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Abstract—A method 1s presented for determining the distribution of reaction products and the stoichiometric
coeflicient for the reaction of mud acid (HF/HCI) with various minerals To illustrate the techniques, the dissolution
of two common alumino-silicates, potassium feldspar and kaohmte, in mud acid 1s investigated for various
temperatures and acid concentrations After determuning the product distribution from the 1omc equilibrium
relationships mvolving the vanous fluoride 10n complexes, the stoichiometnic coefficient [moles HF consumed per
mole mineral dissolved] i1s armved at through a numerical solution of the coupled equiibrrum and mole balance
equations The HF acid stoichiometnic coefficient was found to decrease significantly with increasing temperature
and HCIl acid concentration This information 1s of great importance in determining design conditions for the matrix

acid stimulation of o1l reservoirs

1 INTRODUCTION
Acidization 1s the process of mjecting HF/HCI into
petroleum reservorrs In previous papers in this series on
acidization, the kinetics of the reaction of HF and HCI
acid mixtures with some of the more common mnerals
found in sandstones have been discussed[1-3] along with
the expermmental techniques and correlations for the
acidization of linear cores{4,5] A linear model has been
developed which predicts the movement of the permeabil-
ity and acid fronts through sandstone cores as well as
predicting the overall permeabihity as a function of acid
mjection time[6] A radial model describing mnjection of
acid into well reservoirs has also been presented[7]

In order to obtain a fuller description of the acidization
1t 18 necessary to determine the distribution of reaction
products along with the stoichiometric coefficient as a
function of temperature and acid concentration The
stoichiometric coefficient referred to m this work 1s
defined as the number of moles of hydrofluoric acid
consumed per mole of mineral dissolved Our previous
work concentrates solely on Phacoides sandstone, a
feldspathic quartzite, and 1n order to extend the linear and
radial models to other sandstones to predict changes 1n
permeability resulting from acidization, knowledge of the
stoichiometric coefficient 1s required Information about
the vanation m the stoichiometric coefficient with mud
acid concentration and temperature 1s of vital importance
in designing acid stimulations to determine how much and
m what proportions mud acid must be mnjected

The typical sandstones of interest in our studies were
composed primarily of quartz, feldspars and clays It has
been shown that durng acidization the clays and
feldspars, which are both alumino-silicates, dissolve at a
much faster rate than the quartz as the acid flows through
and reacts with the porous media It 1s primanly the
removal of these alumino-sihicates that increases the
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porosity and permeability and hence the productivity of
the formation The expenditure of the acid has been
observed to be dependent upon the temperature of the
formation, the content of the minerals and clays, and the
relative ratio of the acid concentrations mxed together
Therefore, if one has knowledge about the extent of
dissolution of these commonly found alumino-silicate
minerals as a function of temperature and mitial acid
concentrations, one can determine the amount dissolved
for a given composition and temperature and what 1s the
most switable combmation of HF and HCl acids to be
mixed together

In this paper we shall present a method for determining
the product distribution and stoichiometric coefficients
for reactions of mud acid To illustrate the techmque we
shall determine these quantities for the dissolution of each
of two pure alumino-silicates, potassium feldspar and
kaohmte, m HF/HCI] acid mixtures as a function of acid
composition and temperature In addition we shall show
how one can use the values of these stoichiometric
coeflicients for the dissolution of these two pure matenals
to estimate the coefficient of a composite sandstone
undergoing acidization at a particular temperature

2 DETERMINATION OF THE STOICHIOMETRIC
COEFFICIENTS

In order to determine the stoichiometric coefficients, we
must first determune the distribution of products resulting
from the reaction of hydrofluoric acid with alumino—
silicates After achieving this through evaluation of the
wonic equihbrium relationships 1nvolving the various
fluonnde complexes, one can perform mole balances on the
fluoride and hydrogen 10ns to arrive at the stoichiometrnc
coefficient for the reaction of HF and the specified
mneral

(a) Ionic equilibrium relationships
When HF 1s used to dissolve commeon clays and
minerals contaimming alumunum and silicon atoms mn the
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crystal lattice, fluonde complexes of aluminum and silicon
are produced in solution The dissolved aluminum can
form six complexes with fluorine The reactions for the
formation of these complexes along with the correspond-
ing equibbrium constants at 25°C are given below[8-12]
Al* + HF2AIF*2+ H* [K, = 897] 1)
AIF*? + HF=2AIF,* + H* [K,=689] )
AlF,* + HF2AlF (soln) + H* [K; =4 62] 3

AlF; (soln)2AlF,(gas) [K,=25%10"%1-atm/mole] (4)

AlFy(soln) + HF2AIF,” +H* [K;=036] )
AlF, + HF2AIF, 2+ H* [K¢=28x%107) ©)
AIF, + HF2AIF, + H*  [K,=19x 107%] @)

The formation of the silicon fluoride complexes of
primary interest are described by the following relation-
ships
SiF«(soln)e2S1F(gas) [Ks=7 1x 10771 -atm/mole] (8)
SiF,(soln) + 2HF=S1F, *+ 2H" [K, = 045] 1))

The dissociation of HF in the presence of H* as well as
the association of HF 1n concentrated solutions should be
considered

HF2H*+F~ [K; ;=6 6% 10"*mole/l ]
2HF=2HF, +H* [K,,=22x%x107%

(10)
(11}

Under appreciably high pressure, which 1s the case for
stimulation of underground oil reservowrs, the gases
produced 1n egqns (4) and (8) can be considered to be
msignificant

The formation of compounds such as AICl, and SiCl,
can be 1ignored, owing to the fact that their free energies of
formation are significantly lower than those of the
corresponding fluoride complexes However, 1t 1s ther-
modynamically feasible for other compounds such as
K,S1F,, Na,S1Fs, Na;AlF,, K;AlF, and CaF, to precipitate
when their solubihity products in solution are exceeded
These solubihity products are lsted in Appendix A
together with theirr standard heats of dissolution in
aqueous medmum at 25°C These precipitates are more
hkely to form during the mtial phases of the dissolution,
since high concentrations of HF favor the precipitation of
these species which become soluble as the HF 1s
consumed However, the formation of another com-
pound, H,S10,, becomes important when the HF imtially
present 1s nearly consumed and the solution has a
relatively high concentration of Si1F, Under these
conditions 1t 1s possible to precipitate H,S:O, during the
dissolution of the alumino-silicates, 1¢e

SiF(soln) + 4H,02H,S10,(s0ln) + 4HF
{Ku = 9 3 x 10_"’]
H.,S$10,(soln)2H.S10,(ppt) [K,;=725x10%]

12)

(13)

Combining eqns (12) and (13) one obtains the following
relationship

SiF(soln) + 4H,0«2H,S10.(ppt) +4HF

[Kis=675x107"] (14)
After rearranging in the form, H,S10, precipitation occurs
when the concentrations of HF and SiF, are such that
2841072
[T] [SiF =1 (15)
we can casily see that the chance of precipitating H,S10,
increases greatly with the depletion of hydrofluoric acid

(b) Effect of temperature

The above equilibrium relationships can be extrapo-
lated to other temperatures with the aid of Van’t Hoff’s
equation as

R \T, T an

K'(T)=K.(To)exp[+éli‘“ 1 1]

In this study the base temperature 1s 25°C (e
T, =298 0°K) To evaluate eqn (17) for each of the
reactions, eqns (1)-(13), one must know the heat of
reaction at 25°C for each of the reactions as well as the
corresponding equilibrium constant at 25°C Determina-
tion of the heats of reaction for each of the reactions
hsted above turned out to be quite a formudable task
However, the values determined from literature are listed
m Table 1 The subscript refers to the corresponding
equilibrium reaction given by eqns (1)—(14)

Table 1 Heats of reaction at 25°C (cal/mole HF)[9, 10]

AH,= —2060 AH,= —2430 AH,= —3020
AH.f= +75100 AH.= —2930 AH.= —3960
AH,= —4760 AH,* = +35350 AH,= +3260

AH,,= —3210 AH,, = —2080
AH;;= —3000 AH,,= +35430

AHY, = +38430

tcal per mole AlF,, + cal per mole StF,

It was also determined that the effect of pressure upon the
active aqueous species 1s msignificant and can be
neglected At this point 1t should be noted that reaction
(14) 1s endothermic Consequently precipitation 1s favored
at higher temperatures

(¢) Mole balances dunng dissolution

In illustrating the techmque we shall first consider the
dissolution of one of the common feldspars found 1n
sandstones, K -feldspar in hydrofluoric and hydrochloric
acid mixtures The overall reaction 1s written in terms of
HF and H* e HCI) as

KAiS1,0:+ xHF + yH* > K* + AIF, "¢ ™

+3S1F,. "™ + 8H,0 (18)

The stoichiometric coefficients x and y are the ratio of
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the respective acid consumed per mole of muneral
dissolved Mole balances on fluonne (F) and hydrogen
(H*) require the following relations to be satisfied

F  x=n+3m 19

H" x+y=16 (20)
Combining (19) and (20)

y=16—n—-3m 21

The subscripts n and m on the Al-fluoride and Si-fluoride
complexes are evaluated as a mole average of the
individual complex concentrations present in the solution
The distribution of these complexes 1s affected by the HF,
HCl acid concentrations actually present through the
1onic equihbria given 1n the previous section The vaiues
of n and m are calculated from the equations

6
Zo JAIF,

n=2

=13 (22)
AlF

and
=t 23
m=L1=% (23)

where (AlF,) represents the concentration of the complex
1in moles/!

The total amounts of aluminum and silicon dissolved
for the specified mineral are

6
total Al dissolved = 2 AlF,

1=0

24

6
total S1 dissolved = H,S10, + 2 SiF, 25)
1=4

1t 1s possible to obtain the distribution of the individual
AlF; and SiF, concentrations which satisfy the above
relationships when the HF and H* concentrations are
known at a given time during the dissolution Conse-
quently, a numerical trial and error solution 1s necessary
to determine the stoichiometric coefficients at a given
extent of dissolution (e g at the start of dissolution or
after a certain amount of dissolution has occurred) It s
evident that while the 1o0nic equlibna 1s not affected by
the ongin of supply of the Al and Si, the atom balances
(1e eqns 19 and 20) change from mineral to mineral For
example, the dissolution reaction of kaolimte can be
written with the accompanying mole balances as follows

ALS1O:,(OH)s + xHF + yH* > 4AIF,*¢ ™
+ 481F, 4™ + 18H,0
Fluonide balance x =4n +4m

(26)
@n

Hydrogen ion balance x +y =28 28)

Combinmg eqns (27) and (28) the stoichiometnc coeffi-
cient for hydrogen can be determined from the equation
y =28—4n —4m @9

The quantities m and n are calculated as before from
eqns (22) and (23)

3 METHOD OF SOLUTION

Considering the complexity of the dependency of the
HF acid consumption on the HF and HCI acid concentra-
tions and the complex fluonde concentraticns, a finite
difference solution was chosen to evaluate the
stoichiometric coefficients, x and y, as a function of the
amount of muneral dissolved A brief outhne of the
method used 1n this respect 1s given as follows

First, the mmt:al hydrofluoric and hydrochloric acid
concentrations, the type of mineral, and the temperature
of dissolution are specified A finite amount of mineral 1s
dissolved and the total Al and S1 concentrations ltberated
are determined The resulting acid concentrations follow-
g dissolution are assumed and the individual complex
concentrations are estimated using the equilibrium rela-
tionships given 1n eqns (1)—(3), (5)(7), and (9)-(12) Using
these concentrations, the hydrochloric and hydrofluoric
acid concentrations are readyusted as follows

[HF] = [HF], — 2 JIAIF,] - E JH,_,F,1 - 2 21[S1F,, ]
(30)

(H'] = (HCllo+ 3, [H_F, + 3 JAIF, ]+ 251, (1)

Using these new acid concentrations, the individual
fluonnde-complexes and other soluble species concentra-
tions are recalculated Readjustment of the HF and H*
concentrations 1s continued until the acid concentrations
between two consecutive iterations converge within a
certain value The convergence routine has been found to
reduce the computation trme sigmficantly compared to the
direct-substitution method Using these converged HF
and H* concentrations, eqns (22) and (23) are employed
together with the appropniate fluoride and hydrogen
balances for the specified mineral (for the eqns (19) and
(20) for K-feldspar, and (26) and (27) for kaohnite), to
evaluate the stoichiometric coefficients x and y for HF
and HCl with the muneral The amount of dissolved
mineral 1s incremented and new values for the
stoichiometric coefficients are determuned This iterative
type of calculation 1s carried out until either the available
mineral 1s dissolved, or the individual acid concentration
drops below a specified imit A sumtable hmat might be
0 01 M below which no significant dissolution 1s expected
during acidization owing to the low reaction rates at this
concentration The hydrated sihica (H.S10,) deposition
which primanly takes place at reduced HF concentrations
in the solution 1s also computed

4 DISCUSSION OF THE RESULTS

The numenical techmique outhined briefly above was
used to evaluate the stoichiometric coefficients for the
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reaction of mud acid waith K-feldspar and with kaohnite
for temperatures ranging from 10 to 55°C and for mtial
HCI acid concentration ranging from 10~ to 10 M
Figures 1 and 2 show the stoichiometric coefficients as a
function of the amount of mineral dissclved (expressed as
moles of mineral in solution per liter} during the course of
the reaction for kaolmite and K-feldspar respectively
These figures which correspond to an imtial HF concent-
ration of 1 M, show the stoichiometric coefficients for
various mmtal concentrations of HCl at 25°C One
observes that the stoichiometric coefficient for HF

KAQLINITE
HFo=10M, T=25°C
& ® 0O03M HCL
v O30M HCL
@ 100M HEL
A 1000M HCL

moles HF consumed
mole mineral dissolved
W
@®

X

moles HCL consumed
mole mineral dissolved

y

1 1 1 1 1 1

| 1 t 1 il |
o012 0Q2Cc Qo028 036 Q0449 0052
MOLES OF KAOLINITE DISSOLVED/UNIT VOLUME

1
00049

Fig 1 Stoichiometric coefficient of kaolimte as a function of
1mtial hydrochloric acid concentration
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Fig 2 Stoichiometric coefficient of K-feldspar as a function of
imtial hydrochloric acid concentration

decreases with mcreasing HCl concentration That 1s for a
one molar HF solution at 25°C, 1t initially takes 40 moles
of HF to dissolve one mole of kaolnite at a 0 3M HCl
concentration, while 1t mtially takes only 25 5 moles of
HF to dissolve one mole of kaolmte for a 10 M HCI
concentration One also observes that the stoichiometric
coefficient for HF decreases dunng the course of the
reaction and this change 1s more dramatic for the lower
HCI concentrations The stoichiometric coefficient for the
consumption of H* (HCI) changes from a negative to a
positive value durmg the course of the reaction for imtial
concentrations below approximately 3 M In other words,
hydrogen ions are generated' during the first part of the
reaction and consumed during the last phase of the
reaction for an initial HF concentration of 1M At high
HCI concentration LéChather’s principle shows that the
equiibrium shifts to the left in the reactiens (1)—(3),
(37, and (9)«12) Consequently, the fluoride 10n will be
bound 1n the lower number fluoride aluminum complexes
(e g AIF*?, AlF,") so that less HF will be consumed At
low HCl 1ie H") concentrations, HF 1s observed to
dissociate to a sigmficant extent (see eqns 10 and 11) in
addition to entering into the complex i1on equilibrium
mvolving dissolved Al and Si

Figures 3 and 4 show the mmtial value of the
stoichiometric coefficient for HF as a function of the
mtial concentration of HCI for various temperatures for
kaolnite and K-feldspar The values of the stoichiometric
coefficients at the start of the dissolution in these figures
correspond to a one molar imitial concentration of HF It
1s shown here that the stoichiometric coeflicient 1s a
strong function of the HCI concentration in the range of
0 03-3 M HCI for the range of temperatures investigated
For example, at an immtial HCI concentration of 0 3 M one
observes from Fig 3 that 38 moles of HF acid are initially
required to dissolve 1 gram mole of kaolhmite at 10°C,
while only 29 5 moles of HF acid are required to dissolve
the same amount of kaolmite at a temperature of 55°C
This 1s a consequence of the fact that most all heats of
reaction for the formation of the aluminum-fluoride and
silicon-fluoride complexes, reactions (1)(3), (5)—(7) and
(9)—(11), are exothermic Consequently, the equihibrium 1s
shifted to the left producing complexes having a fewer
number of fluoride 10ns as the temperature 1s increased

At this pomnt, 1t 1s of interest to see the effects of
non-ideality in estimating the stoichiometric coefficients
of minerals An extensive search of the literature was
carried out to obtain correlations relating activities of HF
and electrolytes to temperature and the 1onic strength of
the solution The relationships used in the computer
program for evaluating the activity coefficients are
presented bnefly in Appendix B The effects of including
the activity coefficient in the calculations to estimates of
stoichiometric coefficients of kaolinite and K-feldspar are
observed from the dashed lines on Figs 3 and 4 A similar
trend 1s observed for the other minerals and conditions
studied However, the absolute values of these estimates
of the stoichiometric coefficients show a difference of
20-30% with and without the use of activity coefficients It
1s of interest to note that the simplified treatment of the
dissolution stoichiometry gives a more conservative
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Fig 4 Imtial stoichiometric coefficient of K-feldspar as a function of temperature and hydrochloric acid present
nitially

estumate of the stoichiometric coefficient for the design of
acidization jobs than the detailed one using activity
coefficients

Figures 5 and 6 show the HF stoichiometric coefficient
as a function of mmitial HCl concentration for various
temperatures and mitial concentrations of HF for
kaolimite and K-feldspar respectively Overall, the effect
of the mmtial HF concentration on the stoichhometric
coefficient 1s that the HF consumed per mole of mmeral
dissolved increases with increasing HF concentration
mitrally present This 1s a direct result of the increased
dissociation of HF at higher HF concentrations (see
reactions 10 and 11)

The effect of precipitate formation on the dissolution
stoichrometry was found to be msignificant Only two of
the salts are relatively important because of theirr low
solubihity products, namely K,SiFs and CaF, If the
K,S1F¢ precipitates during dissolution of K-feldspar at
25°C, the following change 1n stoichiometry 1s typical of

what 1s observed For 10 M HF/1 0 M HCI mixture, the
stoichmometric coefficient changes only from 162 to
16 6 moles HF/mole of feldspar No precipitate formation
should result for acaid mixtures with higher HCl concentra-
tions, such as a 1 0 M HF/3 0 M HCl acid mixture Figure
7 shows the moles K,S1F, precipitated during the course
of dissolution of K-feldspar at 25°C for a number of acid
mixtures At the very start of the dissolution, very little
K™ 15 1n solution so that the solubility product of K,S1Fg1s
not exceeded However, after some dissolution occurs,
precipitation 1s mtiated and the amount precipitated
increases hinearly with the moles of mineral dissolved up
to a maximum After this point, the precipitate dissolves,
owing to the decrease in the Si1F. > concentration in
solution as the HF 1s consumed by the reaction
Companson of the maximum amounts of precipitate
formation shows that the amount of salt precipitated
increases as the ratio of HF to HCI 1s increased in the
acid mixture used
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Fig 7 The amount of K,S1F, precipitated during the dissolution of
K-feldspar at 25°C for a number of acid mixtures

A permeability drop was observed by Lund[12] during
the imitial phases of the acidization of Phacoides cores at
low acid mjection rates and high HF to HCl ratios This
reduction mn permeability could be a consequence of
K;S1F, precipitating and clogging the pores Fhuorosilicate
salts such as K,SiF¢ could easily precipitate durmg
acidization since at high HF to HCI ratios, SiF,? 1s
favored in comparison to SiF, and the dissolution of the
feldspar produces cations such as K* and Na* 1n solution
A way to remove these deposited salts from the pore
passages 1s to post-flush acidized wells with an HCl
solution One notes that a striking difference between
these fluorosilicate and fluoroalumnate salts and the other
well known precipitate, hydrated sihica (H,S10,), 1s that
the former class 1s soluble 1n HCI, and the latter 1s not

Experimental values of the stoichiometric coefficients
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for the dissolution of potassium feldspar and of kaolmte
1 mud acid have recently been reported by Labnd[13]
Although these results were reported in terms of cubic
centimeter of solid mineral dissolved per gram of HF acid
consumed, a/p, one can easily convert these values to our
basis simce both the sandgramn densities and molecular
weights are known An exact companson between the
experimental and theoretical values 1s not possible, since
the corresponding acid concentration was not reported
This may have been a consequence of the fact that the
stoichiometric coefficient was beheved to be independent
of acid concentration However, in Table 2, we have
compared the experimental values with the calculated
values of the stoichiometric coefficient in the concentra-
tion range of 0 01M HCI/1M HF-10 0M HCl/1M HF at
25°C

Table 2 Comparison of experimental and calculated values

Experimental (Ref [13]) Calculated
alp v (Range)
cm’® of sohd mole HF mole HF
Mineral
gram HF mole mineral mole mineral
Kaolinite 034 292 17=p <38
K-Feldspar 024 226 R=v=<21
Na-Feldspar 032 156 R=p=<21

As one observes the experimental values fall directly n
the range of the calculated values

The techmque we have developed for the dissolution of
pure alumino-sihicates mm mud acid can also be applied to
the dissolution of sandstone to predict the overall
stoichiometric coefficient Once we know the overall
stoichiometric coefficient, porosity, and aluminum pet-
rolog for a given sandstone, we can then predict the
amount of acid that needs to be injected to achieve a
spectfied increase i permeability[14] Extension of the
computational procedure to determine the product dis-
tnbution and overali stoichiometric coefficient of a
sandstone consisting of different minerals will be 1illus-
trated for Phacoides sandstone This feldspathic quart-
zite, which has undergone extensive acidization studies,
has the following mineralogical composition

Table 3 Phacoides sandstone Refs [4-6]

Wit%
Quartz 80 3% Inerts 80 3%
Plagioclase 175 { 59%
K-feldspar 11 6%
Kachnite - { 0 8% Dissolvables 19 7%
Ilite 14%

100% 100%

It has been shown that owing to the low reactivity of
quartz relative to the other minerals, it can be considered
to be essentially mert We shall lump the dissolvable
minerals 1n Table 3 mto two groups, feldspars (17 5 wt%)
(taken as K-feldspar) and clays (2 2%) (taken as kaolinite)
The reaction describing the dissolution of the dissolvable

minerals in Table 3 1n 2 00/3 65 wt% HF/HCI mixture 1s

Nay 3:Ko esAl) 179129505 sHo 23 + XHF + yH* —
0 32Na*+065K* +1 17A1F, +2 93Si1F,, + 8 43H,O

Fluoride 1on balance x =117n+293m
Hydrogen 10n balance x +y =16 58

Using the same procedure as for the pure minerals, the
overall HF stoichiometric coefficient in 1deal solution 1s
estimated to be 17 15 mole HF consumed per mole of rock
dissolved at 25°C Assuming a non-ideal solution, the
coefficient 1s changed to 13 66 mole HF consumed per
mole of rock dissolved usmg activity coeflicients

However, the number of different mineralogical com-
positions of sandstones 1s nearly infimte and 1t would not
be practical to carry out the computer calculations to
determine the stoichiometric coefficient of every sand-
stone considered as a potential candidate for matrix acid
stimulation Consequently, 1t 1s deswrable to obtan
estimates of the overall stoichiometric coefficient for a
given sandstone of known composition from the
stoichiometric coefficients of the pure minerals in the
sandstone To estimate the overall stoichhometric coeffi-
cient we assume that 1t 1s to be given by the sum of the
products of the stoichiometric coefficients of the indi-
vidual minerals and the corresponding mole fraction of
that mineral in the sandstone, 1 ¢

v=2 uy

where y, 1s the mole fraction of mineral “1” determined
from an alumuinum petrolog of the sandstone

To dlustrate this approximate technique we shall again
lump all the feldspars as K-feldspar and all the clays as
kaolmite The corresponding weight fractions, W, for
feldspar and kaolimte, determined from the mineralogical
analysis in Table 3 are 0 175 and 0 022 respectively The
mole fraction of mineral “1” 1s

(33

_WiIM,

¥ (349

S

For kaolintte

(35)

Where M, 1s the molecular weight of species “1’’ and the
subscripts F and K refer to Potassium feldspar (M =
278) and kaohmte (Myx = 516), then

_ 0022/516
Y T0om 0175
516 ' 278

= 00634

and
yr =0 9366

For a mud acid mixture of 1 0 M 1n both HF and HCl at
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25°C, the corresponding stoichiometric coefficient for
kaolimte (Fig 3) 1s 30 85 and for K-feldspar (Fig 4) 1s
16 95 The overall stoichiometnc coefficient 1s estimated
as

v=nY. + vy, = (30 85) (0 0634) + (16 95) (0 9366)

= 17 83 moles HF consumed/mole rock dissolved

If the activity coefficients are used to represent the
non-ideality of the acid mixture, the coefficient 1s
estimated to be

v= (0 0634) (22 65) + (0 9366) (13J66)

= 14 23 mole HF consumed/mole rock dissolved

Comparning the value of the overall stoichiometric
coefficient for the sandstone estimated from the coeffi-
cients of the individual minerals with the value obtained
by considering each of the equilibrium relationships along
with eqn (32), we see these values agree quite well The
approximate technique for predicting the stoichiometric
coefficient of a composite sandstone has also been
recently extended to other sandstones with excellent
results[14]

SUMMARY

In the above analysis we have found how the HF
stoichiometric coefficient in the reaction between mud
acid and two alumino-silicates varies with acid concentra-
tion and temperature The HF stoichiometric coefficient 1s
defined as the moles of HF acid consumed per mole of
mineral dissolved The information obtamed 1n this study
1s of great importance 1n the design of the acid sttmulation
of well reservorrs It was found that the same stoichiomet-
nic coefficient can result for two different sets of mud acid
concentrations Consequently, one could evaluate
which set of mud acid concentrations would be most
economically feasible In addition to the economcal
considerations, the prediction of the overall stoichiomet-
ric coefficient for the dissolution of a sandstone 1s of vital
importance mm determining the acid capacity number
From this number, one can calculate the penetration
radius of the permeability front resulting from matrix acid
stimulation of the reservoir

In calculating the storchiometric coefficient we first
determined the distnbution of the aluminum-fluonide and
silicon-fluoride complexes resulting from the dissolution
of the mineral using the 10onic equilibrium relationships A
numerical solution of the coupled mole balance and
equiibrium equations was then carried out to determune
the stoichiometric coefficient with respect to HF and HC1
for the specified mineral dissolution These results were
found to agree satisfactorily with previously reported
experimental values

The results of this analysis showed that the HF
stoichiometric coefficient decreases with increasing temp-
erature In addition it was found to decrease during the
course of the mud acid-mineral reaction The most
important results of this study are related to the vanation
of the HF stoichiometnic coefficient with HCI concentra-

tion Thus coefficient was found to be virtually indepen-
dent of HCI concentration below concentrations of ca
5x1072M HCI Above this concentration 1t was found to
decrease significantly with increasing HC1 concentration

A technique for estimating the overall stoichiometric
coefficient for a sandstone from the coefficients of the
mdividual minerals has been found to be in satisfactory
agreement with the numerical technique involving the
1onic equihibria for the sum of all mmerals present which
had to be carried out on the computer, for each sandstone
composition

NOTATION

1onic strength of electrolyte solution

equilibrium constant

number of fluornde 1ons complexed with S
(defined by eqn 23)

molecular weight, m/mole

nomber of fluoridde 10ons complexed with Al
(defined by eqn 22)

3 R

a R

R gas constant (1 99 cal/mole)
T absolute temperature, °K
W  weight percent of mineral in the sandstone
x moles of HF consumed/unit mole of mneral
dissolved
y moles of HCl consumed/umit mole of mineral

dissolved (mole fraction of dissolvable mineral, if
subscripted)
z charge of electrolytic species

Greek symbols
a grams mineral dissolved/gram of HF consumed
v moles HF consumed/mole of mineral dissolved
p density, grams/cm®

AH, standard heat of reaction, cal/mole
v activity coefficient of species

Subscripts
K kaolinite mineral
F feldspar mineral
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APPENDIX A

Solubility products and standard heats of formation of selected
fluonde compounds at 25°C[1, 10]

Species K., (at25°C) AH-& (kcal/mole)
Na,Si1F, 236x107* 10 49
K,S1F, 208x10°¢ 1353
Na,AlF, 422x10°1° 1067
K;AIF, 125% 107 23 45
CaF, 144 %107t 276
MgF, T34x107" -208

APPENDIX B

Activity coefficients in HF/HCI acid mixtures

The equlibrium constants used 1n the evaluation of stoichiomet-
ric coefficients were evaluated from the free energies of formation
of the species 1 aqueous solution These constants can be used
directly 1n evaluating the dissolution product distnbution 1n dilute
solutions by replacing the activity by the concentration However,
for acid concentrations normally used 1n acidization, this
approximation can be misleading, since the activity 1s then equal
to the product of concentration and the activity coefficient The
followng set of equations were utihized in the evaluation of
activity coefficients as a function of temperature 1n electrolytic
solutions

The activity coefficient of HF was correlated[15] as a function
of the molality of HF present and the absolute temperature i °K
as follows

9
_ — AV(mur)
18 ¥ = 10+ BV (o) 4D
where
A=78215%x10°-303476 % 102T +2 13476 x 10™*T> (A2)
B=-312284x10"°—237431x1072T + 139795 x 10*T* (A3)

The activity coefficients of electrolytes were evaluated as a
function of the onc strength of the solution proposed i the
Debye-Huckel theory of electrolytes[16]

Cv/(iz]

~lo8 ¥+ =103 Dav(D (Ad)

where
C=059414—15074x 10T +4 1019 10°T>  (AS)
D=033659-25417x 10*T +76324x 10-"T>  (A6)

The value of “a” 1s taken as an average value of 5A for all
electrolytic species, and [z] 1s the absolute charge of the specific
electrolyte

For concentrated HCI solutions, two additional terms are used
for the evaluation of the H* 10n activity 1n electrolytic solution[7]

—logyﬂ*=l—(%§—1—\)/ﬁ+EI+F (AT)
where
E=-029529+55123x10*T (A8
F=1369—13223x 107 2T +4 2895 X 107°T> ~ 4 6465 X 10"(11';9)

The value of 447 A 1s used for “a” in the above equation as
evaluated by Robinson[16]



