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Summary

In the earlier reports to the Sponsor, we modeled the solubility of less than sparsely soluble oxides
and predicted possibility of forming deep well cements using reaction between auminum oxide and
phosphoric acid solution. Based on these theoretical results, we conducted experimenta investigations
and have now demondtrated that auminum phosphate (berlinite) cement can be formed for wells at
temperature 3 300 °F (150 °C). The durry conssts of cacined dumina (corundum) and phosphoric
acid solution in which aduminum hydroxide is used to accelerate the reaction. Depending on the content
of the hydroxide, the pumping time can be varied between 5-7 hours. Initidly, the durry isvery thin
and gives avery smal Bc and hence can be pumped very easily. The hardening occurs when the
temperature reaches 300 °F (150 °C). The resulting hard product has a compressive strength of
»700 ps. The X-ray diffraction pattern indicates thet the resulting hard product conssts of dumina and
berlinite,

[ Introduction

Aluminum oxides are found in many forms. The important ones are, cacined dumina (AlLO3),
auminum hydroxide Al(OH);» bohmite (AIO-OH, or Al,O5-H,0), and gibbsite (Al,03-3H,0). In
addition to the pure phases given above, duminais aso found in natura soils such as kaolin (clay) and
bauxite and these may aso be used to produce cements.

Alumina phases dissolve in agqueous acid solution of phosphoric acid and react with the phosphate
ionsto form phosphate cements. Therefore the dissolution characteristics of dumina phases are very
important. Since dumina phases have very low solubility, they do not form cements a room
temperature, but when heated, their solubility increases and they dissolve and form cements.

Table 1 reproduced from Report 1 gives the temperature of maximum solubility of dumina
phases. Because these temperatures of deep wells, i.e., in the range of 250 — 350 °F, they are most
suitable for deep and hot wells.

Table1l. Temperaure (°F) of maximum solubility for aumina phases

Alumina Hydroxide Bohmite Gibbste
AlOg; Al(OH); AlIOOH AlOg32-3/2H,0

223 239 270 338




Once they dissolve in the acid solution, they will react with the phosphate ions to form phosphates. A
typica reaction with duminais given below.

AlbO3 + 2H3(POy) + H,O = 2AIPO42H,0. Q)

AlIPO42H,0 is a hydrated phase of duminum phosphate caled variscite. In addition to the variscite,
other phases are a so reported in the literature, such as wavdlite (Als[ PO4],[OH]s-5H,0). If the same
reaction is conducted in dry ar, we form the anhydrous phase AIPO4 called berlinite. Earlier sudies[1]
have shown that this reaction occurs at 150 °C (300 °F) which is dso within the range of adownhole
temperaiure of adeep well. Thereforeit islikely that the reaction given by Eq. (1) may aso occur inan
aqueous environment in a deep well at this temperature to form cement with hydrated phosphate
phases.

During the period of this report, we tested ithis dea and found that it is possible to produce high
temperature oil well cement using reaction between dumina and phosphoric acid. Details are given
below.

Raw Materialsand Test Procedurefor Thickening Time

Table 2 gives detalls of the materids used in this sudy. Aluminawas from Argonne s inventory,
while duminum hydroxide and phosphoric acid were purchased commercidly.

The stoichiometry of the reaction, i.e. the ratio of dumina and phosphoric acid needed to form this
cement isgiven by Eq. (1). For each pound of Al,O3 one needs 1.85 pound of H3POg4. In practice,
however, phosphoric acid isavailablein adiluted form, typicaly 85 wt.% or 70 wt.% concentrated
solution. In thefield, however, it is more convenient to use this acid in amore diluted form of 50 wt.%.
For this reason, we used 50 wt.% dilute phosphoric acid solution in our study.



Table 2. Raw materid description and compositions

Materia Supplier Characterigtics
Alumina (AlbO3) Argonne inventory Cdcined, average particle szewas 2-3 mm
(seeFig. 1 for detailed particle size
digtribution)
Aluminum hydroxide | Aluchem Corporation Product no. AC 30 AN, Average particle
(AI(OH)s) sizewas 13 nm (see Fig. 2 for detailed size

distribution). We suspect the powder has
Sgnificant amount of amorphous duminum

hydroxide that helps rapid reaction.
Phosphoric acid Malinkrodt 85 wt.% concentrated. It was diluted to 45-
(H3(POy) 50 wt.%.

Asmentioned in Report 1, the solubility of duminaeven in phosphoric acid isvery low. Asa
result, when cement isformed, it is only the surface of individud particles of duminathat reacts with
phosphoric acid. Therefore, it is necessary to provide alarge surface area for sufficient duminato react
with phosphoric acid solution. For this reason, we increased the amount of duminain our test and used
at 2-5 times that of the stoichiometric proportion.

The powders (cacined dumina + duminum hydroxide) were firg mixed thoroughly and the
phosphoric acid solution was added and mixed in the Hobart mixer for 20 minutes. Then the durry was
poured into the durry cup and tested for thickening time in the consstometer. After the consistency
reached 70Bc the durry was trandferred into the syringes. These syringes were immersed in water in
the consstometer durry cup and were cured at 300 °F and 320 °F.




Figure 1. Particle Sze digtribution of dumina used in this project
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Figure 2. particle Sze didribution of duminum hydroxide used in this study

Consistency and Thickening Time



The compostion that satisfied dl the badic requirements of oil well cement, such as, low initid
condgtency (< 30 Bc) for easy pumping, and sufficient pumping time are given in Table 3. When the
compostion did not contain duminum hydroxide, the durry remained thin and the test was terminated
after 8 hours. This may be because, even the maximum solubility of duminaat 250 °F, is not
sufficiently large to st the mixture within 3-5 hours. Thereforeit is necessary to accelerate the reaction.
We found thet it is possible to accderate the reaction by adding duminum hydroxide in asmal
proportion. When this was done, the durry reacted within hours and thickened. Thismay be seenin
the third and fourth column in Table 3. An addition of 46g of duminum hydroxide to 1000 g of dumina
thickened the durry in 4 hours (third columnin Table 3). Similarly, addition of 23g of duminum
hydroxide to 1000g of alumina provided a thickening time of 6 hours at the pumping temperature of 300
°F (fourth column in Table 3). Thus, duminum hydroxide acts like an accelerator and may be used in
different proportions to provide the desired pumping time.

Table 3. Formulation at BHCT 250 °F and 300 °F

Tedting parameters
Components T=250°F, T=250°F, T=300°F,
P=13285 psi P=13285 psi P=16650 psi
Cddned dumina(g) 1000 1000 1000
Aluminum hydroxide(g) 0 46 23
Boric acid (g) 0 10g 10g
45% Hs;PO, Solution (ml) 500 500 500




Pumping Time

Consistency 15-30 mins
(Bo)

> 8h

30

4 Hrs

30

6 Hrs

10

Figures 3 and 4 show the durry characteristics at the pumping temperatures of 250 °F and 300

°F. The initid Bc a 250 and 300 °F are 30 and 10 Bc. The higher consistency at 250 °Fismanly
because of the higher amount of duminum hydroxide. It istherefore possible to reducetheinitid Bc by

lowering the amount of duminum hydroxide and increasing the pumping time.

The aufficiently low numbers of Bc indicate that the durry may be pumped easily. The Bc remains

constant over most of the pumping period and then the durry exhibits “right angle set” characteridtics,

where the Bcincreasesrapidly. Thus, the duminum phosphate cement is likdly to exhibit a very low

permesbility matrix that setswith a sufficient speed to prevent mgor gasintrusion.

In norma Portland cement systems often the increase in the congstency is accompanied by an

increase in the temperature

phosphate system, however,
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because of the exothermic cement hydration reactions.

no increase in the temperature was detected.
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Figure 3. Pressure and temperature vs. congstency graph at 250 °F and 13285 psi
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Figure 4. Pressure and temperature vs. consistency graph at 300F 16650 PSI
Physical Properties of the Set Product

Table 4 provides the physica properties of the hardened product formed by the durry that was
pumped at 250 °F, and cured at 3000 °F and 3000 ps for 30 h. The dengty of this cement is nearly
the same as that of neat Portland cement, which is 2.4 g/ent. The durry had adensity of 2.46 g/ml,
which implies that there has been adight expanson of 4% during setting. This dight expangon dlows
the cement to be anice sedl asit will not produce any annular space between casing and the formation.

The open porosity was measured by water immersion method. An open porosity of 1.15is
aufficiently small to make this materid and impermesble sedl.

The compressive srength is higher than minimum strength of 500 ps required for oil well cements.

In our opinion, this strength needs to be enhanced and more work is needed in this direction. However,



the samples were hard enough to be handled and it is likely that longer curing may provide better
grengths. This needsto be tested systematicaly.

Table4. Physical properties of the set cement

Properties Measured vaue
Density of the set cement (g/cnT) 2.36
Open porosity (vol.%) 1.15
Compressve strength (psl) 694

Effect of Aluminum Hydroxide on Pumping Time

The pumping time is found to be sengtive to the amount of duminum hydroxidein thedurry. To
investigate thisfeature, consstometer tests were run with different proportions of auminum hydroxide
content in the durry. Figure 5 shows the variation of the thickening time at 250 °F as afunction of
auminum hydroxide content for every 100 g of dumina. Smilarly, Table 4 shows the effect of duminum
hydroxide on the thickening time at 300 °F. As the hydroxide content is increased, the thickening time
decreases. It can be seen from the figure, areduction of 159 increases the pumping time from 2 hrsto 4
hrs. Smilarly a BHCT 300 °F a decrease of 23g increases the pumping time from 2hrsto 6hrs. Thisis
because the amorphous aluminum hydroxide provides additiond nuclegtion sites for the reaction and
hence the reaction proceeds faster.



Pumping Time (Mts)

BHCT = 250 F Pressure = 13285 PSI

300 q
250 A
200 A
150 A
100 A

50 A

92 69 63 54 46
Amount of AI(OH)3 (g)

Figure 5. Effect of amorphous duminum hydroxide on pumping time
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Table5. Effect of Al(OH); on pumping time at 300F and 16650 ps

Amount of AI(OH); Pumping time
469 2hrs
239 6 hrs

Effect of Pressure on Pumping Time

In portland cement system, an increase in pressure accel erates the setting reactions and decreases
the thickening time [2]. Our theoretical analyses show that the effect of pressure on thickening of
auminum phosphate system is negligible [3].  To test this, we tested the composition givenin Table 4 a

13,285 and 16,650 ps respectively. Theresults are given in the same Table.

Table 6. Effect of pressure on pumping time

Composition T=250 °F P=13285 psi T=250 °F P= 16650 ps
Cddned Alumina 1000g 1000g
Al (OH); 549 549
Boric Acid 10g 10g
45% H3;PO, Solution 500m 500ml
Pumping Time 3 Hr 40 Mts 3 Hr 30 Mts
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Phase Analysis of the Cement

To understand the composition of the cement formed in the consistometer, we conducted X-ray
diffraction anadlyss of the product. The results are presented in Figure 6. Three distinct phases were
observed. These are dumina, duminum hydroxide and duminum phosphate (berlinte). Thisimpliesthat
ggnificant amount of aluminaremains unreacted as expected in a system where excess duminais added.
We dso find dgnificant amount of aluminum hydroxide, which must have been formed by hydration of
some of thedumina. Berlinteisthe reaction product, which is the binder component of the mixture.

We have not seen any hydrated phases of this binder such as waveite, or variscite, but they may be
amorphous phases and may not be detectable by the X-ray diffraction technique.

+ Alpoa
* Al (0H)3
5 Aal2o3
b
B
S — 0 W N D M M~ S — W o W @
o I e B e » S S O e B Y ST o S Y S SO e S Y T
— — — &1 4 0 o oo o+ < O WD D B o e~

Angle

Figure 6. X—ray diffraction pattern of sample pumped at 250F and cured a 300F for 27 h.

Conclusions

The work reported here indicates that duminum phosphate cement system may be avery good
system for deep wells at temperatures >250 °F. It isformed by the reaction of duminum oxide with
phosphoric acid solution, in which asmal amount of duminum hydroxide is added for initid
acceleration of the reaction. The resulting product is a mixture of dumina, duminum hydroxide, and the
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binder phase berlinite. The pumping timeis> 3 hours, and it can be increased by adjusting the content
of duminum hydroxideinit. The compressve strength of the cement is»700 ps. Thisisnot ashigh as
one would expect in agood cementing syssem. The samples taken out of the consstometer used asa
curing chamber looked hard, but they were cut with adiamond saw and it islikdly that this step initiated
flawsin the materid and that led to lowered measured strength. It islikely that if the test is conducted in
aproper curing chamber, we will obtain a better strength. This may be tested at the CSl fecility.
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