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A Peng-Robinson equation of state (PR EOS) gives reliable data for CO, fugaci-
ties in CO,-CH, gas mixtures over large composition, temperature (0<7/
°C < 200) and pressure (0 <P, /bar <400) ranges. By introducing the PR EOS in
a scale prediction model to be used for oil field waters, we are able to calculate
the amount of CaCO, precipitated and pH in water solutions. Experimental data
at 25 and 50°C at CO, pressures of 0.5 and 1 bar showed good agreement with
calculated pH (SD =0.034 pH units) and precipitated CaCO; (SD, % = 5).
Literature data on pH measurements and solubility of CO,(g) and CaCO; also
agree well with model predictions. Even at 35°C and below and at very high CO,
pressures (300 bar) experimental CO, solubilities agreed with model calculations
within a few 9,. pH measurements under pressures of up to 40 bar CO, also
compare well with model calculations within 0.1 pH units. Experimental data
predicted an increase in pH of about 0.2 pH units when pure CO, was substituted
by a mixture of CO, and CH, at a constant partial pressure of CO,. The
calculated pH, however, only showed a very small increase owing to the change

in the CO, fugacity coefficient.

In five previous communications we have discussed scale
formation from oil field waters based on chemical equi-
librium'~3 and chemical kinetics.** Using a simple hydro-
dynamic model for liquid transport in a model reservoir,
we were able to simulate precipitation and dissolution of
the major scale-forming minerals in the reservoir itself.'?
In a North Sea well where BaSO, had precipitated, our
scale prediction model was able to calculate the BaSO,
precipitation profile from the bottom to the top over a
length of 2800 m with reasonable accuracy.* Moreover,
results from an experimental investigation of the kinetics
of BaSO, and SrSO, precipitation in 16-m long steel tub-
ing indicated that the precipitation of these minerals
could be modelled satisfactorily.” The concentration of
the ions in the flowing supersaturated solution along the
tubing was very close to the model data, and the calcu-
lated amount of precipitate on the tubing wall was only
underestimated slightly close to the site where the metal
ions (Ba’* and Sr**) were mixed with the SO,*>~-con-
taining solution.’

These results are very promising and have led us to
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improve the scale prediction model further. The reason
for this improvement is related to the need for the oil
industry to be able to calculate pH at down-hole condi-
tions and to calculate pH and CaCO, precipitation at low
temperatures and high CO, pressures were measurements
cannot be performed easily. These aspects have not been
considered in detail in our earlier model, and new and
preliminary tests showed that our calculations at low tem-
peratures and high CO, pressures gave erroneous pre-
dictions owing to a lack of precision in the EOS used to
describe the CO,-containing gas phase.

We also wanted to test the influences or organic acids
in the waters on CaCOj precipitation, since many oil field
waters contain such acids. No data were available to
compare with our calculations, and measurements had to
be performed. To improve our model at low temperatures
and high CO, pressures we decided to look more closely
on the equation of state used to calculate thermodynamic
data for CO, both in the gas and in the aqueous phases.

Solubility model for CaCO,

In two previous papers'? a solubility model for the min-
erals FeCO,, CaCO,, BaSO,, SrSO,, CaSO, and
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CaS0,-2H,0 was presented. This model was able to pre-
dict solubilities of the above minerals from water solu-
tions containing the components: OH~, H*, CO, (aq),
HCO,~, C0,>~, SO,>~, ClI-, Br", A~, Na*, K*,
Fe?*, Mg?*, Ca**, Sr** and Ba’* (A~ being the or-
ganic anion of an acid HA with Ky, = 10~ °) in the tem-
perature and pressure ranges 0<7/°C<175 and 0<P/
bar<400. In this model all possible equilibria are
considered simultaneously. Activities are calculated as a
function of water composition and temperature according
to the formalism developed by Pitzer.® The pressure de-
pendence of activities and equilibria are calculated using
the partial molar volume approach.! Stoichiometric equi-
librium constants are calculated as function of tempera-
ture, pressure and composition. Equilibrium is first cal-
culated without precipitation before supersaturated salts
are precipitated one by one until the correct solution is
found. Every time a concentration is changed, new sto-
ichiometric equilibrium constants has to be calculated,
and Newton iteration is used to find the final solution.
The equation of state used for CO,(g) to obtain CO,
fugacities, however, was not very accurate at tempera-
tures below 70°C when the CO, pressure was above 50
bar. This resulted in somewhat erroneous pH and CaCO,
solubility predictions at low temperatures and high CO,
pressures. To remedy this situation we have substituted
in our model the old equation of state with a new equa-
tion which reproduces experimental data better. There are
many equations of state which can predict thermo-
dynamic properties over a wide range of temperatures
and pressures. Two of the most commonly used are given
by Soave, Redlich and Kwong (SRK)” and Peng and
Robinson (PR).® Both equations can be used for pure
CO, and for mixture of gases by applying ‘mixing rules’.

In two recent papers the temperature dependent coef-
ficients of SRK and PR were improved.>!® EOS for gas
mixtures are discussed in several papers.''~'®

Both the SRK and PR give fugacity coefficients of pure
CO, with acceptable errors, but the PR equation has one
advantage which is important. It is more stable near the
CO, critical point than the SRK. The PR equation was
therefore chosen by us. In order to verify if this equation
was useful for pH and CaCOj; precipitation calculations
in oil field waters, we decided to test if the equation would
predict experimental data. The predominant gases
present during oil production are CO, and CH,. We
therefore wanted to test if our model calculation pre-
dicted available data related to pure CO, gas and CO,
and CH, gas mixtures.

Figure 1 shows the fugacity coefficient of pure CO, at
varying temperatures and pressures. The break in the
— 3°C line shows the dew point of CO, (44 bar); thus for
higher pressures the lowest line shows the fugacity coef-
ficient in liquid CO,. The other temperatures are all above
the critical temperature (31°C) and show no discontinu-
ity. Good agreement between IUPAC'’ data and model
calculations may be observed even in the critical region.

Figure 2 shows calculated and experimental'® fugacity
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Fig. 1. Fugacity coefficients of pure CO,(g) at varying tem-
peratures and pressures. o, IUPAC data;'’ (=) PR EOS.

coefficients of CO, in a mixture of 90 mol%, CH, and
10 mol%, CO, at 100 and 200°C as a function of pres-
sure.

Owing to a lack of experimental fugacity coefficients in
mixed systems, especially at low temperatures and high
pressures, we had to compare calculated and experimen-
tal compressibility factors instead. Comparisons at dif-
ferent temperatures, pressures and compositions are
shown in Fig. 3.

With the new PR EOS we are now able to calculate
reliable pH and CaCO; solubility data over a wider tem-
perature and pressure regime than before. Accurate ex-
perimental data in the low-temperature and high-pressure
area for comparison with model calculations are not
available. Some experimental pH measurements up to 40
bars CO, pressure are, however, published.?® These data
together with new CaCO, solubility data®’ at low CO,
pressures can be used to test the model. In addition, we
have performed precipitation experiments from super-
saturated CaCOj; solutions with P /bar=0.5 and 1 at
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Fig. 2. Fugacity coefficients of CO, for the CO, (10 mol%)—
CH, (90 mol%) mixture at 100 and 200°C and varying pres-
sures. o, Experimental,'® (=) PR EOS.
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Fig. 3. Compressibility factors for the CO,—CH, system at varying temperatures and pressures. O, Experimental;'® (-) PR EOS.

25 and 50°C with varying amounts of acetic acid in the
solution to compare with model calculations.

Experimental

Chemicals. The chemicals used in the experiments are
listed in Table 1.

Procedures. All experiments were performed in 250 ml
Pyrex beakers contained in a constant-temperature
(+0.1°C) water bath. The beakers were fitted with a lid
through which pH-electrodes and gas inlet and outlet
tubes were connected. The solutions were made by dis-
solving the appropriate amounts of NaCl, CaCl, and
CH;COOH in distilled water. Then NaHCO, was added,

Table 1. Chemicals.

Compound Quality Producer

NaHCO, p.a. E. Merck, Germany
CaCl, 2H,0 p.a. E. Merck, Germany
NaCli p.a. E. Merck, Germany
CH,;COOH (100%) p.a. E. Merck, Germany
H,O (distilled),

CO,(g). N, {(g) Commercial quality, typically 99.9%
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and a stream of either pure CO, (350 ml min ') or a 50%,
mixture of CO,+N, (600 ml min~') was bubbled
through a gas dispersion tube immersed in the solution.
Magnetic stirring at a rate of 450 r.p.m. was used. The
duration of each run lasted until a constant pH ( +0.01)
was observed during 30 min. The time needed to reach
this state varied with the concentration of Ca®*, CO,
pressure and temperature. A reasonable reproducibility in
the precipitated amount of CaCO; was observed using
this technique to determine the equilibrium state.

When the precipitation reaction was completed, the so-
lution was rapidly forced through a 0.22 um filter. The
filtration system was kept at experimental temperature.
The precipitated CaCOj; on the filter paper was dried at
105°C for 3—4 h, cooled in a desiccator to room tem-
perature and weighed.

Results

In Fig. 4 a typical pH versus time curve is shown indi-
cating equilibrium for CaCOj, precipitation after 120 min.
The calculated pH (5.83) is slightly lower than the mea-
sured value (5.86), indicating that equilibrium is not com-
pletely established. The amount of precipitate formed was
532 mg, while the calculated amount was 543 mg, in
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Fig. 4. pH versus time for a CaCO, precipitation experiment.
C.,-=18385 mg 17", C,=33075 mg I’
1000 mg 17", €Z,2+=3000 mg I " and T/°C=50. (-) Ex-
perimental; (---) calculated.

CHCO;; =

agreement with the above observation. For most runs this
trend was observed, indicating that the time needed to
reach true equilibrium was probably somewhat longer
than indicated by a constant pH of +0.01 for 30 min.
Especially at the lower temperature of 25°C, large posi-
tive differences were sometimes observed between the cal-
culated and measured amounts of CaCO, precipitated.
Reproducibility experiments were performed to check fur-
ther the experimental technique. Results are shown in
Fig. 5, indicating a satisfactory agreement between the
calculated and measured amount of precipitate with a
standard deviation in the measured data of 1.29 for
the measurements at 50°C and 1.99% at 25°C (two
samples for 16 h). It is, however, quite evident from Fig. 5
that long equilibration times are needed at low tempera-
tures.
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Fig. 5. CaCO;  precipitation  versus  time. Cro+ =
18000 mg 17!, Cico;=1000 mg I7', CZ,.+=5000/

10000 mg I~ and 7/°C=50/25. Pco,=1.0 atm. (=) Ex-
perimental; (---) calculated.

In Fig. 6 the pH is shown as a function of temperature
for varying initial Ca®’* concentrations and varying
amounts of organic acid at Pco,=0.5 and 1.0 atm. The
agreement between calculated and measured pH values
is, as can be observed, not the best. The reason for this
deviation is quite obviously due to inaccuracies in the
experimental data. The calculated standard deviation of
the fit between experimental and theoretical data is SD
(pH) = 0.034. There is almost an overlap between calcu-
lated pH values for 0, 100 and 200 mg 1~ ! concentrations
of acetic acid as it should be when the solutions are satu-
rated with CaCO,. Figure 6 shows that increasing the
temperature reduces the pH owing to a lower solubility of
CaCO; at higher temperature, and a decreasing pH is
observed with increasing initial Ca®>* concentration. This
decrease is due to the increasing precipitation of CaCO,
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Fig. 6. pH at equilibrium as a function of temperature and initial Ca®* concentration at Pcoz=0-5 and 1.0 atm. (], O, A,
0, 100, 200 mg I~" CH,COOH at CZ,.-=3000mg " "; 1. ®. A, O, 100, 200 mg I~ ' CH,COOH at C(,>.=5000 mg I~ ";
V. +, x, 0, 100, 200 I”" CH,COOH at CZ,.-=10000 mg I~"; (=), (---), (-**), calculated for O, 100 and 200 mg |~"
CH,COOH and CZ,:-=3000, 5000 and 10000 mg I~ ", respectively.
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for high Ca’* concentrations and thus a significant re-
duction in pH according to egn. (1):
CO,(g)+ Ca** + H,0 =CaCO,(s)+2H " 1)
Figure 7 shows a summary of our experimental results
together with model calculations. A reasonable agreement

is observed between calculated and experimental data.
The amount of CaCO, precipitated varied between 0 and

600 mg. The calculated standard deviation of the fit be-
tween measured and calculated precipitation was 13 mg
(18 mg at 25°C and 9 mg at 50°C).

To test our new model, experiments should have been
made at much higher CO, pressures and at lower tem-
peratures. For practical reasons this is not yet possible,
but we hope to have access to the necessary high-pres-
sure equipment in the near future.

We may, however, test our model using some new lit-
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erature data for CaCO; solubilities not available when we
first published our model. The calcite solubilities in NaCl
and KCI solutions at low CO, pressures and relatively
low temperatures, published by Wolf and Puk,?! agree
well with our model calculations, as can be seen from
Fig. 8.

CO, solubilities for the CO,—H,O system published by
Wiebe?” at high pressures and low temperatures also
compare very well with our model (Fig. 9). The data of
Wiebe at 35 and 12°C did not fit at all with our previous
model.! ™

In 1983 Crolet and Bonis®® published a paper in which
acid corrosion in oil field wells was addressed. The pH
was measured in some NaCl-containing solutions at vary-
ing temperatures up to a CO, pressure of 40 bar. In
Fig. 10 some of the data of Crolet and Bonis are com-
pared with our model calculations. Within the experimen-
tal accuracy (+ 0.2 pH units) as indicated by Crolet and

12°C

CO, solubility (mmol/kg H,0)

35°C
100°C
]
0 R R S,
0 100 200 300 400 500
P coz /bar

Fig. 9. CO, solubilities in H,0 at varying pressures and tem-
peratures O, €, A, Measured®? and (—) calculated.

Bonis?® there is good agreement between measured and
calculated data. However, when CO,—CH, mixtures were
used instead of pure CO,, the data of Crolet and Bonis
indicated higher pH values than those obtained with pure
CO, at the same CO, partial pressures. Calculations also
showed an increase in pH, but much smaller than the
increase indicated by Crolet and Bonis. The calculated
increase in pH is due to a decrease in the fugacity co-
efficient of CO, caused by the increase in the total pres-
sure when CH, is added to the gas phase. It is, however,
difficult to understand how the addition of CH, can in-
crease the pH as much as that given by Crolet and Bonis,
especially at pressures below 10 bar where the gas mix-
ture is close to ideal.

A unit for pH measurements at high pressures is under
construction, and we will in the future measure the in-
fluence of CO, and CO,—CH, gas mixtures on the pH of
oil field waters.

Concluding remarks

The improved equation of state for CO, gas in our model,
used for calculations of CaCO; precipitation and pH of
water solutions of interest for the oil industry, seems to
work satisfactorily even at low temperatures and high
CO, pressures. The influence of CH, on the CO, fugac-
ity, and thereby on the CaCO; precipitation and the aque-
ous pH, is included in the model. However, there are no
data available in the literature at high pressures and low
temperatures with which to test the model thoroughly.
We hope to provide such data in the future.
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