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The study on the phase equilibria of
the CO.-H,O and CO:-H; O-NaCl systems

JI Yuanhui®, JI Xiaoyan®, FENG Xin®, LIU Chang 2, LU Linghong® and LU Xiaohua* * *
aCollege of Chemistry and Chemical Engineering s Nanjing University of Technology , Nanjing, 210009, China
*Department of Chemical and Petroleum Engineering , University of Wyoming, Laramie, Wyoming 82071, USA

Abstract; CO;geological sequestration is becoming a hot issue. In order to study the feasibility evaluation of
CO; geological sequestration, it is needed to understand the complicated multiple-phase equilibrium of agueous
solutions with CO; and multi-ions under geological conditions of a wide temperature and pressure range, which
are also essential for designing separation equipments in chemical or oil-related industries. For this purpose,
three different models (the electrolyte NRTL {58} (ELECNRTL), the electrolyte NRTL combining with
Helgeson model (111 (ENRTL-HG), Pitzer activity coefficient model (1214} combining with Helgeson model
(I (PITZ-HG)) have been used to calculate the Vapor-Liquid phase equilibrium of CO;-H; O and CO;-H,O-
NaCl systems. For COz-H; O system, the calculation results agree with the experimental data very well at low
and medium pressures (0~20MPa), but there are great discrepancies above 20MPa. For the calculated water
content data at 473. 15K, the calculated results agree with the experimental data quite well. For CO;-H: O-
NaCl system, PITZ-HG model show better results than ELECNRTL and ENRTL-HG models at the NaCl
concentration of 0. 52m. Bur for the NaCl concentration of 3. 997m, using ELECNRTL and ENRTL-HG mod-
els we can get better results than using PITZ-HG model. This paper proves that the thermodynamic calcula-
tions can satisfy the needs of the calculation of the sequestration capacity for the temperature and pressure
range of disposal of CO; in deep saline aquifers. But considering the injection of carbon dioxide into depleted hy-
drocarbon reservoirs, more accurate thermodynamic calculations are needed at high temperatures and pressures
(above 398. 15K and 31. 5MPa) .

Key words: CO;-H;0O, CO;-H; O-NaCl, high temperature high pressure, phase equilibrium
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1 INTRODUCTION

The increase of the concentration of CO; leads to a significant climate warming and
weather changes. In 1997, the Kyoto Protocol clearly states the reduction of greenhouse ga-
ses emissions(!]. Since CO; is believed that environmental consequences of such an approach
would be broadly neutrall4l.

In order to predict the sequestration potential and to study the long-term behavior of
carbon dioxide in the geologic reservoirs, it is needed to study the complicated multiple-phase
equilibrium of the aqueous solution containing CO: and ions (Nat, K+, Mg2t, Ca?* and
Cl~ etc. ) under the geological conditions of a wide temperature and pressure range. Since the
phase behavior of the CO;-H;O-ions responsible for about 64 % of the enhanced “greenhouse

effect”(?], the disposal of CO; has become concerned world widely. Geological sequestration

Supported by the Chinese National Scierce Foundation for Outstanding Young Scholars (No. 20428606), Chinese National
Natural Science Foundation (No. 20236010, 20246002 and 20376032), the Natural Science of Foundation of Jiangsu Province
(BK2004215and BK2002016 >, Chinese National Fundamental Research Development Program ( 973 Program:
2003CB615700) .

To whom correspondence should be addressed. E-mail; xhlu@njut. edu. cn



is currently attracting attentiont3l. It is system is complicated, and Nat and Cl~ are the main
components, it is usually simplified to study the phase equilibrium for the CO;-H;O and
CO2-H; O-NaCl systems. For this purpose, three different models have been used to calculate
the Vapor-Liquid phase equilibrium of CO;-H20 and COz-H;O-NaCl systems and the calcu-

lation results are compared with the experimental data.
2 CALCULATIONS WITH SELECTED THERMODYNAMIC MODELS

In this paper, three different models have been used to calculate the Vapor-Liquid phase
equilibrium of COz-H;O and CO;-H;O-NaCl systems. And the calculation results are com-
pared with the experimental data in order to evaluate the experimental data further more.

In the first thermodynamic model, the electrolyte NRTL (ELECNRTL) activity coefficient
model 58] is used to calculate the activity coefficient of the aqueous solution, the Redlich-Kwong e-
quation of state [%1 is used to calculate the fugacity coefficient for the vapor phase. The paif parame-
ters of the ELECNRTL model are obtained by regressing vapor pressure and mole fraction data at
100°CL%), The second model (ENRTL-HG) is similar to the ELECNRTL method, except it uses
the Helgeson model for standard properties calculations. Here we use SUPCRT92 (11 to calculate
the standard properties. In the third model (PITZ-HG), Pitzer activity coefficient model [12-14)jg
used to calculate the activity coefficient of the aqueous solution, the parameters for the Pitzer model
are available from Pitzer’s series ['21¢] on the thermodynamics of electrolytes. SUPCRT92(11] jg
used for standard properties calculations, and the Redlich-Kwong-Soave equation of statel!517] is
used to calculate the vapor phase fugacity coefficient. In all the three methods, the solubility of CQ,

is modeled using Henry’s law.
2.1 COz -H20 system

In this work, the phase equilibrium of CO.-H;O system under three temperatures
(323.15, 373.15, 473. 15K) is firstly calculated by the three different models. The pressure
conditions studied is from 0 to 80MPa, and the results are shown in Figure 1.

As is shown in Figure 1, for the calculated CO; solubility in H; O-rich phase under the
temperatures of 323. 15, 373. 15 and 473. 15K, the calculated CO; solubility under the pres-
sures below 10MPa agrees with the experimental data quite well. However, when the pres-
sure is above 10MPa, there are great discrepancies. And the discrepancies are more obvious
as the temperature increases. Although the calculated results didn’t agree with the experi-
mental data very well at high pressures, the temperature and pressure dependence of the CO;
solubilities is consistent with the experimental data. From the comparison of our calculated
results with the experimental data, we can see the three models can’t describe the CO:; solu-
bility of high pressures very well.

For the calculated water content in CO,-rich phase at 323.15K, the results below
10MPa agrees with the experimental data very well, but there are great discrepancies above
10MPa. The results at 373. 15K show that calculated water content data below 20MPa are
consistent with the experimental data. And the agreements of the results at 373. 15K are
much better than that at 323. 15K. Considering the calculation results at 473. 15K, the calcu-
lated water content data agree with the experimental data quite well, much better than that
at the other two temperatures.

4
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Figure. 1 Mole fractions of CO;in Hz O-rich phase and mole fractions of H; O in CO;-rich phase for CO;-H, O

system at 323.15, 373.15 and 473. 15K. Experimental data; a. Bamberger et al.[13], b. Briones et al. (197,
c. Dohrn et al. [2°1, d. D”Souza et al. [21], e. Matous et al. [22], f. Wiebe and Gaddy{®], g. Zawisza and Malesin-
skal?4], h. Wiebe and Gaddy!'?*], i. Coan and Kingl?1, j, Kiepe et al. (277, k. Mieller et al. (281, 1. Toedheide
and Franckl?], m. Nighswander et al. [3¢], n. Takenouchi et al. [31] . Calculated: _ , ELECNRTL, __, EN-
RTL-HG, ..., PITZ-HG.



2.2 CO;-H; O-NaCl system

We also calculated the phase equilibria of CQ;-H; O-NaCl system under the temperature
of 313.15 and 333. 15K. The concentrations of the NaCl are 0.52m and 3. 997m. Also the
pressures are up to 80MPa. The comparison of the calculated results with the experimental

data is shown in Figure 2.

80 : ,
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Figure. 2 Mole fractions of CO; in H; O-rich phase for CO;-H; O-NaCl system at 313. 15 and 333. 15K. Calculated;
(a) _, ELECNRTL (m=0.52, 3.997), ., ENRTL-HG (m=0.52, 3.997), - » - « — » , PITZ-HG (m=
0.52), ..., PITZ-HG (m=3.997); (b) _, ELECNRTL (m=0.5292, 3.997), ___, ENRTL-HG (m=0. 5292,
3.997), - « - « - «, PITZ-HG (m=0. 5292), ..., PITZ-HG (m=3.997) .

From Figure 2 it is found that for the NaCl concentration of 0. 52m, the calculated re-
sults by the three different models agree well with the experiment data. And the PITZ-HG
model brings the best agreement. For the NaCl concentration of 3.997m, the calculated re-
sults by ELECNRTL and ENRTL-HG models show good agreements with the experimental
data. But there are great discrepancies between the calculation results and the experimental
data when using PITZ-HG model, which also shows that the PITZ-HG model should be
modified when using in high salt concentrations. In general, the three models not only well
describe the pressure effect and temperature effect on the CO; solubility, but also the salting-
out effect. At constant pressure, the solubility of CO; in the aqueous solution decreases with
increasing salt concentrations.

From the calculations with selected three thermodynamic models, we can find that the
existing thermodynamic models can nearly satisfy the needs of the calculations for the se-
questration capacity in the temperature and pressure range for disposal of CO; in deep saline
aquifers. But for the temperature and pressure as high as 398. 15K and 31. 5MPa, which may
reach in the abandoned oil and gas reservoirs, the models can’t obtain very accurate results.

3 CONCLUSIONS

The phase equilibria of the CO2-H; O and COz-H, O-NaCl systems in a wide temperature
and pressure range are calculated with three selected models. The following conclusions are
drawn;

6



(1) For CO;-H:0 system, our calculated mutual solubilities of CO; and H2O showed
that the agreements between the calculation results and the experimental data are very good
at low and medium pressures (0~20MPa) . When the pressure is above 20MPa, there are
great discrepancies. But for the calculated water content data at 473. 15K, the calculated re-
sults agree with the experimental data quite well. For COz-H20-NaCl system, PITZ-HG
model shows better results than ELECNRTL and ENRTL-HG mode‘ls at the NaCl concen-
tration of 0.52m. Bur for the NaCl concentration of 3. 997m, using ELECNRTL and EN-
RTL-HG models we can get better results than using PITZ-HG model.

(2) From the results of the existing thermodynamic calculations, we can see that the
models can satisfy the needs of the calculations for the sequestration capacity in the tempera-
ture and pressure range for disposal of CO; in deep saline aquifers. But considering the injec-
tion of carbon dioxide into depleted hydrocarbon reservoirs, more accurate thermodynamic
calculations are needed at high temperatures and pressures (more than 398.15K and
31. 5MPa) .
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Preparation of Biodiesel from Palm Fatty Acid Distillate

Ke Zhonglu', Xi Limin?, Lou Jianhua', YangYiwen!* , Ren Qilong!
(1. Zhejiang University, National Laboratory of Secondary Resources Chemical Engineering ,
Hangzhou 310027, China
2. Taizhou Technical College, Departement of Biological and Chemical Engineering , Taizhou 318000, China )

Abstract: Vegetable oil deodorizer distillates contain abundant free fatty acids besides tocopherols, phytoster-
ols, etc. Fatty acid methyl esters (FAMEs) were produced during the production of natural tocopher-
ols. Biodiesel may be prepared by the purification of FAMEs. In this paper, FAMEs were purified by high vac-
uum distillation, using the by-product produced after the extraction of natural tocopherols from palm fatty acid
distillates as the raw material. Operation conditions, e. g. , pressure, temperature, and flow rate, were investi-
gated. The lower the pressure is, the more beneficial to the separation. The optimal temperature and flow rate
were 180°C and 10-14 ml/min, respectively. The recovery of FAMEs was 92. 44 %. The properties of FAMEs,
e. g. , free glycerol content, total content of glycerol, acid value, viscosity, flashpoint, etc. were and ana-
lyzed. The result showed that the purified FAMEs might be used as biodiesel.

Key words: biodiesel; deodorizer distillate; high vacuum distillation; fatty acid methyl esters
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BAERMO R,
1 KBHEMAE

1.1 ##

1.1.1 s£8igsd HEEULCAAMERERZE, MS DSLs, AHE 0.5~2kg/h, BEX
HEB. 29 6dm?; IR E<200C,

1.1.2 £RAEH FHWELIBELYERATHREGHEIZY, TREAH. B=YRIg
BMHEEE (FAMEs) &% 94.15%.,

1.2 Hik

L2.1 #sstreieh HREBENENRPWABIRNAIEEER. EHBK,
VHBEZGELRBSMHT, RBEERTE YK, EATHBEAMBRRN, #83
BRI BZYRERRET LWEEE, BEERS TEBEOREN=ROAE., 3K
HEMENBEOCREEWMEXBEIARNSFHAIEE, FEHEEFREIHREEMENEBE,
HTHAEMER B YEADIEER/), BERREERAAENBRENE /)N, R E
RNEAEBEEER.

1.2.2 BRHESE HREREBRISVBRENESTTREE, ARWERBERZZN T H
#H, FERELS, BRBETZAFEHOIE LT ERER XD T EALERARMN SR
L B

2 XBRHEREWHiR

WEAEIE -REFYHENMAEG LERBEE., AEXENEHESR. BATHS
BEGHANRY FELEELBAEN MR, A XUMEEEEREANKELR (B
HAWEREH LTRSS, BHSERAREOES) EHTEEE, EHXBEH. B
B, N ESERERGNER, DEIRKH TS &4,

2.1 RZEEAHER

ERENBK, FFHELAERK, AOBEHEEL. s TREFASESHBEE. #
MAE, ESRAVESERMREBRAERATREE D, 2ER, BEHASFRL R Y
k.

Bl 1 RAEFHREEN 9. 77ml/min, FWRE N 180°C, HHRFH 300r/min, BREN
SHTEEHSLL RER., ABRFILUEY, EHREEEET, MERLEEHNASL, B
HEASHRBERE. XRENFEHIRENBEAYEENABTAEEARE S, Bk, &
HBENKBRET,. REENBEGERANBE R .

2.2 #BEEAEKMW

B2 B7EME 6ml/min, RHEES 0. 17mbar, F|#K % # 300r/min, A RIXEEE T
BANFFBREASH R, ZRBANSN, BEXREBEENAS, REASHL R L2MMm,
B 170~180CJ5, #EABRE., REASHL R TH. XREANFHNBEEAS, X2 8
AWK, FFELEEHLSRABEEK, REHASLN A, YBEAD —SEEF (170~
180°C) Ja, HREH#H—SWA, SHABIE, BLBREASLEHATH, BHERRK
FEARG . 150 B VR BE B el Y AR 2
10
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(R=light compositions/heavy compositions)

2.3 #EEROEE
ERTREN, BNRBEREVHERLZER LOEREE, HEERRENERa

L 12l _
B3 BRERKESH 0.17 mbar, HIBEE K kﬁ//\\
180°C, FMREEHE 300 r/min, REIMMERTFE % .

AMAFRREHD LR, HRBHR/E, BHFHHER 64t
BRAREELH ENE A, STRRERA. & « |
REESRRAEMN, CHERIREANEHBE \
MRSV RL R, HERZEAE4A S, R&HEILRKE |
Ay HWMBFE 10~14 ml/min ZB&, BEMER  sof *
RATBE, ROAAEEE UK AN BERILR Y ¢ ¢ 5 0 121 16 1 »
RRANE, EANRBHOSEE K, UHEX

RFTWEAE B E SRS /N, FMEEE N, KB
RANBOEZHL, BEHPRASLAEA, BEWL REB/D.
2.4 FERFMRFARREIYE

Fig. 3 Effect of flow rate on R

g 5 B8 FP BS e R E AR,

B . mXR/(R+1) X FAMEs' % _ RXFAMEs'Y% 0
R—FAMEs; = m < FAMESY, X 10026 = R Ty FAMEs 5 < 100%
XP, RAKBIBFREASIL; FAMEsH A EB RIS MPRE S E; FAMES %

AEHPIEHETFESE.,

HRBENRBRGR . RIGEE 180C, ZLE S 0. 17mbar, HF HE 10~ 14ml/
min, FARFEE 300r/min, B L8 BB AE RIS BT AR B E R K 92. 44 Y%,
2.5 AWpsmteELR

RIFIHTERERGTHIANBHAES MR,

ML VAR S, AXH &ML EHSEB4EYEMERE ASTM D6751-038500 5 /K
U EN 14214 LE, BRTHMRBKS TR 0.0339%) BFHRAE 0.02%) SHEEHBmSR
(0.0392%6) BER TARHE (0.02%) 4b, HEHMAHIFAMER, 5HE 0% ¥ (GB
252—2000) LhiE, BRTWEEA (15°C) BT 0% ¢ (4°C) Sb, H RIS BIRERN
BOR. B, AR B R Y R B RS 9 B PE oh R AL RS I R B ST LA
RSk .
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