
T he reason why titanates and zirconates may 
be better adhesion promoters than silanes lies 
in the intrinsic multifunctional chemistry of 
organometallic titanium and zirconium as 

compared to silicone at the nano-interface where dissimi-
lar materials meet (Figure 1).

 If you look at the periodic table according to atomic 
number, there seems to be little in common between 
Si, Ti and Zr (Figure 2a). But if you look at the periodic 
table according to valence, as drawn by James Franklin 
Hyde, there is much in common between tetravalent Si, 
Ti and Zr (Figure 2b). Hyde has been called the “Father of 
Silicones” and is credited with the launch of the silicone 
industry in the 1930s.

 So, C, Si, Ti and Zr are tetravalent. Who cares? 
Silanes are established art and have made the modern 

era of coatings and composites possible in thousands 
of proven applications. Well, we better care if the next 
generation of nanocoatings and composites are ever 
to reach their full potential. For example, why haven’t 
carbon-based nanomaterials such as CNTs and gra-
phene delivered on their potential?

 Perhaps the graphene question is unfair because silanes 
do not Function 1 “couple” to carbon interfaces – or to 
carbonates, carbides, sulfates, sulfides, nitrates, nitrides, 
lignin, organics or many other nonhydroxyl-bearing 
materials such as spiropyrans and spirooxazines used in 
so-called smart coatings.

        
Function 1 “Coupling” Ti vs. Si Difference
Until his death in 1991 at the age of 75, Dr. Edwin P. 
Plueddemann was considered the world’s foremost 
expert on silane coupling agents. In 1982, Ed wrote 
the book, “Silane Coupling Agents” and said, “Surfaces 
that showed little or no apparent response to silane coupling 
agents include calcium carbonate, graphite and boron.” 
Note: organic substrates are not listed. 

 I first encountered Ed in February, 1976, as he 
chaired the Interface Session at the SPI Reinforced Plas-
tics/Composites Institute at the Shoreham Americana 
Hotel in Washington, D.C. I presented the only non-
silane technical paper on “Theory and Use of Organo 
Titanate Coupling Agents.” When I finished, Ed said 
to me, “Interesting presentation Mr. Monte, but my 
experience has been that titanates make poor coupling 
agents because of their lack of hydrolytic stability.” Of 
course, he was referring to the first generation of tetra 
alkyl titanates such as TIPT, which did precipitate TiO2 
on contact with water. But, Kenrich was talking about 
a new generation of 1.5-nanometer monoalkoxy, che-
late, coordinate and neoalkoxy heteroatom organome-
tallics that had just begun to emerge out of its Bayonne, 
New Jersey, laboratory. In February, 1985, we had our 
first printing of the 226-page “Ken-React® Reference 
Manual” by S.J. Monte, which grew to 340 pages by the 
3rd printing in 1993, and 80,000 pre-electronic-era 
copies were distributed. 

 The 1985 Reference Manual starts by claiming, “Cou-
pling agents are molecular bridges at the interface between 
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FIGURE 1 » A comparison of the titanates/zirconates with silanes 
according to their functionalities.
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Why Titanates and Zirconates May Be Better Adhesion Promoters Than Silanes

two substrates, usually but not limited to an inorganic filler 
and an organic polymer matrix. Titanium-derived coupling 
agents are unique in that their reaction with the free protons 
at the inorganic interface results in the formation of organic 
monomolecular layers on the inorganic surface. The absence of 
polymolecular layers at the interface, together with the chemi-
cal structure of the titanates, create novel substrate surface 
energy modification and polymer phase interactions, often 
resulting in viscosity reductions in unfilled, as well as filled 
polymer composites. Typically, titanate-treated inorganics 
are hydrophobic (see Figure 1), organophilic and organofunc-
tional. When incorporated into polymer systems they often 
promote adhesion; catalyze (see Figure 2); improve dispersion 
and rheology; improve strength; do not create embrittlement 
(see Figure 3); improve mechanical properties; make inorganic 
loadings above 50% desirable (see Figure 4); prevent phase 
separation; inhibit corrosion (see Figure 5); etc. Reactivity 
is possible with diverse substrates such as CaCO3, BaSO4, 
carbon black, azodicarbonamide, nitrates, hydrates, cellulos-
ics, phthalo and lake pigments, peroxides, aramid and carbon 
fibers, organics and polymers, as well as classical mineral and 
metal oxide-derived inorganics.” (Editor’s note: Figures 1 to 
5 in the quote above are not reproduced here.)   

 Space limits providing a reference for every reactable 
interface claim made above, so Figure 3 is taken from my 
31st patent EP 2 614 040 B1 granted in the EU April 12, 
2017, in which a titanate was added to water and dispersed, 
followed by spent drilling mud (BaSO4 saturated with hydro-
carbon oil), and then Portland cement admixed to make a 
useful composition. ASTM C150-Type I Portland cement 
consists of the following nonsilane reactive interfaces:
• 55.0% (C3S) – Trimethylene sulfide 
• 19.0% (C2S) – Carbon disulfide
• 10.0% (C3A) – Tricalcium aluminate 
• 7.0% (C4AF) – Aluminum calcium oxide 
• 2.8% (MgO) – Magnesium oxide
• 2.9% (SO3) – Sulfur trioxide
• 1.0% (CaO) – Calcium oxide

The Fiberglass Interface – Si vs. Zr
Practical commercial use of coupling agents began in 
1953 using silane-sized fiberglass-reinforced unsatu-
rated polyester parts for the Corvette automobile. Let’s 
revisit fiberglass where silanes are proven performers 
and discuss Function 1 coupling at the glass interface. 
Fiberglass has up to 16% hydroxyl groups. The degree 
of silane coupling is dependent on the percentage of 
(OH)- groups, while neoalkoxy titanates and zirconates 
react with more abundant surface protons (H)+, which 
provides greater degree of linkage, thus providing a per-
formance advantage in long-term aging maintenance 
of original functional properties when compared to the 
interfacial deterioration data obtained using silanes 
in such tests as 240-hour 10% salt water boil used in 
advanced composites protocol testing.1 Table 1 shows 
the aged amino silane maintains 65% and the aged 
amino zirconates 93% of its original properties. The aged 
amino silane is 2.6x better and the aged amino zirconate 
is 6.1x better than the control long fiber tensile strength.

 Fiberglass reinforcements (E-Glass) are sold with a 
silane sizing. These sizings are complex trade secret cou-
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FIGURE 2a » A comparison of the titanates/zirconates with silanes 
according to their atomic number.
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FIGURE 3 » The use of titanate in situ to compatibilize oil, water, BaSO4, 
and Type I Portland cement. Copyright Kenrich Petrochemicals, Inc.
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FIGURE 2b » A comparison of the titanates/zirconates with silanes 
according to their valence.



pling agent-containing coatings used on glass and carbon 
fiber reinforcements (Figure 4).

 R. Kraus et al. stated,2 “The ETFE matrix was a copoly-
mer of ethylene (38.5%) and tetrafluoroethylene (61.5%) 
with a low fraction (0.4%) of perfluoropropylvinylether 
(PPVE) produced by Hoechst.

The fibers were glass fibers (E glass) with an aver-
age diameter of 10 µm and an average length of L = 
60 µm. One fraction of the fibers was treated with the 
coupling agent NZ 44 (neopentyl(diallyl)oxytri(N-ethyl-
enediamino) ethylzirconate) to improve the fiber-matrix 
interface. The specimens were prepared by melting the 
mixture of matrix and a weight fraction of 10% of fibers 
under pressure (p = 25 bar) at a temperature of 295 °C, 
followed by cooling to RT (cooling rate ~ 3 K min-1).

 The influence of the coupling agent on the fiber-matrix 
interface was studied by breaking composites at low tem-

perature (T =-190 °C, liquid nitrogen) and analyzing the 
fracture surface by scanning electron microscopy. Electron 
micrographs (Figures 5 and 6) show that in the compos-
ite made of fibers without coupling agent, the matrix is 
removed from the fibers. In the composite made of the fibers 
treated with coupling agent NZ 44, most of the fibers are 
covered with polymer matrix. This indicates that the fiber-
matrix interface is improved by the coupling agent.

Function 2 Catalysis
Titanium and zirconium-based organometallics are 
catalysts, while silanes are not catalysts. Ti or Zr 

TABLE 1 » Evaluation of various coupling agents in glass fiber-reinforced epoxy composites (original/aged properties).

Formulation Parts by Weight
Resin, DEN 438 (Novalak - Dow) 100.0
Hardener, Methyl nadic anhydride 87.5
Glass fiber as shown (short - 5 mm) 40.0
Additive(s) 0.4

Brookfield viscosity measured @ 80 ºC; cure 30 min. @ 150 ºC.
Post cure: 4 hr. @ 180 ºC. 
Aging 240 hr. in boiling 10% aqueous salt solution.

Additive 

Long Fiber Short Fiber Vehicle Only
Tensile Pullout 

Energy, J
Orig./Aged

Viscosity
0.2 rpm/2 rpm: 

Mega poise

Flexural Strength,         
gPa, Orig./Aged

Compressive 
Strength, gPa

 Orig./Aged

Falling Ball Impact Str. 
kJ/m

Orig./Aged
Control 54 / 14 0.67 : 0.43 0.82 / 0.40 1.54/1.21 1.7/1.0
Amino silane 63 / 41 0.63 : 0.48 0.96 / 0.69 1.69/1.43 1.9/1.5
Epoxide silane 65 / 37 0.58 : 0.45 0.92 / 0.74 1.58/1.51 1.9/1.6
Amino zirconate 92 / 86 0.39 : 0.34 1.31 / 1.23 1.92/1.80 1.9/1.7
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FIGURE 4 » The control on the left shows the E-glass 
(silane sized) fiberglass windings projecting through 
the anhydride-cured epoxy wall, while the Ken-React® 
NZ® 97-containing sample on the right, having the same 
type and degree of fiberglass reinforcement, shows no 
apparent fiberglass presence due to the almost complete 
interfacial adhesion of the epoxy to the fiberglass. 
Copyright Kenrich Petrochemicals, Inc.

FIGURE 5 »  ETFE with fibers (E-Glass) not treated with 
coupling agent.

FIGURE 6 » ETFE with fibers treated with NZ 44.



Why Titanates and Zirconates May Be Better Adhesion Promoters Than Silanes

catalytic functionality works in unfilled polymers3 and 
changes the morphology of the polymer at the nano-
interface of a filled polymer, resulting in polymers with 
slightly higher tensile strength (F/A) and significantly 
higher elongation (e/l), which produces a tougher 
(defined as the Area under the Plot of Stress vs. Strain) 
polymer, resulting in coatings with higher reverse 
impact strength and greater mandrel f lexibility. 

 Figure 7 shows the use of a neoalkoxy titanate:zirconate 
1:2 quat blend (QB® 012) having a Function 3 
nanohetero atom pyrophosphato group improves the 
mandrel flexibility of an unfilled WB acrylic (Joncryl® 
RC 537) coating from 1 inch to ¼ inch and improves cor-
rosion resistance at the bend. Realizing that the amine 
used to quaternize the otherwise water-insoluble Ti/Zr 
blend might be causing a degree of hydrophilicity, it was 
decided to cosolvate the neat neoalkoxy pyrophosphate 
zirconate (NZ® 38) with Texanol®, resulting in improved 
anticorrosion performance at the scribe. 

1.5-Nanometer Ti/Zr Nanotechnology
Sometimes the meaning of “nano” gets lost in numerical 
definitions, such as “one nanometer equals 1E-09 meters” 
or “one-billionth of a meter”. In organic carbon terms, 
one nanometer is the length of 10 carbon atoms. Most 
subject hetero-atom titanates and zirconates invented by 
the author are about 15 carbons in length – hence, 1.5 
nanometers. I like to use a more visual description for the 
length of a nanometer by saying, “Look at your thumb-
nail. The length it grows in 1 second is a nanometer.”

 This thumbnail visualization should register in your mind 
that you can’t see the growth or movement of 1 nanometer. 
When things on the nanometer scale such as a virus (30-50 
nm), DNA (2.5 nm), CNT (~1 nm in diameter) are this small, 
you can’t see them with your eyes. A light microscope and 
analytical SPM (scanning probe microscopy) methodologies 

such as STM (scanning tunneling microscopy) and AFM 
(atomic force microscopy) are used. AFM techniques include 
contact AFM, noncontact AFM, dynamic contact AFM, 
tapping AFM and AFM-IR. The first commercially avail-
able atomic-force microscope was introduced in 1989. The 
AFM is one of the foremost tools for imaging, measuring and 
manipulating matter at the nanoscale. 

 The first commercial instrument for SEM photos was 
by Cambridge Scientific Instrument Company as the “Ste-
reoscan” in 1965. Conventional SEM requires samples to be 
imaged under vacuum. Processes involving phase transi-
tions, such as the drying of adhesives or melting of alloys, 
liquid transport, chemical reactions, and solid-air-gas sys-
tems in general cannot be observed. In fact, a SEM can only 
show the effect and not the actual “coupling agent” itself. 
So again (repetitio est mater studiorum), we must rethink 
“complete coupling” if we are to achieve optimal perfor-
mance of materials used in composites and coatings.

Summary
Subject titanates and zirconates may be better adhesion 
promoters than silanes because their Six Function chem-
istry works differently:
• No hydroxyl (OH-) groups or H2O needed as 

with silanes.
• No pH sensitivity − special pretreatment conditions 

needed – add directly to the organic or water phase.
• Proton (H+) reactive with organic/inorganic sub-

strates of all types.
• Add directly into mix for in situ coupling and polymer 

catalysis for repolymerization and copolymerization 
compatibilizing dissimilar polymers.4

• Form 1.5-nanometer atomic monolayers for com-
plete adhesion.

• Resist aging and provide nanophosphorus anticorro-
sion at the nano-interface. n

References
1 Int. SAMPE Tech. Conf. (1988), 20(Mater.-Processes:  Inter-

cept Point), 423-37 CODEN:  ISTCEF; ISSN: 0892-2624: 
Enhanced Bonding of Fiber Reinforcements to Thermoset 
Resins, General Dynamics / Kenrich Petrochemicals, Inc.

2 Kraus, R.; Payer, A.; Wilke, W. Acoustic emission analysis 
and small-angle X- ray scattering from microcracks dur-
ing deformation of ETFE composites. Journal of Materials 
Science 28 (1993) 4047-4052, Abteilung Experimentelle 
Physik, Universitit Ulm, Albert- Einstein-Allee 11, 7900 
Ulm, Germany.

3 U.S. Patent 4,657,988, Repolymerization.
4 PIA Global Plastic Summit 2015, Chicago, IL, Oct. 28, 2015: 

New Titanium-Mixed Metal Catalyst for Multi-Polymer Com-
patibilization and Post Consumer Recycle (PCR), S.J. Monte. 

For more information, visit www.4kenrich.com.

Additional Reading Material
1. http://www.gelest.com/wp-content/uploads/Goods-PDF-brochures-
couplingagents.pdf 
2. http://www.compositesworld.com/articles/sizing-up-fiber-sizings 
3. http://www.compositesworld.com/articles/advances-in-sizings-and-
surface-treatments-for-carbon-fibers 

NO ADDITIVE – CONTROL
1” Mandrel bend causes
complete delamination,
severe discoloration and

little corrosion
@ the scribe

QB 012 – LICA 38J:NZ 38J – 1:2
1/4” Mandrel bend causes

no delamination,
no discoloration and

mild corrosion
@ the scribe

NZ 38:Ester Alcohol – 1:9
1/4” Mandrel bend causes

no delamination,
no discoloration and

little corrosion
@ the scribe

No Additive QB 012 Quat NZ 38 Cosolvated

Clear water-based acrylic (Joncryl RC 537) containing QB 012 applied
to Q Panels and baked 10 minutes @ 65ºC, conditioned in air for 

1 hour and then immersed 8 hours in 5% NaCl  Solution @ 3.27 pH 

FIGURE 7 »  1-inch to ¼-inch mandrel flexibility and anticorrosion using 
a neoalkoxy pyrophosphato zirconate in an unfilled WB acrylic. Copyright 
Kenrich Petrochemicals, Inc.




