 25.3 

68.9 28.5 

65.5 19.2 

73.3 29.2 

64. 8 21.9

40.6 18 .1 

43.8 18.8 

45. 9 18.4 

54.0 19.2 

63.8 24. 9 

3.90 150 

Pick 

64 

69 

56 

35 

30 

63 

27 

37 

37 

6 

24 

51 

39 

38 

64 

30 

25 

25 

19 

18 

--

• 

K&N 

24. 5

29.2 

33.4 

34. 6

28.3 

27.6 

35.6 

33.1 

30.9 

31.4 

31.3 

27. 9

30.5 

29.3 

26.0 

22.4 

22.6 

25.1 

25.7 

25.4 

---

N 

0) 

-

I 

j 

I I 
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Carboxylated SB latex system 

The statistically significant values for the SB latex system 

are given in Table VII. 

Table VII Results of SB latex system 

Opacity Gloss K&N Ink*** IGT Pick 
Clay 0-Nips 6-Nips 0-Nips 6-Nips 6-Nips 6-Nips

O** 91.4 91.2 38.2 75.8 24. 5 64 
Cl 92.2 92.0* 30. 2* 74.3 29. 2* 69 
C2 92.6* 92.3* 28.3* 74.3 33.4* 56 
C3 93.0* 93.4* 26.3* 72.5 34. 6* 35* 
C4 91.7 90.9 21.3* 68.8* 28.3* 30* 

*Indicates statistically significant difference.
**O is used here and henceforth for the control clay. 

***K&N Ink is reported as % loss of brightness. 

The S.T. clays showed no improvement in pick resistance over 

the control with SB latex. C3 (vinylbenzlamino) and C4 (mercapto) 

actually had less pick resistance than the control. 

The opacity was initially greater with C2 (aminoalkyl) and 

C3 than the control. Upon supercalendering, the same result was 

seen along with Cl (epoxy) having higher opacity than the control. 

The K&N ink test showed the S.T. clays to have more ink absorp­

tbn than the control. These observations suggest that the S.T. 

clay coatings have a more open structure with bigger pores than 

the control coating. This was contrary to what was expected. It 

is possible that the expected silane-to-binder coupling mechanism 

needed more time and/or higher temperatures than were used to 

obtain favorable results. 

The gloss development curves for the SB latex system (Dow 620) 

are given in figure 4. The initial gloss was significantly lower 
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with the S.T. clays than the control. Although, after six nips 
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of supercalendering only C4 (mercapto) had lower gloss (Table VII.) 

The gloss development curves also show C4 having significantly 

lower gloss than the control at two and four nips. The curves 

also show Cl, C2, an� C3 to be essentially equal to the control 

after two nips of supercalendering. All the clays appear to be 

reaching a maximum value after six nips. 

One other significant value was C2 (aminoalkyl) being smoother 

than the control upon supercalendering ( 'I'able VI). This was the 

only S.T. clay coating which yielded this result. All the other 

S.T. clay coatings were "equal" in smoothness to the control 

coating. 

PVAC latex system 

The statistically significant values for the PVAC latex 

system are given in Table VIII. 

Table VIII Results of PVAC latex system 

Opacity Smoothness K&N Ink IGT Pick 
Clay 0-Nips 6-Nips 0-Nips 6-Nips 6-Nips 6-Nips

0 91.7 91.5 42. 5 13. 9 27.6 63 
Cl 93. 2* 93.0* 69.5* 15.0 35. 6* 27* 
C2 92.7* 92.5* 60.0* 12.4 33. l* 37* 
C3 92.7* 92.8* 68.7* 14. 7 30. 9* 37* 
C4 92.2 92.2* 63 .4* 13. 6 31.4* 6* 

*Indicates statistically significant difference.

The S.T. clays yielded less pick resistance than the control 

with PVAC latex. The S.T. clays also had greater ink absorption 

than the control. As with SB latex, this suggests a more open 

structure of the S.T. clay coatings over the control. It was 
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also possible that the ST clays may have had adverse reactions 

with the PVAC and formed agglomerates to yield less pick resist-

ance. 

The most favorable result with PVAC and ST clays was the in­

creased opacity over the control. The smoothness was initially 

better with the control over the ST clays, but upon supercalen-

. dering the ST clays were "equal" in smoothness to the control. 

The gloss development for PVAC curves are given in figure 

5. C4 (mercapto) was shown to have significantly lower gloss

initially and after two nips of supercalendering, but after four 

nips had the"same" gloss as the control. The other ST clays had 

essentially the same gloss development curves as the control. 

Starch system 

The statistically significant values for the starch system 

are given in table VIIII. 

Table VIIII Results of Starch system 

Smoothness Gloss K&N Ink 

Clay 0-Nips 6-Nips 0-Nips 6-Nips 6-Nips

0 57. 2 16.5 13.6 48.1 22.4 
Cl 70.5* 19.0 13.2 50.3 22.6 
C2 76.0* 19.4 13.5 51.2 25.1 
C3 81.7* 18.1 12.2 53.8* 25.7* 
C4 70.8* 18.0 10.6 47.1 25.4 

*Indicates statistically significant difference.

The most significant result in the starch system was the 

higher gloss of C3 (vinylybenzylamine) over the control. It 

should be noted that this was the only gloss value in the entire 

study in which a S.T. clay was higher than the control. The 



o----·-· -

Fig. 5. 

1,5 

55 

So 

35 

.zo 

Gloss Development 
.PVAC 

J q 

6- =

0
= 

□ =

0-
0---

Nips of Supercalendering 

33 

Cl 

C3 

C2 I 

= C4 

= Control !

I 

I 
I 

I 
I 

I 

l 

I 
I 

' I 



34 

gloss development curves are given in figure 6. Up to four nips 

of supercalendering, all the S.T. clays are "equal" to Hydragloss. 

Between four and six nips C3 was seen to increase significantly 

over the control to yield a significantly higher gloss. 

Also of significance, was that initially the control was 

smoother than the S.T. clays. After supercalendering, the S.T. 

clays have the same smoothness as the control (Table VIIII.) A 

second interesting observation with C3 and starch was that C3 

has greater ink absorption than the control. (Table VIIII.) 

Another significant result with the starch system, was that C2 

(aminoalkyl) had higher opacity than the control (Table VI.) 

Protein--PVAC system 

The statistically significant values for the Protein--PVAC 

system are given in Table x.

Table X. Results of Protein--PVAC system 
Caliper IGT Pick K&N Ink Gloss 

Clay Initially 6-Nips 6-Nips 6-Nips 0-Nips 6-Nips

0 
Cl 
C2 
C3 
C4 

4.02 3.16 24 31.3 24.4 69.0 
3.93 3 .06* 51* 27. 9* 21.0 61.6* 
4.02 3.04* 39 30.5 20.8 67.4 
3.94 3.05* 38 29.3 19.4 60.4* 
3.96 3.04* 64* 26.0* 13. 9* 52. 6*

*Indicates significantly significant difference.

The most significant observations of the study were seen 

with the protein--PVAC system. As mentioned previously, 100% 

protein yielded high viscosity and, therefore, a binder of 70% 

PVAC and 30% protein was used for the coatings. Any difference 

between the protein--PVAC system and PVAC system can be attributed 

to the protein--s·r clay interaction. 
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As seen in Table X, pick resistance is greater for Cl {epoxy) 

and C4 (mercapto) than the control. The ink absorption for Cl 

and C4 was lower than the control. These two observations show 

a desireable interaction between the S.T. clays and protein 

which suggests increased crosslinking between the S.T. clay and 

protein. 

The caliper initially was the "same" for all the clays. After 

supercalendering, the S.T. clays all had lower caliper than the 

control. This suggests that the S.T. clay coating structure was 

more easily collapsed upon supercalendering. The increased pick 

resistance over the control then suggests that the S.T. coatings 

more readily hold onto the binder. This supports the possibility 

of increased crosslinking between the S.T. clay and protein. 

The gloss development curves for the protein--PVAC system 

are given in figure 7. Initially, the gloss was lower for C4 

(mercapto) than the control, with the other S.T. being "equal" 

to the control. After two nips of supercalendering, the only 

S.T. clay that had the same gloss as the control was C2 (aminoalkyl.) 

The other S,T. clays had lower gloss than the control. This may 

possibly have been due to the S.T. clay binding the protein more 

tightly while keeping the clay and PVAC on the surface to yield 

a higher gloss. If this were true, it would help substantiate 

the possibility of increased crosslinking between the S.T. clay 

and the protein. 

The interaction between the S.T. clay and protein can more 

e�sily be seen by a direct comparison of the protein--PVAC sys­

tem ("protein") and PVAC system as given·in Table XI, From this 
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comparison, the increase in pick resistance and decrease in ink 

absorption of the S.T. clays over the control was seen to be quite 

significant. 

Table :xr. Comparison of "Protein and 
PVAC systems after 6 nips of supercalendering 

Caliper IGT Pick K&N Ink 
Clay PVAC Pro PVAC Pro PVAC Pro 

0 3.00 3.16 63 24 27.6 31.3 
Cl 3 .11* 3.06* 27* 51* 35.6* 27. 9*
C2 3.03 3.04* 37* 39 33.1* 30.5
C3 3.05 3.05* 37* 38 30. 9* 29.3
C4 2.99 3.04* 6* 64* 31.4* 26.0*

*Indicates significantly significant difference
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CONCLUSIONS 

From the previous discussion of the experimental results, 

the following conclusions can be made concerning the role of the 

different silane-treated clays on coated paper properties after 

supercalendering. The comparisons are to untreated Hydragloss. 

.··· ~ • 

With Protein: 

1) Cl(epoxy) and C4(mercapto) had higher pick resistance.

2) Cl{epoxy)and C4(mercapto) had lower ink absorption.

3) The silane-treated clays had lower caliper.

4) Cl, C4, and C3.(vinylbenzylamine) had lower gloss.

This suggests that crosslinking between the silane­
treated clay and protein is probable. It is also
probable that the surface collapses easier upon super­
calendering with ST clays.

With Latexes ( SB & PVAC) : 

5) The silane-treated clays

6) The silane-treated clays

7) The silane-treated clays

8) The silane-treated clays

9) The silane-treated clays

had higher opacity. 

had lower brightness. 

had greater ink absorption. 

had less pick resistance. 

with PVAC had lower brightness. 

This suggests a more open structure with larger pores 
than the control coating. 

With Starch: 

10) C3 had better gloss.

11) C3 had greater ink absorption.

It appears that it may be possible to obtain better pick re­

sistance under the proper crosslinking conditions as seen with 

the protein system. The increased opacity with the latexes is 

also desireable. These conclusions suggest possibilities for 

future work with silane-treated clays. Their biggest drawback 

is cost and a slight loss in brightness. 



40 

FURTHER CONSIDERATIONS 

Any future study of silane-treated clays should be done on 

a sized base sheet to prevent binder migration. The shearing 

time in the Cowles dissolver should be extended to insure proper 

clay dispersion before coating. 

The author feels that now some basic relationships and 

rheology of the coatings are known. This allows for a more 

quantitative approach to the problem. For instance, time, temp, 

and pH dependent relationships could be studied in order to 

attempt to increase the amount of coupling between the silane­

treated clay and binder. Finally, the author feels that it may 

be possible to modify the silanes to fit specific requirements in 

much the same way modern starches and latexes have been modified. 
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