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2000 

A non-aqueous, non-flammable Group IVB metal alkoxide 
crosslinker composition includes a non-aqueous, non-flam 
mable Group IVB metal alkoxide, wherein the metal is 
chemically bonded to a glycol containing 4 or more carbons, 
to analkoxy group containing 6 or more carbons, or a mixture 
of both. A fracturing fluid employed in the hydraulic fractur 
ing of subterranean formations is formulated through mixture 
of the non-aqueous, non-flammable Group IVB metal alkox 
ide crosslinker composition with a polymer Solution. 
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NON-FLAMMABLE, NON-AQUEOUS GROUP 
IVB METALALKOXDE CROSSLINKERS 
AND FRACTURING FLUID COMPOSITIONS 

NCORPORATING SAME 

TECHNICAL FIELD 

0001. The present invention relates to titanium, zirco 
nium, and hafnium (here defined as Group IVB) metal alkox 
ide complexes useful as crosslinkers. More specifically, the 
present invention relates to Group IVB metal alkoxide 
crosslinkers for water-based hydraulic fracturing fluids incor 
porating water soluble polymers. More specifically, Group 
IVB metal alkoxide crosslinkers are provided that are non 
aqueous and non-flammable. 

BACKGROUND ART 

0002 Hydraulic fracturing of subterranean formations 
(hereinafter referred to simply as “fracturing) often incor 
porates the use of Viscous solutions of water-soluble poly 
mers. These water-soluble polymer solutions are used to 
translate hydraulic force to the subterranean formation in 
order to initiate a fracture in a Subterranean formation, propa 
gate the fracture, and to facilitate the transport and distribu 
tion of particulate proppants within the fracture to Sustain a 
highly conductive pathway with which to produce oil and gas. 
Water-soluble polymers historically employed in hydrauli 
cally fracturing Subterranean formations are guarand deriva 
tized guars, derivatized celluloses, and polyacrylamides. Ele 
ments (hereinafter referred to as “metals') historically used to 
crosslink the heretofore mentioned water-soluble polymers 
have been water-soluble forms of aluminum, antimony, 
boron, chromium, titanium, and Zirconium. The crosslinking 
metals most commonly used today are boron and Zirconium 
as crosslinkers for guar, hydroxypropyl guar, carboxymethyl 
guar, and carboxymethyl hydroxypropyl guar. 
0003. Of the Group IVB metals, titanium has been used to 
form crosslinked hydraulic fracturing fluids since about the 
mid-1970's and zirconium has been used in these same appli 
cations since about the early 1980's. Hafnium has been evalu 
ated for use as a crosslinker infracturing applications, but has 
yet to find a commercial following. 
0004 Generally speaking, Group IVB metal crosslinkers 
manufactured for use in fracturing applications have been 
either alcohol-based alkoxides or aqueous-based carboxy 
lates. While a number of such crosslinkers have been used 
"as-is.” meaning 'as-supplied by the manufacturer of the 
crosslinker, both alcohol-based alkoxide and aqueous-based 
carboxylate Group IVB metal crosslinkers have also been 
blended with alkanolamines, alkylamines, beta-diketones, 
polyols, carboxylic acids and carboxylic acid salts for Subse 
quent use in fracturing applications. The addition of Such 
blended additives is used to control the rate of crosslinking, 
the temperature at which crosslinking begins, and/or the rheo 
logical stability of the crosslinked fracturing fluid during the 
well treatment. Low molecular weight alcohols (i.e., metha 
nol, isopropanol, n-propanol, etc.) have been blended with 
both alcohol-based alkoxide and aqueous-based carboxylate 
Group IVB metal crosslinkers as diluents and to lower the 
freeze point of the crosslinker. 
0005 Of the zirconium alcohol-based crosslinkers, prob 
ably the earliest and most widely used product is n-propyl 
Zirconate, an alkoxide hereinafter referred to as “NPZ.” Wil 
liams (U.S. Pat. No. 4,534,870) describes crosslinker com 
positions for well treatment applications incorporating NPZ 
and n-butyl zirconate (NBZ). Williams teaches the use of 
NPZ and NBZalkoxides with triethanolamine and n-propyl 
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and n-butyl alcohol, respectively, to form crosslinker compo 
sitions. The Williams’ crosslinkers are flammable by virtue of 
the alcohol present in the NPZ/NBZ alkoxides as manufac 
tured, and by the additional alcohol added to render the 
crosslinker composition Suitable for use in well-treatment 
applications. 
0006. Subsequent improvements to the Williams 
crosslinker (for instance, U.S. Pat. No. 4,686,052, U.S. Pat. 
No. 4,683,068, and U.S. Pat. No. 4,693,254) include compo 
sitions with different ratios of triethanolamine to Zirconium, 
and to the addition of water. These changes in the crosslinker 
composition as used in fracturing applications relate only to 
improvements in crosslinked fluid performance. They do not 
alter the flammable nature of the crosslinker, or vary their 
characterization of unused or contaminated portions as a haz 
ardous waste because of the inherent presence of the alcohols. 
Alcohol-based Group IVB metal alkoxide crosslinkers are 
inherently less stable than their aqueous-based counterparts. 
Improved stability in the aqueous-based Group IVB metal 
carboxylate crosslinkers is believed to be due, in part, to the 
presence of the carboxylic acid(s) which serve to chelate the 
metal, whereas the absence of such stabilizing ligands in the 
alcohol-based Group IVB metal alkoxides make them 
extremely Susceptible to oxo-bonding and Subsequent pre 
cipitation in the presence of water or hydroxides. Precipita 
tion of the metal renders the crosslinker unusable, hence the 
greater ease by which a hazardous waste might be generated 
from an alcohol-based Group IVB metal alkoxide complex 
than from the aqueous-based Group IVB metal carboxylic 
acid chelate. 
0007 Aqueous-based zirconium crosslinkers (for 
instance, U.S. Pat. No. 5,182,408, U.S. Pat. No. 5,466,846, 
and U.S. Pat. No. 5,798.320) provide for non-flammable and 
Subsequently more environmentally-friendly crosslinkers for 
fracturing applications. Most of the aqueous-based Zirconium 
carboxylate crosslinkers finding commercial application 
were alpha-hydroxycarboxylic acid derivatives of zirconium 
carbonates or Zirconium sulfates. Many of the crosslinkers 
used in fracturing oil and gas wells were blends of Zirconium 
carboxylates with alkanolamines, alkylamines, beta-dike 
tones and/or polyols for the very same reasons these com 
pounds were added to the alcohol-based crosslinkers. These 
crosslinkers were also diluted with water, glycols, and/or 
alcohols to improve field use and, in the case of the glycols 
and alcohols, to lower the freeze point of the crosslinker for 
use in Sub-Zero operating conditions. Aqueous-based Zirco 
nium crosslinkers have been used in polymer Solutions made 
with both fresh-water and sea-water. They have been found 
Suitable as crosslinking agents for guar, derivatized guar, 
derivatized cellulosics, and polyacrylamides. They have been 
used in wells with bottom-hole temperatures as low as about 
85 F. and as high as about 450° F. These aqueous-based 
Zirconium crosslinkers have been used across a very-wide pH 
range including, among others; use in concentrated hydro 
chloric acid solutions, use in carbon-dioxide foams, and use 
in fracturing fluids to pH 12+. Aqueous-based Zirconium 
crosslinkers comprise a significant percentage of all Zirco 
nium crosslinkers employed in fracturing applications. Nev 
ertheless, there is a significant quantity of alcohol-based Zir 
conium alkoxide crosslinkers still finding use where the 
rheological performance obtained with alcohol-based Group 
IVB metal alkoxide crosslinkers is preferred. As such, there is 
a recognized need for Group IVB metal alkoxide crosslinkers 
that are non-aqueous and yet non-flammable for those frac 
turing applications where the rheological performance 
obtained with alcohol-based Group IVB metal alkoxide 
crosslinkers is preferred. Further, there is a desire for such 
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crosslinkers to be of Such a nature that unused portions 
thereof (orportions otherwise rendered unusable) do not con 
tribute to the volume of hazardous wastes. 

SUMMARY OF THE INVENTION 

0008. The performance differences in fracturing fluids 
crosslinked by alcohol-based Group IVB metal alkoxides 
versus aqueous-based Group IVB metal carboxylic acid che 
lates is not well understood. Insomuch as there remains sig 
nificant commercial use for Group IVB metal alkoxides, there 
is an abiding need for Group IVB metal alkoxides that are 
non-aqueous and yet non-flammable. For purposes of this 
discussion, flammable is defined hereinas having a flashpoint 
lower than 140°F. Non-flammable is defined herein as not 
flammable; that is, as having a flashpoint of 140°F. or greater. 
0009. In accordance with the present invention, substan 

tially non-flammable, non-aqueous Group IVB metal alkox 
ide crosslinkers Suitable for use in well fracturing applica 
tions are provided. In one embodiment of the invention, the 
non-aqueous Group IVB metal alkoxide has a flashpoint 
greater than about 140°F. In a preferred embodiment of the 
invention, the non-aqueous Group IVB metal alkoxide has a 
flashpoint greater than about 200°F. In another preferred 
embodiment of the invention, the non-aqueous Group IVB 
metal alkoxide is Suitable for use in crosslinker compositions 
that, Surprisingly in light of the differences in chemistry 
between Williams (U.S. Pat. No. 4,534,870) and that taught 
herein, provides a rheological performance at least equal to 
that attained by Williams' zirconium alkoxides without the 
attending flammability hazards associated with the Williams’ 
crosslinkers. The inventive non-aqueous Group IVB metal 
alkoxide crosslinkers are Suitable for crosslinking guar and 
derivatized guar polymer Solutions where such polymer Solu 
tions may be used to induce hydraulic fractures of subterra 
nean formations to enhance the production of oil and gas. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0010 FIG. 1 is a graph illustrating the rheological perfor 
mance of CMHPG crosslinked with WXL-1 (Example III). 
0011 FIG. 2 is a graph comparing the rheological perfor 
mance of CMHPG crosslinked with WXL-1 to CMHPG 
crosslinked with inventive crosslinker Sample 1 (Example 
V). 
0012 FIG. 3 is a graph comparing the rheological perfor 
mance of CMHPG crosslinked with WXL-1 to CMHPG 
crosslinked with inventive crosslinker Sample 2 (Example 
VI). 
0013 FIG. 4 is a graph comparing the rheological perfor 
mance of CMHPG crosslinked with WXL-1 to CMHPG 
crosslinked with inventive crosslinker Sample 5 (Example 
VII). 
0014 FIG. 5 is a graph illustrating the rheological perfor 
mance of CMG crosslinked with inventive crosslinker 
Sample 1 (Example X). 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

00.15 Group IVB metal alkoxides currently found in com 
mercial application as crosslinkers in hydraulic fracturing 
fluids are prepared by reacting a Group IVB metal tetrachlo 
ride (MC1) with an alcohol (ROH) in the presence of a 
hydrogen chloride acceptor, such as ammonia (NH). See 
equation 1. 
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0016 To manufacture the NPZ of the Williams' 870 
patent, Zirconium tetrachloride is reacted with n-propanol in 
the presence of ammonia to yield tetra-n-propyl Zirconate and 
4 mols of ammonium chloride. To assure a complete reaction 
of the metal tetrachloride, an excess of n-propanol is present. 
The alcohol is carried over to the end product NPZ. The 
ammonium chloride is removed by precipitation with a sol 
vent, e.g., hexane, followed by separation by filtration or 
centrifugation and Subsequent removal of the solvent. The 
zirconium concentration of the final NPZ commercial prod 
uct is “fixed' by diluting the reaction product with the same 
alcohol used in the reaction; in this case, n-propanol to give a 
product that remains liquid at normal temperatures. 
0017. Often, the Group IVB metal alkoxide M(OR), is 
reacted with a chelating ligand Such as an alkanolamine or a 
beta-diketone. Since the by-product alcohol of equation 1 is 
left in the final product, the final product remains flammable. 
See equation 2. 

0018 Metal carboxylates can be prepared by reacting the 
Group IVB metal alkoxide with a functionalized carboxylic 
acid. Lactic acid is the most common carboxylic acid 
employed, but other carboxylic acids. Such as glycolic acid, 
citric acid, and tartaric acid have also been used. The residual 
alcohol can be removed by distillation and ammonium, 
Sodium, and/or potassium hydroxide solution added to form a 
Substantially alcohol-free aqueous Solution of ammonium 
Zirconium lactate, Sodium Zirconium lactate, or potassium 
Zirconium lactate, respectively. Alkanolamines, such as 
diethanolamine or triethanolamine can be used in lieu of the 
hydroxides mentioned above to form diethanolamine Zirco 
nium lactate and triethanolamine Zirconium lactate, respec 
tively. Insomuch as these metal carboxylates are substantially 
free of alcohol, they are non-flammable and are stable in 
aqueous Solution. However, they are no longer metal alkox 
ides, but are now metal carboxylates, defined here as a chemi 
cal class distinct from their metal alkoxide precursors by 
virtue of their carboxylic acid ligand and their stability in 
Water. 

0019. As stated earlier, the alcohol in the metal alkoxide 
reaction product can be removed by distillation and certainly 
so in a process that results in an aqueous-based metal car 
boxylate. The obvious and, in all likelihood, most economical 
route to a non-flammable (non-carboxylate) metal alkoxide 
would be to react the metal tetrachloride with higher molecu 
lar weight (non-flammable) alcohols. However, efforts at 
replacing the propyl-(C3) and butyl-(C4) alcohols used so 
successfully by Williams (U.S. Pat. No. 4,534,870) by react 
ing the Group IVB metal tetrachloride with a less-flammable 
alcohol were unsuccessful with alcohols having molecular 
weights greater than about 75 (i.e., those alcohols having 
more than about 4 carbons; >C4). Although the higher 
molecular weight alcohols (>C4) are characterized by having 
higher flashpoints (See Table 1), the higher molecular weight 
alcohols (>C4) are less-reactive with the metal tetrachlorides 
and result in a far-less efficient reaction. Efforts to produce a 
commercial product by mere substitution of the propyl- or 
butyl-alcohols by using less flammable, higher molecular 
weight alcohols (>C4) failed. To produce Group IVB metal 
alkoxide crosslinkers with flashpoints greater than about 140° 
F., a method different from that used to manufacture NPZ and 
NBZ is required. Whether the differences in manufacturing 
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processes or in the chemistry of the non-flammable substitu 
ent alcohols would result in performance differences in the 
use of non-flammable alkoxides in the manner of the Will 
iams 870 teaching could not be anticipated. 

TABLE 1. 

Selected Alcohol Molecular Weights Flashpoints 

No. of 
Alcohol Carbons MW Flashpoint 

Methanol 1 32.04 54°F. 
Ethanol 2 46.07 55o F. 
n-Propanol 3 60.10 77o F. 
Isopropanol 3 60.10 539 F. 
n-Butanol 4 74.12 95° F. 
Isobutanol 4 74.12 100°F. 
sec-Butanol 4 74.12 75o F. 
tert-Butanol 4 74.12 520 F. 
1-Pentanol 5 88.15 123 F. 
Isopentanol 5 88.15 109F. 
1-Hexanol 6 102.18 149°F. 
Benzyl alcohol 7 108.14 220 F. 
2-Ethyl Hexanol 8 130.23 1789 F. 

0020 Researchers in the field have discovered that metal 
alkoxides where the alkyl groups contain from 1 to about 4 
carbons as well as the corresponding residual alcohols can be 
distilled in the presence of higher molecular weight (and less 
flammable) alcohols or glycols (Table 2) to generate a non 
flammable metal alkoxide. As crosslinkers for aqueous based 
hydraulic fracturing fluids, it was expected that these higher 
flash point Group IVB metal alkoxides would perform more 
like the higher molecular weight aqueous based Group IVB 
metal carboxylate crosslinkers than to the low molecular 
weight (to C4 alcohol) Group IVB metal alkoxides of the 
Williams (U.S. Pat. No. 4,534,870) patent. Due to the higher 
molecular weight (in the case of the alcohol alternative) or to 
the dihydric nature of the “alcohol (in the case of the glycol 
alternative), it was expected that these “alternate C5+ higher 
molecular weight alcohol Group IVB metal alkoxides and the 
glycol Group IVB metal alkoxides would, at the most, per 
form more like their non-flammable high molecular weight 
aqueous-based counterparts, or at the very least, retain some 
of the deficiencies inherent in the manufacture of such prod 
ucts by the method used in the manufacture of NPZand NBZ, 
in light of the disappointing discovery that the C5+ alcohols 
could not be directly substituted for the propyl- and butyl 
alcohols used in the manufacture of the NPZ/NBZ employed 
by Williams. 
0021. It is a surprising discovery of this invention that 
Zirconium crosslinkers formulated with Zirconium to alkano 
lamine ratios in a manner Suggested by Williams are stable, 
and useful as crosslinkers for polymer Solutions useful to the 
hydraulic fracturing of Subterranean formations. It is a par 
ticularly Surprising discovery of this invention that stable 
Zirconium crosslinkers formulated with metal to triethanola 
mine ratios in the manner taught by Williams provide for a 
rheological performance result at least comparable to the 
alcohol-based flammable crosslinkers of the Williams' patent 
when evaluated under identical conditions. It is a further 
discovery of this invention that Substantially non-aqueous 
and non-flammable titanium alkoxide crosslinkers were also 
found to provide for rheologically suitable fracturing fluids. 
Thus, the primary benefit attendant with the Group IVB metal 
alkoxide crosslinkers of the instant invention is that they are 
not only less-flammable and environmentally more accept 
able to the various transportation and environmental regula 
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tory agencies than the Williams' alcohol-based zirconium 
crosslinkers, but with the attendant discovery of suitable non 
flammable titanium alkoxide crosslinkers, more environmen 
tally acceptable choices are available to workers in the field of 
formulating fluids for hydraulic fracturing treatments. 

TABLE 2 

Selected Glycol Molecular Weights/Flashpoints 

No. of 
Glycol Carbons MW Flashpoint 

Ethylene Glycol 2 62.O7 240°F. 
1.2 Propylene Glycol 3 76.10 210°F. 
1.3 Butylene Glycol 4 90.12 250 F. 
Diethylene Glycol 4 106.12 25.5o F. 

0022. The less-flammable and environmentally more 
acceptable products used to prepare the inventive crosslinkers 
disclosed herein are available from Johnson Matthey Cata 
lysts, Cleveland, England and include a C6 alcohol Zirconium 
alkoxide (VertecTMXL985) tetrakis(2-ethylhexyl) zirconate, 
a C4 glycol zirconium alkoxide (VertecTM XL980) ethanol, 
2,2'-oxybis-, Zirconium (4+ salt) (4:1) in 2 moles diethylene 
glycol, a C6 alcohol titanium alkoxide (VertecTM XL 121) 
tetrakis(2-ethylhexyl) titanate, and a C4 glycol titanium 
alkoxide (VertecTM XL990) ethanol, 2,2'-oxybis-, titanium 
(4+ salt) (4:1) in 2 moles diethylene glycol. 
0023 Notall attempts to manufacture suitable Group IVB 
metal alkoxides with less-flammable and more environmen 
tally acceptable glycols succeeded. Attempts to manufacture 
suitable Group IVB metal alkoxides from C2 and C3 glycols 
failed. Likewise, attempts to manufacture a suitable 1.3 buty 
lene glycol Group IVB metal alkoxide failed. Combining the 
observations on the glycols with those of the alcohols neces 
sarily having 6 or more carbons to be characterized by having 
flashpoints greater than about 140°F. leaves the inventors to 
conclude that only Group IVB metal alkoxides of the instant 
invention where the glycol or the alcohol has a molecular 
weight greater than about 100 are suitable to the purposes of 
this invention. 

0024. The following examples will illustrate how stable, 
non-aqueous, non-flammable crosslinkers are made from 
these products, as well as the method by which they are 
evaluated. The examples will show the performance of these 
crosslinkers to be at least comparable to the flammable alco 
hol based crosslinkers taught by Williams. Table 3 lists the 
flash points of a crosslinker sample (hereinafter WXL-1) 
made per the Williams (U.S. Pat. No. 4,534,870) patent as 
well as the inventive crosslinker samples employing the Vari 
ous Johnson Matthey Catalyst VertecTMalkoxides mentioned 
above and the formulations for which are described in the 
examples. 

TABLE 3 

Group IVB Metal Crosslinker Flashpoints 

Alkoxide 
Crosslinker Component Flashpoint 

WXL-1 NPZ 77o F. 
Sample 1 Vertec TMXL 980 >2OOF. 
Sample 2 Vertec TMXL 985 >2OOF. 
Sample 3 Vertec TMXL 990 >2OOF. 
Sample 4 Vertec TMXL 121 >2OOF. 
Sample 5 Vertec TMXL 980,985 >2OOF. 
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0025. The Group IVB metal crosslinkers of the instant 
invention can be used in the same fashion as the crosslinkers 
of the Williams (U.S. Pat. No. 4,534,870) patent to enhance 
the Viscosity and thereby the rheological performance of guar 
and derivatized guar polymer Solutions. Derivatized guars 
Suitable to the purposes of this application include hydroxy 
alkyl guars, carboxyalkyl guars, and carboxyalkyl hydroxy 
alkyl guars. More specifically, Suitable derivatized guars 
include hydroxypropyl guar (HPG), carboxymethyl guar 
(CMG), and carboxymethyl hydroxypropyl guar (CMHPG). 
The use of these polymers to the purposes of formulating 
fluids to facilitate the hydraulic fracturing treatments of sub 
terranean hydrocarbon formations is well-known to one of 
ordinary skill in the art. 

Example I 

Preparation of a CMHPG Polymer Solution 

0026. A polymer solution was prepared by adding to tap 
water a 50% solution of tetramethylammonium chloride, 
TMAC, (2 gallons per 1000 gallons equivalent), anhydrous 
sodium thiosulfate (5 pounds/1000 gallons equivalent), and a 
commercially available carboxymethyl hydroxypropyl guar 
(CMHPG) polymer (40 pounds per 1000 gallons equivalent). 
The pH was adjusted to 6.5-7.0 using dilute acetic acid, and 
the polymer was allowed to hydrate for 30 minutes. The pH of 
the polymer solution was then raised to about 10.0 using a 
solution of potassium carbonate and potassium hydroxide. 
The viscosity of the CMHPG polymer solution thus prepared 
was 36 centipoises as measured on a Fann Model 35 at 300 
rpm at room temperature. 

Example II 

Preparation of WXL-1 Zirconium Alkoxide 
Crosslinker 

0027. An alcohol based crosslinker, hereafter referred to 
as WXL-1, was prepared according to the Williams patent 
(U.S. Pat. No. 4,534,870) by combining 19.18 grams in-pro 
pyl alcohol (NPA) with 58.88 grams triethanolamine (TEA, 
99%) and mixing for several minutes. To the alcohol/TEA 
solution, 20.90 grams of n-propyl zirconate (NPZ) was added 
and the mixture stirred for approximately 30 minutes. Finally, 
0.94 grams distilled water was added, resulting in a clear 
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crosslinker Solution with a Zirconium (as ZrO2) content of 
about 5.8% by weight of the total weight of the crosslinker. 

Example III 
Rheological Evaluation of a CMHPG Solution 

Crosslinked with WXL-1 

0028. The crosslinking performance of WXL-1 was evalu 
ated by adding 0.75 milliliters WXL-1 (Example II) to 500 
milliliters of the CMHPG polymer solution prepared in 
Example I and mixing for approximately 30 seconds, giving 
the polymer-crosslinker mixture a Zirconium content (as Zr) 
of about 65 parts per million (ppm). Fifty (50) milliliters of 
this fluid was then placed in an OFITE Model 50 cup and 
attached to an OFITE Model 50 rheometer. The fluid was 
sheared at 100 reciprocal seconds (sec') with a B5 bob while 
the temperature was increased to 250° F. Rheological and 
fluid viscosity profile (FVP) data are presented in Table 4 and 
FIG. 1, respectively. The units of Kare dynes/centimeter. 
Viscosities are reported in the Table as centipoises at 40, 100, 
and 170 reciprocal seconds (1/S), respectively at times about 
0.5, 1.0, and 2.0 hours. Viscosities are reported in FIG. 1 as 
centipoises at 100 sec' (1/S). 

TABLE 4 

WXL-1 - CMHPG 

Time n K cp (a) 40 1/S cp (a) 100 1/S cp (a) 170 1/S 

O:33:09 0.82 28.33 1440.34 1217.54 1104.64 
1:03:09 O.80 29.72 1441.53 1204.39 1085.34 
2:04:33 0.77 34.56 1485.29 1204.24 1066.49 

Example IV 
Preparation of the Inventive Non-Aqueous, Non 
Flammable Group IVB Alkoxide Crosslinkers with 

Triethanolamine 

0029. A glass beaker was charged with 35 grams trietha 
nolamine (TEA, 99%) and 11.9 grams ethylene glycol and 
mixed until homogeneous. Twenty grams of Zirconium 
alkoxide VertecTM XL985 from Johnson Matthey Catalysts 
was then added slowly and mixed for 1 hour. Designated as 
Crosslinker Sample 1, this crosslinker has a Zirconium con 
tent (as ZrO) of 6.07% by weight of the total weight of the 
crosslinker. Using this procedure, four more crosslinker 
samples, designated as Crosslinker Samples 2 through 5. 
respectively, were made, the formulations for which are sum 
marized in Table 5. 

TABLE 5 

Non-aqueous, non-flammable Group IVB alkoxide crosslinker formulations 

Component (g) 

Vertec TMXL98O 

Vertec TMXL985 

Vertec TMXL990 

Vertec TMXL121 

Triethanolamine 

Ethylene Glycol 
Percent Metal 

Metal:TEA 

Zr Sample 1 Zr Sample 2 Ti Sample 3 Ti Sample 4 Zr Sample 5 

2O 10 

2O 10 

30 

2O 

40 35 30 24.7 35 

11.9 8.2 10.79 

5.67%ZrO, 6.07%ZrO, 5.90% TiO, 5.30% TiO, 5.67% ZrO, 
1:9.7 1:7.1 1:45 1:47 1:7.7 
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Example V 

Rheological Evaluation of CMHPG Solution 
Crosslinked with Inventive Crosslinker Sample 1 

0030 Crosslinker sample 1 was tested in a manner iden 
tical to that described in Example III, using an equivalent of 
65 ppm zirconium. Rheological and fluid viscosity profile 
(FVP) data are presented in Table 6 and FIG. 2, respectively. 

TABLE 6 

Inventive Zr Crosslinker Sample 1 + CMHPG 

Time n K cp (a) 40 1/S cp (a) 100 1/S cp (a) 170 1/S 

O:31:17 O.S2 122.08 2O71.78 1333.54 1033.24 
O:59:16 O.SO 134.18 2O842O 1312.36 10O3.97 
2:03:41 0.45 134.82 1805.06 1095.42 820.28 

Example VI 

Rheological Evaluation of CMHPG Solution 
Crosslinked with Inventive Crosslinker Sample 2 

0031 Crosslinker sample 2 was tested in a manner iden 
tical to that described in Example III using 65 ppm zirconium. 
Rheological and fluid viscosity profile (FVP) data are pre 
sented in Table 7 and FIG. 3, respectively. 

TABLE 7 

Inventive Zr Crosslinker Sample 2 + CMHPG 

Time in K' cp (a) 40 1/S Cp (a) 100 1/S cp (a) 170 1/S 

O:31:SO 0.64 67.06 1784.30 1284.23 1061.53 
1:01:49 O.S7 93.7S 1885.25 1265.72 1004.93 
2:03:13 O.S3 96.98 1716.9S 1116.82 870.61 

Example VII 
Rheological Evaluation of CMHPG Solution 

Crosslinked with Inventive Crosslinker Sample 5 
0032 Crosslinker sample 5 was tested in a manner iden 

tical to that described in Example III using 65 ppm zirconium. 
Rheological and fluid viscosity profile (FVP) data are pre 
sented in Table 8 and FIG.4, respectively. 

TABLE 8 

Inventive Zr Crosslinker Sample S + CMHPG 

Time in K' cp (a) 40 1/S Cp (a) 100 1/S cp (a) 170 1/S 

O:33:31 O.7O 56.84 1854.10 1403.72 1194.80 
1:03:SS O.66 63.38 1826.77 1341.17 1121.42 
2:05:19 O.63 63.77 1611.70 1145.27 939.69 

Example VIII 

Rheological Evaluation of a CMHPG Solution 
Crosslinked with Inventive Crosslinker Sample 3 

0033 Titanium-crosslinked fluids were tested in a manner 
identical to that described in Example III. Crosslinker sample 
3 was evaluated using an amount equivalent to 40-50 ppm 
titanium. The results are shown in Table 9. 
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TABLE 9 

Inventive Ti Crosslinker Sample 3 + CMHPG 

Time n K cp (a) 40 1/S Cp (a) 100 1/S cp (a) 170 1/S 

O:30:54 0.54 90.53 1659.75 1089.02 853.22 
1:00:54 O.S1 86.42 1394.16 886.15 681.61 
2:02:18 0.49 72.58 1090.39 680.91 51841 

Example IX 
Rheological Evaluation of a CMHPG Solution 

Crosslinked with Sample 4 
0034 Sample 4 was evaluated in a manner identical to that 
described in Example III using 40-50 ppm titanium. This data 
is listed in Table 10. 

TABLE 10 

Inventive Ti Crosslinker Sample 4 + CMHPG 

Time n K cp (a) 40 1/S Cp (a) 100 1/S cp (a) 170 1/S 

O:30:58 O.S.S 95.49 1820.45 12O6.13 950.30 
1:00:57 O.S3 84.32 1485.02 964.71 751.47 
2:02:21 O.S2 66.76 1130.88 727.59 S63.60 

Example X 
Preparation of a CMG Polymer Solution 

0035. A polymer solution was prepared by adding to tap 
water a 50% solution of tetramethylammonium chloride 
(TMAC, 2 gallons per 1000 gallons equivalent), anhydrous 
sodium thiosulfate (5 pounds/1000 gallons equivalent), and a 
commercially available carboxymethylguar (CMG) polymer 
(30 pounds per 1000 gallons equivalent). The pH was 
adjusted to 6.5-7.0 using dilute acetic acid, and the polymer 
was allowed to hydrate for 30 minutes. The pH of the polymer 
solution was then raised to about 10.0 using a solution of 
potassium carbonate and potassium hydroxide. The Viscosity 
of the CMG polymer solution thus prepared was 25 centi 
poises as measured on a Fann Model 35 at 300 rpm at room 
temperature. 

Example XI 
Rheological Evaluation of a CMG Solution 

Crosslinked with Inventive Crosslinker Sample 1 
0036 Crosslinker sample 1 was tested with the carboxym 
ethyl guar (CMG) polymer solution (prepared in Example X) 
in a manner identical to that described in Example III using 65 
ppm zirconium. Rheological and fluid viscosity profile (FVP) 
data are presented in Table 11 and FIG. 5, respectively. 

TABLE 11 

Inventive Zr Crosslinker Sample 1 + CMG 

Time n K cp (a) 40 1/S cp (a) 100 1/S cp (a) 170 1/S 

O:32:SO 0.63 70.68 1836.78 131427 1082.68 
1:02:50 0.62 73.77 1789.11 1258.40 1026.41 
2:04:14 O.S9 77.44 1732.03 1194.OO 962.61 
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Example XII 

Rheological Evaluation of a CMG Solution 
Crosslinked with Inventive Crosslinker Sample 4 

0037 Crosslinker sample 4 was tested with the CMG 
polymer Solution prepared in Example X in a manner identi 
cal to that described in Example III using 50 ppm titanium. 
Rheological data is presented below: 

TABLE 12 

Inventive Ti Crosslinker Sample 4 + CMG 

Time n K cp (a) 40 1/S cp (a) 100 1/S cp (a) 170 1/S 

O:29:29 O.S1 86.75 14O7. SO 895.90 689.70 
O:59:28 O.SO 79.00 12S6. SO 795.90 610.90 
2:01:32 0.48 73.59 1070.70 663.30 5O2.70 

Example XIII 

Preparation of the Inventive Non-Aqueous, Non 
Flammable Group IVB Alkoxide Crosslinkers with 

Various Alkanolamines 

0038 A glass beaker was charged with 3.28 grams TEA 
and 30.0 grams XL990 and mixed until homogeneous. Des 
ignated as Crosslinker Sample 6, this crosslinker has a Zirco 
nium content (as ZrO) of 15.32% by weight of the total 
weight of the crosslinker, and a metal to alkanolamine molar 
ratio of 1:0.5. Using this procedure, four more crosslinker 
samples, designated as Crosslinker Samples 7 through 10, 
respectively, were made, the formulations for which are sum 
marized in Table 13. 

TABLE 13 

Non-aqueous, non-flammable Group IVB alkoxide 
crosslinker formulations with various alkanolamines 

Component Sample 6 Sample 7 Sample 8 

XL980 30 
XL990 30 30 

Triethanolamine, 99% 3.28 
Triisopropanolamine, 85% 1995 
Monomethylethanolamine, 31.09 
99% 

Diethanolamine, 85% 
Monoethanolamine, 99% 
Percent Metal 
Metal:Alkanolamine 

15.32% ZrO, 7.09% TiO, 
1:O.S 1:2 

8.35% ZrO. 
1:10 

Example XIV 

Rheological Evaluation of a Various Polymer Solu 
tions Crosslinked with Inventive Crosslinker 

Samples from Example XIII 

0039 Crosslinker sample 6 was tested in a manner iden 
tical to that described in Example III in a CMHPG fluid 
identical to that prepared in Example I, using an equivalent of 
60 ppm zirconium. Rheological data are presented in Table 
14. 

Nov. 26, 2009 

TABLE 1.4 

Inventive zirconium crosslinker sample 6 + CMHPG 

Time n K cp (a) 40 1/S cp (a) 100 1/S cp (a) 170 1/S 

O:37:04 O.S6 46.62 924.50 618. SO 490.10 

1:07:04 O.S7 44.80 903.30 606.90 482.OO 

2:07:04 0.54 46.66 867.20 570.90 448.20 

0040 Crosslinker sample 7 was tested in a manner iden 
tical to that described in Example III in a CMHPG fluid 
identical to that prepared in Example I, using an equivalent of 
60 ppm titanium. Rheological data are presented in Table 15. 

TABLE 1.5 

Inventive titanium crosslinker sample 7 + CMHPG 

Time n K cp (a) 40 1/S cp (a) 100 1/S cp (a) 170 1/S 

0:37:10 0.59 78.53 1748.30 1203.80 969.90 

1:07:10 O.S8 74.60 1596.50 1088.60 872.10 
2:07:10 O.S8 64.74 1398. SO 955.80 766.70 

0041 Crosslinker sample 8 was tested in a manner iden 
tical to that described in Example III in a CMHPG fluid 
identical to that prepared in Example I, using an equivalent of 
60 ppm titanium. Rheological data are presented in Table 16. 

Sample 9 Sample 10 

30 
30 

81.64 

SO.09 

3.17% TiO, 6.37%ZrO, 
1:15 1:20 

TABLE 16 

Inventive zirconium crosslinker sample 8 + CMHPG 

Time n K cp (a) 40 1/S cp (a) 100 1/S cp (a) 170 1/S 

O:37:21 O.26 6.67 43.40 22.OO 14.90 
1:07:21, 1.01 O.22 22.60 22.90 23.10 

1:37:21 O.85 0.43 24.00 20.90 19.20 
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0042 Crosslinker sample 9 was tested in a manner iden 
tical to that described in Example III in a CMHPG fluid 
identical to that prepared in Example I, using an equivalent of 
60 ppm titanium. Rheological data are presented in Table 17. 

TABLE 17 

Inventive titanium crosslinker sample 9 + CMHPG 

Time n K cp (a) 40 1/S cp (a) 100 1/S cp (a) 170 1/S 

O:35:SO 0.54 29.92 545.70 357.60 28O.OO 
1:05:SO O.S4. 24.74 45440 298.30 233.80 
2:05:SO O.S4. 19.59 352.60 230.30 179.90 

0043 Crosslinker sample 10 was tested in a manner iden 
tical to that described in Example III in a CMHPG fluid 
identical to that prepared in Example I, using an equivalent of 
60 ppm titanium. Rheological data are presented in Table 18. 

TABLE 18 

Inventive Zirconium crosslinker sample 10 + CMHPG 

Time n K cp (a) 40 1/S cp (a) 100 1/S cp (a) 170 1/S 

O:37:OS 0.45 40.48 S23.40 314.90 234.60 
1:07:0S 0.44 29.30 365.30 217.8O 161.50 
2:07:0S 0.49 15.14 231.30 145.10 110.70 

0044) The differences between alcohol-based Group IVB 
metal alkoxide crosslinker chemistry and aqueous-based 
Group IVB metal carboxylate crosslinker chemistry are not 
well understood. In spite of the stability and environmental 
improvements brought with the introduction of aqueous 
based Group IVB metal carboxylate crosslinkers, there 
remains a preference in many hydraulic fracturing applica 
tions for the more-reactive metal alkoxide chemistry. Mere 
Substitution of higher, non-flammable alcohols in the manu 
facture of Group IV-B metal alkoxide crosslinkers failed to 
provide useful crosslinker compositions. The development of 
methods distinct from those used to manufacture flammable, 
non-aqueous Group IVB metal alkoxides useful as crosslink 
ers for fracturing applications allowed for the manufacture of 
non-flammable, non-aqueous Group IVB metal alkoxides 
which were discovered to not only be useful as crosslinkers 
for fracturing applications, but which, Surprisingly, provided 
for a performance indistinguishable from their alkoxide pre 
decessors. 
0045 Although the present invention has been described 
in terms of the foregoing embodiment, such description has 
been for exemplary purposes only and, as will be apparent to 
those of ordinary skill in the art, many alternatives, equiva 
lents, and variations of varying degrees will fall within the 
Scope of the present invention. That scope, accordingly, is not 
to be limited in any respect by the foregoing description; 
rather, it is defined only by the claims that follow. 

1. A non-aqueous, non-flammable Group IVB metal alkox 
ide crosslinker composition comprising a non-aqueous, non 
flammable Group IVB metal alkoxide, wherein the metal is 
chemically bonded to a glycol containing 4 or more carbons, 
to analkoxy group containing 6 or more carbons, or a mixture 
of both. 

2. The non-aqueous, non-flammable Group IVB metal 
alkoxide crosslinker composition of claim 1 wherein the 
metal is titanium and the molecular weight of the titanium 
alkoxide is greater than about 450. 
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3. The non-aqueous, non-flammable Group IVB metal 
alkoxide crosslinker composition of claim 1 wherein the 
metal is Zirconium and the molecular weight of the Zirconium 
alkoxide is greater than about 500. 

4. The non-aqueous, non-flammable Group IVB metal 
alkoxide crosslinker composition of claim 1 wherein the 
metal is hafnium and the molecular weight of the hafnium 
alkoxide is greater than about 600. 

5. The non-aqueous, non-flammable Group IVB metal 
alkoxide crosslinker composition of claim 1 further compris 
ing an alkanolamine. 

6. The non-aqueous, non-flammable Group IVB metal 
alkoxide crosslinker composition of claim 5 wherein the 
alkanolamine is selected from the group comprising monoet 
hanolamine, diethanolamine, triethanolamine, diisopropano 
lamine, triisopropanolamine, and mixtures thereof. 

7. The non-aqueous, non-flammable Group IVB metal 
alkoxide crosslinker composition of claim 5 wherein the 
molar ratio of the metal to alkanolamine is from 1:0.5 to 1:20. 

8. The non-aqueous, non-flammable Group IVB metal 
alkoxide crosslinker composition of claim 1 wherein the 
crosslinker has a flashpoint greater than about 140°F. 

9. The non-aqueous, non-flammable Group IVB metal 
alkoxide crosslinker composition of claim 5 wherein the 
crosslinker has a flashpoint greater than about 140°F. 

10. A fracturing fluid, comprising: 
a non-aqueous, non-flammable Group IVB metal alkoxide 

crosslinker composition; and 
a crosslinkable polymer solution. 
11. The fracturing fluid of claim 10 wherein the polymer in 

the polymer Solution is a polysaccharide. 
12. The fracturing fluid of claim 11 wherein the polysac 

charide is selected from the group comprising guar, hydroxy 
alkyl guar, carboxyalkyl guar, carboxyalkyl hydroxyalkyl 
guar, or mixtures thereof. 

13. The fracturing fluid of claim 10 wherein the metal in the 
Group IVB metal alkoxide crosslinker composition is tita 
nium, Zirconium, hafnium, or mixtures thereof. 

14. The fracturing fluid of claim 10 wherein the Group IVB 
metal alkoxide crosslinker composition is represented by the 
form M(OR), where R is a glycol radical containing 4 or 
more carbons and described as —C-C(-O-C-C ) 
OH, where n=1, 2, 3 or more. 
15. The fracturing fluid of claim 14 wherein the glycol 

radical is a glycol radical of diethylene glycol. 
16. The fracturing fluid of claim 14 wherein the Group IVB 

metal alkoxide crosslinker composition is represented by the 
form M(OR), where R is an alkyl radical containing 6 or 
more carbons. 

17. The fracturing fluid of claim 16 wherein the alkyl 
radical is an alkyl radical of 2-ethylhexanol. 

18. The fracturing fluid of claim 10 wherein the Group IVB 
metal alkoxide crosslinker composition is represented by the 
form M(OR), where R is a glycol radical, an alkyl radical, or 
mixtures thereof, where M is titanium, and where the molecu 
lar weight of the metal alkoxide is greater than about 450. 

19. The fracturing fluid of claim 10 wherein the Group IVB 
metal alkoxide crosslinker composition is represented by the 
form M(OR), where R is a glycol radical, an alkyl radical, or 
mixtures thereof, where M is zirconium, and where the 
molecular weight of the metal alkoxide is greater than about 
500. 

20. The fracturing fluid of claim 10 wherein the Group IVB 
metal alkoxide crosslinker composition is represented by the 
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form M(OR), where R is a glycol radical, an alkyl radical, or 
mixtures thereof, where Mishafnium, and where the molecu 
lar weight of the metal alkoxide is greater than about 600. 

21. The fracturing fluid of claim 10 wherein the polymer 
Solution comprises: 

water, and 
polymer from about 0.1% by weight to about 2% by weight 

of the total weight in water. 
22. The fracturing fluid of claim 21 wherein the water is 

freshwater or saltwater or mixtures thereof. 
23. The fracturing fluid of claim 10 wherein the Group IVB 

metal alkoxide crosslinker composition has a flashpoint 
greater than about 140°F. 

24. The fracturing fluid of claim 10 wherein the Group IVB 
metal alkoxide crosslinker composition has a flashpoint 
greater than about 200°F. 

25. The fracturing fluid of claim 10 wherein the Group IVB 
metal alkoxide crosslinker composition comprises an alkano 
lamine. 

26. The fracturing fluid of claim 25 wherein the alkanola 
mine is selected from the group comprising monoethanola 
mine, diethanolamine, triethanolamine, diisopropanolamine, 
triisopropanolamine, and mixtures thereof. 

27. The fracturing fluid of claim 12 wherein the hydroxy 
alkyl guar is hydroxypropyl guar. 

28. The fracturing fluid of claim 12 wherein the carboxy 
alkyl guar is carboxymethyl guar. 

29. The fracturing fluid of claim 12 wherein the carboxy 
alkyl hydroxyalkyl guar is carboxymethyl hydroxypropyl 
guar. 

30. The fracturing fluid of claim 10 wherein the metal in the 
Group IVB metal alkoxide crosslinker composition is chemi 
cally bonded to a glycol containing 4 or more carbons, to an 
alkyl group containing 6 or more carbons, or a mixture of 
both. 

31. The fracturing fluid of claim 10 wherein the polymer 
Solution comprises: 

water, and 
a polymer selected from the group comprising hydroxyl 

propyl guar, carboxymethyl guar, and carboxymethyl 
hydroxypropyl guar. 
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32. The fracturing fluid of claim 31 wherein the Group IVB 
metal alkoxide crosslinker composition comprises a non 
aqueous, non-flammable titanium alkoxide crosslinker. 

33. The fracturing fluid of claim 31 wherein the Group IVB 
metal alkoxide crosslinker composition comprises a non 
aqueous Zirconium alkoxide, a non-aqueous hafnium alkox 
ide, or mixtures thereof wherein the crosslinker composition 
has a flashpoint greater than about 140°F. 

34. The fracturing fluid of claim 31 wherein the Group IVB 
metal alkoxide crosslinker composition comprises a non 
aqueous Zirconium alkoxide, a non-aqueous hafnium alkox 
ide, or mixtures thereof wherein the crosslinker composition 
has a flashpoint greater than about 200°F. 

35. A method of hydraulically fracturing a subterranean 
formation, comprising: 

formulating a fracturing fluid, comprising: 
Water, 
a polysaccharide, and 
a non-aqueous, non-flammable crosslinker composition 

comprising a non-aqueous Group IVB metal alkox 
ide; and 

pumping the fracturing fluid into the Subterranean forma 
tion via tubing or casing to provide hydraulic force Suf 
ficient to initiate and propagate a fracture in the Subter 
ranean formation. 

36. A method of hydraulically fracturing a subterranean 
formation, comprising: 

formulating a fracturing fluid, comprising: 
Water, 
a polyacrylamide, and 
a non-aqueous, non-flammable crosslinker composition 

comprising a non-aqueous Group IVB metal alkox 
ide; and 

pumping the fracturing fluid into the Subterranean forma 
tion via tubing or casing to provide hydraulic force Suf 
ficient to initiate and propagate a fracture in the Subter 
ranean formation. 


