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Abstract

It is well known that the pore structure of a pigment can
have a dramatic influence on the performance the pigment
hasin its end use application. Synthetically produced silica
pigments can be manufactured with widely varied pore siz-
es and distributions. Although several technologies are in-
cluded to givethe broadest range of poresizes, all arebeing
used alone or in combinations in specialty paper coatings.
The commercial ink jet application relieson synthetic silica
pigmentsto deliver the proper combination of physical and
chemical properties. The optimum combination of proper-
tieswill deliver a print with good dot quality and excellent
color production.

This paper will detail some of the impact that varia-
tions in pigment porosity have when the pigment is incor-
porated into a simple color ink jet coating. The effect of
pore size and distribution on color density and dot forma:
tion characteristics will be discussed. It required the right
combination of equipment, consumer interest and cost to
bringink jet printing to whereitistoday. There hasover the
past four years been an overwhelming increase in interest
inink jet printing. The major factor driving this has been
the demand for high quality color in both home and office
use as well as in sophisticated graphic arts applications.
There have been avariety of new papers and new grades of
paper marketed to capture specific portions of thisgrowing
demand.

Introduction

Although the manufacturers of commodity grades of paper
are just now becoming aware of the benefits of highly
structured pigments such as synthetic silicas and aluminas,
specialty coaters have been using them for a number of
years. The most widely used specialty structured pigment
is synthetic silicon dioxide or silica pigments.
Silicapigment is a generic term used to describe ava-
riety of naturally occurring as well as synthetically pro-
duced materials whose composition is essentially SiO,
Silicon dioxide, SIO,, isacompound that is present in 60%
of the earth’ s crust and akey portion of minera fillers such
as kaolin and talc.! In its most abundant form, sand or
guartz, it is adense and non-porous material that is of little
value as a pigment. Silica pigmentsthat are produced com-
mercially are chemically identical to their natural counter-
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parts, yet are amorphous or unordered in structure.
Amorphous silica pigments are very different from their
natural counterparts and have become very useful to paper-
makers as well as specialty coaters.

Commercial Silica Production

Synthetic amorphous silica pigments are produced com-
mercially in four distinct forms: Silica sols, pyrogenic or
fumed silicas, silicagelsand precipitated silicas. Producers
of specialty papers are interested in the pigmentary forms.
Fumed silicais the oldest commercial method to produce
an amorphous silicapigment. It was developed by Degussa
in 1941 in an effort to produce white carbon black as are-
inforcing pigment. It involves the reaction of silicon metal
and gaseous dry hydrochloric acid to form silicon tetra-
chloride. Thisisburned at 1000°C to produce and condense
ahigh purity silica pigment.

Fumed Silica Process

1000°C
SICl, + 2H, + O, +3.76N,——>SiO, + 4HCl + 3.76N,

Looking with more detail at the microporosity of the
materials some distinct differences between the types of
silica pigments become obvious. Fumed silica pigments
have little or no internal micrporosity. The pyrogenic pro-
cessformsfine droplets of liquid silicathat stick to one an-
other to form solid aggregates and clusters. These clusters
are solid and non-porous. The fumed silica is a very fine
particle size product with high levels of microporosity. Par-
ticlesizein therange 10 - 30 um istypical.

Figure 1. Illustration of fumed silica agglomerate particle chains
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Liquid Silica Process

The other processes utilized commercially are liquid
processes. The precipitation process reacts an akali liquid
silicate, waterglass, with a mineral acid such as sulfuric
acid to form asolid precipitated pigmentary silica pigment.
Thesilicagel process reacts the same waterglass with min-
eral acid under acidic conditions to produce athree dimen-
sional solid silicon dioxide network that can be broken
down into a pigmentary material.

N&,0:3.3Si0, + H,SO, - 3.3S0,:H,0 + Na,SO,

All these processes yield amorphous pigments com-
posed of silicon dioxide, yet arevery different in their prop-
erties and their functionality’s.

The Silica Gl Process

The gel process forms a cage-like structure that is up
to 75% water. The way in which the product is dried deter-
mines the type of gel. Comparing the gel products we typ-
ically see larger particle sizes determined by mechanical
size reduction and classification. Particle shape is consid-
ered to beirregular. Think of breaking alarge piece of Jell-
O? gelatininto smaller pieces. The particleswill not take on
any specific shape. The macro pore volumes are lower at
60 to 75 cc/100g. Pigment surface area, however; is very
large, typically between 200 - 700 m%/g2.

Silica gel pigments tend to be very porous materials.
The pore structure is controlled by the washing and drying
conditions employed. The cage-like particles are full of
water. As this water is removed the particles tend to col-
lapse due to surface tension forces.

Wet cage

Dry cage

Figure 2. lllustration of gel particle shrinkage upon drying

Generally, silica gel products have a high degree of
fine mesoporosity or microporosity as is evidenced by the
high specific surface areas. The pores that are present are
tightly distributed. The surface of these water-borne parti-
cles are populated with hydroxyl groups and layers of hy-
drated water.

Precipitated Silica Process

The precipitation process is capable of the largest
ranges of product properties. Particle size is determined
through reaction conditions and mechanical reduction.
Typical particle sizes are between 1 - 12 ym. Thereis also
abroad range of macro pore volume attainable. Oil absorp-
tion values between 70 - 300 cc/100g are available. Surface
areas tend to be less than gels with 60 - 250 m%/g B.E.T.,
typical. The recent development of hybrid silica pigments
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have extended the range of specific surface area up to 600
m?/g B.E.T.

Precipitated silica pigments are the result of the same
polymerization that creates the silica gel networks. The
conditions are controlled to produce discreet silicaparticles
that covalently bond to one another to produce clusters or
agglomerated particles. Control of the process givesriseto
varied levels of internal porosity. The poresaretightly dis-
tributed and can be located at various size regions.

- %

Figure 3. lllustration of precipitated silica agglomerate particles

Precipitated silica pigments like gels have surfaces
covered with reactive silanol groups and layers of water of
hydration as shown in Figure 4, below.
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Figure 4. Synthetic silica surface showing associated water

The pigment industry has used simple and quick tests
such as the rub out oil absorption method® to compare the
relative functionality of products. While methods like oil
absorption or water pore volume are useful they lack the
sophistication demanded by today’ s applications. Produc-
ersof pigments understand that the porosity characteristics
of the silica pigment are a key factor in differentiating
products and relating their performance.

Porosimetry M easurement

There are a number of ways to determine a particulate’s
pore volume with lesser and greater degrees of accuracy.
Oil absorption and water absorption are crude, but useful
methods. These methods give an indication of volume but
say little or nothing about pore size distribution. One meth-
od widely used by industry to assessthe porosity character-
istics of various materials is mercury porosimetry. In this
method, mean poreradius, r, isrelated to minimum applied
pressure, p, required to push aknown liquid into acylindri-
cal pore, according to the Washburn equation:8
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2r = -4 y(cos6/p D

whereyisthe surface tension of theliquid and 6 isthe con-
tact angle of the liquid (6= 140°, y= 480 dyne/cm at 293°K
for mercury).

Extensive data is generated in a typical porosimetry
measurement routine. The datais presented as the distribu-
tion of pore volume across arange of pore sizes from 1000
down to 0.001um, diameter. The data is manipulated to
provide a distribution of cumulative, differential and log
differential volumeinformation. Thetechniqueis particu-
larly useful in the evaluation of porous powders, athough
it breaks down rapidly below pore diameters of 0.005um.
The pressures required to force mercury into smaller and
smaller pores becomes unattainable in commercially avail-
ableinstruments. To study the microporosity it is necessary
to supplement mercury methods with a sophisticated multi-
point nitrogen surface area methodology which will pro-
vide data down to 10pm or less. In using mercury poro-
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simetry we have found differential volume versus pore size
as well as total cumulative pore volume, V ., ., to be the
most useful data and will rely on discussion of ghat dataas
the basis of thiswork.

Differential intrusion volume is the first derivative of
the cumulative pore volume as a function of the calculated
log diameter. Thisis normalized by the diameter interval,
evenly dividing the range of the data acquired. Cumulative
volume measurements are interpolated versus the log di-
ameter to get the specific intruded volume, Vp, for the jth
point corresponding to evenly spaced log diameters. The
data is subjected to a first derivative calculation, using
nine-point smoothing. This allows the differential volume
to be7 expressed in terms of uniform intervals of collected
data

Differential Vol, dvp, = -Vp,/ D, - D, ;: (2
where, D is the calculated pore diameter for the ith point.

J.M.Huber HdeG QC/Physical Testing Lab

Differential Intrusion Volume, (ml/g-pum)
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Figure 5. Comparison of Typical Pore Distribution
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Figure 6. lllustration o Average Pare Diameter and Pae Maximum.

High structure synthetic silica pigments have a distri-
bution of poresranging in size from 100 down to 0.001um.
Although there is significant pore volume measured be-
tween particles, in the macro pore range (above 0.05um di-
ameter), amajority of pores are usually distributed around
one specific size. Around this pore maximum, pores are
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normally distributed. The median pore size for commer-
cialy available silica pigments is generally between 0.05
and 0.005um, in the range referred to as meso pores.® The
location of the maximum within this range will be com-
pared to the average pore diameter for each of the samples
evaluated in this work.
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Table 1. Series of Synthetic Silicas, Type and Key Physical Characteristics.

SilicaClass Average Particle Size®, Surface Area, Pore Volume Average Pore, di- Pore Maximum,

(Process) gm B.E.T., m3g ccHolg ameter, um diameter, um
Precipitated 6.2 626 3.36 0.0422 0.0048
Precipitated 14.0 183 5.10 0.1000 0.0360
Hybrid 7.3 269 4.06 0.0396 0.0462
Hybrid 38 343 5.39 0.0608 0.0466
Hybrid 4.0 164 7.28 0.1502 0.0432
Gel 49 350 479 0.0636 0.0100
Gel 104 245 2.78 0.0266 0.0084
Gel 9.4 402 4.49 0.0328 0.0030
Fumed 220 206 13.07 0.2078 0.0240
Fumed 29.3 356 11.85 0.1482 0.0418
Fumed 36.1 166 7.76 0.1300 0.0484
Fumed 27.3 201 13.25 0.1850 0.0550

Selection of Silica Pigment Samples

To study theimpact of porosity we chose severa silicapig-
ments with differing pore size distributions. We selected
samples within a specific silica manufacturing technology
and across technologies to provide a series. Silicas with
pore maximums between 0.05 pm diameter and 0.005 pm
diameter were included.

Differential Intruded Volume, (ml/g-um)

We were able to secure a series of samples that ade-
guately covered therange needed. The set of samples con-
sisting of the precipitated/hybrid and gel silicas cover a
range from 0.003 to 0.05um, with pore maximums evenly
distributed. The series of fumed products cover a harrower
range extending from 0.025 to 0.045 um at the higher side
of the overall range of pore maximums.

14 o o
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]
4 o Gel A o
A
2 | o Fumed |;| | |
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1 0.1 Pore Diameter, um 0.01 0.001

Figure 7. Range of pore maximum cove red by samples evaluated in this series.

Prepar ation of Sample Papers

Sheets of a common basestock were coated using a Dow
Bench Blade Coater to nominal coat weight of 3g/m? (cls).
The coating color was kept ssmplewith a1:1 pigment bind-
er ratio, silicato polyvinyl alcohol. A partialy hydrolyzed
vinyl alcohol was utilized. Coating solidsranged from 16%
to 21.3%, while achieving equal coat weight was the crite-
ria. Sheets were coated, lightly calendered, die cut to 8%/, x
11" and equilibrated under standard TAPPI conditions for
24 hours before being tested.

There have been a variety of technigques developed to
quantify differencesinink jet printability. The mgjority of
these tests attempt to describe differences in the shape and
size of the printed dots generated by a specific printer. We
wanted to choose awell known test pattern that provided a
large array of dots and wanted solid color areas for color
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density measurements. We chose an HP Deskjet? 500C se-
ries printer and utilized software provided by Hewlett-
Packard.’ We redlize that more modern printer architec-
tures are capable of better print resolution, but we felt the
500C still would berepresentative of asignificant portion of
theinstalled base of ink jet printers. Using an image analy-
sis system consisting of a Nikon microscope, CCD video
camera and PC based software, we measured the average
dot area of the composite black dots. We a so evaluated the
roundness of the dots. Roundness is determined by calcu-
lating the perimeter of aperfect circle having an areamatch-
ing the measured pixel area. The perimeter of that ideal
circleis compared to the measured perimeter to arrive at a
roundness value. A bench type reflectance densitometer
with a 3mm window was used to make measurements of
color density on the solid printed areas of the test pattern
used.

496 Chapter 6, Ink and Media



Recent Progressin Ink Jet Technologies||

Relating Pore Distribution to Key Ink Jet
Print Properties

Dot Area

Single printed sheets representing each silica contain-
ing coating were evaluated. M easurements were taken on a
printed array of 38 x 39 dots. Samples were taken at four
positions within each array for each of the coated sheets. In
the analysis al boundary particles were discarded and area
was measured on individual dots. The array was sampled
by taking imagesin four regions, UL, M1, M2 and LR. The
mean area from each sheet’s distribution was compared to
the respective key physical characteristics of each silicain
asimple correlation matrix.

Dot Roundness

The same array sampling procedure was used when
evaluating the effects on dot roundness. In the case of
roundness the average roundness of each position (38 - 42
dots) was averaged to yield a roundness for the sheet.
Analysis of the composite black dots and analysis of cyan
dots was completed.

Color Density

In previous work we have observed that coating for-
mulation, will impact the individual ink jet process colors
differently. Rather than attempt to deal with effectson each
individua color, we have chosen to look at a composite
color index as being representative of the overall color den-
sity of the sheet. Thisissimply,

Composite Color density
=0D ,,+OD + 0D

where OD isthe optical density of the solid area of the par-
ticular process color.

yellow magenta’
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Figure 7. Representation of four positionsin dot array sampling.

The sum of the individual densities. Density measure-
ments were made on sheets 24 hours after printing. A total
of five readings were taken with an X-Rite 418 Densitom-
eter, and averaged to yield the resullt.

Correlation of Results

Datawas placed into a spreadsheet and asimple correlation
matrix produced to look at first order influences. Surpris-
ingly, some very strong influences were observed.

Table 2. First Order Correlation Matrix, r2. Complete data set.

Composite
Dot Area Dot Roundness Color Density
Average Pore Size, um -0.85 0.75 -0.74
Pore Maximum, pm -0.61 0.58 -0.65
Total Pore Volume, ccHg/g -0.84 0.52 -0.68
Qil Absorption, cc/100g -0.26 041 0.05
Average Particle Size, um -0.82 0.21 -0.72
Surface Area, BET, m?/g 0.51 -0.61 0.37

Correlation with Dot Area

Some interesting observations can be made when
looking at the rel ationships between product properties and
corresponding print properties. We were surprised with the
strong correlation observed with Dot Area measurements.
Pore size and volume showed a very strong relationship
with area as did silica average particle size. Particle size
adds porosity on a macro scale through disruption or
“structuring” of the coating. Smaller sized particles, typi-
cally having more per unit volume, will more evenly dis-
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rupt the coating and allow more dot spread into the pores of
the coating or silica. Correspondingly, larger pore sizes of -
fer easier access and allow theink to spread and dot areato
increase.

Average Pore Size

Average pore sizeisdetermined for this study based on
the assumption that all poresare cylindrical, using therela-
tionship (4 Pore Volume/Ared). Thisis a standard assump-
tion used by most commercial porosimetry routines. We
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observed that average pore size related well with dot area,
dot roundness and color measurements. Although this was
not the basis used in the selection of silica pigments, it is
surprising knowing the differences between fumed and the
other classes of silica pigments that this proved to have a
strong impact on all the print properties measured. Even
despite their differences, the group of fumed silicas fell
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cleanly within the entire dataset. This is particularly the
case in dot roundness in which the group of fumed silicas
showed that increased average pore diameter contributed to
improved roundness. By splitting the overall dataset into
classeswe can seethat the behavior within each classisvery
similar with correlation highest for the group of gel silicas.

Dot Area
900
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Total Pore Volume, ccHg/g

Figure 8. Relationship between dot area and total paevolume. r 2= - 0.85.

Correlation with Dot Roundness

Very good correlation between dot roundness and sil-
ica pore structure was observed. The relationship of total
pore volume and roundness had the lowest correlation of

Dot Roundness

the entire data set. This can be attributed to the lack of cor-
relation within the fumed and gel data sets. The precipitat-
ed/hybrid datawas highly correlated with higher total pore
volumeyielding better dot roundness as shown in Figure 9.
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Total Pore Volume, ccHg/g
Figure 9. Strong correlation with precipitated / hybrid silica pigments and dotroundness. r 2=0.94.

There was strong correlation with average pore vol-
ume and dlightly poorer correlation with pore maximum.
Average pore size showed a strong relationship across the
entire data set. The series of gel silica pigments appear to
have shifted slightly to lower roundness values.

Correlation to Composite Color Density

The best correlation with the composite color density
was observed with the pore maximum. The slope of the re-
sulting relationship was quite low showing only a 10 per-
cent effect over the range of the data set. It is noteworthy
that similar strong correlation is observed between pore
properties and dot area. The interrelationship between dot
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area and color is well known with larger dots completely
filling the solid printed area leaving no exposed unprinted
base to lower overall print density. In this study that rela-
tionship was not clear (r2 = 0.46); however, the impact of
changesin dot areawas substantial. A changein dot area of
100 yielded the same 10% change in composite color ob-
served over the entire range of the data set.

Of interest is the impact of the silicas by class on the
color properties of the print. If we simply sort the data set
by composite color and observe the relative rank of each
silicatype, you can clearly see that the precipitated/hybrid
silicas are at the top along with the silica gel pigments, yet
the fumed products tend to be ranked at the bottom. As al
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the coatings were simple two component systems and coat
weights held very close we can presume that this can be at-
tributed to the silica pigment. In the discussion at the begin-
ning of the paper you will remember that the gel and
precipitated products are produced in an agueous system

Dot Roundness
0.55
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and have a highly hydrated surface, while the fumed pro-
cess yields unhydrated glassy particles. Although all three
types have surfaces populated with silanol groups, the hy-
dration of the surface seems to yield a benefit in the inter-
action of theink dyes and the silica pigment.
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Figure 10. Relationship between silica average pare diameter and dot roundness.
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0.250

340

3.30

320 5]

3.10 ]

3.00 0

290

o PPT/hybrid A

280

A Fumed
270

O Gel

260
250

0.030 0.040 0.050
Pore Maximum, Diameter, um

Figure 11. Influence of silica pore maximum on print color density.

0.000 0.010 0.020

0.060

Conclusions on the I mportance of
Silica Pore Structure

Table 3. Rank of Silica Classand Composite Color Density.

SilicaClass Composite Color Ranking

Total PoreVolume Gel 3.26 Best

Not surprisingly total pore volume correlated well Hybrid 3.24 "
with al theink jet properties we studied. The portion of the Hybrid 323 0
pore volume below 0.1um correlated better than the pore Ga 318 -
volume above 0.1um. Thisis a clear indication of the im- '
portance of the internal as opposed to the external or intra-  |Precipitated 312 !
particle pore volume. The strongest impact of total pore Precipitated 3.05 "
vol ume was on dot area, with increase; in pore volume qe Fumed 301 Intermediate
creasing dot size as the added porosity arrested the ink Ga 300 -
spread through the coating. Previous work looking at the '
degree of z-directional penetration into a coated sheet  |[Fumed 2.98 !
showed the ability of a silica containing coating to arrest Fumed 2.95 "
penetration of the ink at the surface of the sheet.'? Impact Hybrid 204 "
on dot color was also strongly correlated. The relationship ;
between dot area and color, as discussed previously, con- | Fumed 2.90
tribute to this. Fumed 2.86 Poorest
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Aver age Pore Size

Average pore sizeisdetermined for this study based on
the assumption that all poresare cylindrical, using therela-
tionship (4 Pore Volume/Ared). Thisis a standard assump-
tion used by most commercial porosimetry routines. We
observed that average pore size related well with dot area,
dot roundness and color measurements. Although this was
not the basis used in the selection of silica pigments, it is
surprising knowing the differences between fumed and the
other classes of silica pigments that this proved to have a
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strong impact on all the print properties measured. Even de-
spitetheir differences, the group of fumed silicasfell clean-
ly within the entire dataset. Thisis particularly the casein
dot roundness in which the group of fumed silicas showed
that increased average pore diameter contributed to im-
proved roundness. By splitting the overall dataset into
classeswe can seethat the behavior within each classisvery
similar with correlation highest for the group of gel silicas.
Color density also correlated well with average pore
size. Smaller pore sizes yielding improvementsin color.

Table 4. Correlation of Macro and M eso Pore Volume I nfluences, r2.

Composite
Dot Area Dot Roundness Color Density
Total Pore Volume, Vp(Hg),ccHglg -0.84 0.52 -0.68
Pore VVolume, > 0.1um diameter -0.48 0.29 -0.02
Pore VVolume, > 0.1 to 0.01um diameter -0.85 0.54 -0.71
Pore VVolume, < 0.01um diameter -0.57 -0.72 0.58

Table5. Correlation of Individual Silica Classeswith Average
Pore Diameter (4 Vol/Area) Verses Dot Roundness.

Pore Maximum
The pore maximum used asthe selection criteriain this
work, showed good correlation with the measured proper-

Class Correlation Coefficient, r2 ties. Of interest is the fact that the pore maximum was in
Precipitated / Hybrid 0.90 most cases negatively correl at_ed when average pore size
waspositively correlated, and viseversa. I n each case strong
Gel 0.99 correlation was achieved. It is obvious upon closer exami-
Fumed 0.68 nation that this is an artifact of the small number of data
Complete Silica 0.75 pointsin the determination. In Table 6, datathat isbelieved
Dataset to bein error is signified by the addition of an astrisk (*).
We were surprised that the pore maximum property
was of less practical usethan the average poresize. With-
in each class there were some correlations, but overall av-
erage pore diameter appears to be the more powerful
descriptor for a synthetic silica pigment.
Table 6. Correlation of Ink jet Printability with Average Pore Size and Pore Maximum.
FUMED Dot Area Dot Roundness Composite Color Density
Average Pore Size, um -0.73 0.68 0.52*
Pore Maximum, um 0.65* -0.68* -0.67
GEL
Average Pore Size, pm 0.19* 0.99 0.37*
Pore Maximum, pum -0.71 0.44 -0.57
PPT /HYBRID
Average Pore Size, pm -0.70 0.90 -0.88
Pore Maximum, pm -0.69 0.71 -0.34

Combined Effect M odel

To better visualize the interplay of the impact of pore vol-
ume and average pore size, the data was modeled using a
statistical software package. The limited data was subject-
ed to a Kriging'® algorithm to fill any missing data points
in the model and smooth the data. This method allows the
known or measured data to be preserved increasing the va-
lidity of the model that is produced. Comparison of the
combined effect of Pore Volume and Average Pore Diam-
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eter on color density showed pore volume to be the signif-
icant and controlling variable. It is interesting that the
maximum roundness is achieved at pore volumes from 3.5
to 5.5 ccHg/g as determined by mercury porosimetry. In-
creased pore volume beyond 6 ccHg/g yields a significant
dropin color density. Thisdrop can bedirectly attributed to
the samples of fumed silica. Recall that these materials had
very high volumes of meso porosity which in our model
does not benefit color development. Samples at the maxi-
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mum range of color development are the gels and the hy-
brid precipitated pigments.

Pore Volume . 3

Figure 12. Surface Model of Porosity Effects on Composite
Color Density.

Aswas observed above, thetotal Pore V olume appears
to be the significant variable controlling dot roundness.
The impact of Average Pore Diameter is perceptible, but
dlight. In this case we observe that, once again a roundness
maximum isindicated. The maximum occursat aPore Vol-
ume between 6 and 8 ccHg/g and remains strong through
11 ccHg/g, the area dominated by fumed silica pigments.

Final Remarks

Porosimetry measurement is a powerful technique. It is
clear from this and other work that the assessment of pore
properties of a pigment should be an important criteria
when comparing candidatesfor ink jet coatings. The strong
correlation of simple print properties show the need to have
adetailed understanding of both silicapore distribution and
silica class. More extensive study will be necessary to un-
derstand in detail the differencesin the behavior of thelig-
uid process silica pigments and the fumed products, before
a complete picture of the interaction of these pigmentsin
the complex ink jet coatings can be understood.
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