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Solubility of Carbon Dioxide in Aqueous Solutions of Piperazine in the Low Gas
Loading Region

Viktor Ermatchkov, A Ivaro Pérez-Salado Kamps, Dirk Speyer, and Gerd Maurer*

Applied Thermodynamics, University of Kaiserslautern, P.O. Box 30 49, D-67653 Kaiserslautern, Germany

The solubility of carbon dioxide in aqueous solutions of piperazine was determined at low gas loadings
(stoichiometric molar ratios of carbon dioxide to piperazine between about 0.05 and 0.95) and temperatures between
(313 and 393) K by means of headspace gas chromatography. The stoichiometric molality of piperazine amounted
to about (1 and 2) melkg of water) ! {mass fraction of piperazirne (8 and 15) % atT ~ 313 K and to about

(2 and 4) mol(kg of water)* {mass fraction of piperazine (15 and 26) %} atT ~ (353 and 393) K. The

partial pressure of carbon dioxide was between about (0.1 and 95) kPa. A thermodynamic model for describing
the vapor-liquid equilibrium (which applies Pitzer's molality scale based equation for describing the Gibbs excess
energy of the aqueous phase) is revised and extended using the new data.

Introduction was covered, stoichiometric piperazine molalities amounted to
. about (2 and 4) mefkg of water) 1, and total pressures ranged
eLJp to about 9.6 MPa. However, this experimental technique is
only suited for investigations at pressures abpwe 0.2 MPa,
Shat is, it is restricted to the so-called high gas loading (elevated
pressure) region. Based alone on these experimental results at
high gas loadings, a thermodynamic model describing the VLE
of the system (C®+ piperazinet H,0) was developed in a
previous work! This model is able to predict the gas solubility
in the low gas loading region. Prediction results agree favorably
with the few (reliable) experimental data found in the litera-
ture8” However, the industrial need persists to assess the

. . L. N S rediction results by comparison with more and accurate
chemical reaction equilibrium and the vapdiquid equilibrium P y P

LE Il 'as inf i th N e/cond experimental information in the low gas loading region, in
(VLE) as well as information on the energy to vaporize/con ensejnarticular also at higher piperazine concentrations and at higher

often removed from natural or synthesis gases by “chemical”
absorption in aqueous solutions of single amines (in many case
alkanolamines, such as 2/2ethyliminodiethanot= N-methyl-
diethanolamine= MDEA) or amine mixtures (e.g., MDEA-
piperazine). The competitive chemical absorption of carbon
dioxide and hydrogen sulfide is kinetically controlled. However,
deviation from equilibrium provides the driving force in such
kinetically controlled processes. Hence, the reliable design and
optimization of the separation equipment at first requires the
knowledge of the equilibrium properties, in particular, the

the mixtures. The gas absorption takes place at low temperature
emperatures.
(around or somewhat above room temperature) and elevate .
ressures (up to about 4 MPa or more), whereas the gas Recently; we applied a headspace gas chromatography
P es (up Eh : 9 techniquél®for the reliable determination of the solubility of
desorption (i.e., the solvent regeneration in the stripper) occurs

at elevated temperatures (around 390 K or more) and low carbon dioxide in aqueous solutions of MDEA at low gas
. pe ; loadings (cf. also refs 5 and 11). In the present work, these
pressures (in particular at low partial pressures of the gas).

Therefore, the aforementioned equilibrium properties need to investigations are extended to the solubility of carbon dioxide

be explored within relatively wide ranges of temperature in aqueous solutions of piperazine at low gas loadings at
P . y 9 P ' temperature§ ~ (313, 353, and 393) K. The stoichiometric
pressure, and amine and gas concentrations.

. . . molality of piperazine amounts to about (1 and 2) rtia of
To develop a thermodynamic model to describe the simul- water)® at T ~ 313 K and to about (2 and 4) mékg of

taneous solubility of carbon dioxide and hydrogen sulfide in water) ! at T ~ (353 and 393) K. Partial pressures of carbon
aqueous solutions of MDEAF piperazine, at first reliable  gjoxide range from about (0.1 to 95) kPa.

experimental information on the solubility of the single gases

in aqueous solutions of the single amines is required. The presenExperimental Section

work concentrates on one of those interesting subsystems,

namely, (CQ + piperazine+ H,0). The solubility of carbon The experimental arrangement of the headspace gas chro-

dioxide in aqueous solutions of piperazinenigh gas loadings matogr_aph and the experimental prqce_dure have_ been described
was already investigated in a previous woapplying a well- in detail before? therefo're,' no descrlptlons are given here.
proven and very reliable technique based on the synthetic SubstancesCarbon dioxide (mole fractior 99.995 %) was
method2~5 That technique allows for the determination of the Purchased from Messer-Griesheim, Ludwigshafen, Germany.
total pressure required to dissolve a known amount of gas in a PiPeérazine (anhydrous, mass fractirb9 %) was purchased
known amount of liquid at given temperature and solvent from Sigma-Aldrich (_De_|senhofen, Germany) and was degassed
composition. A temperature range from~ (313 to 393) K under vacuum. Deionized water was degassed by vacuum

distillation.
* Corresponding author. Tel+49 631 205 2410. Fax:+49 631 205 3835. Sample Prepar.ation'.l'he aqueous pipe;razine solutions (about
E-mail: gmaurer@rhrk.uni-kl.de. 1 L) were gravimetrically prepared in a storage tank by

10.1021/je0601917 CCC: $30.25 © 2006 American Chemical Society
Published on Web 07/06/2006



Journal of Chemical and Engineering Data, Vol. 51, No. 5, 200889

dissolving known amounts of the amine in water (under Table 1. Solubility of Carbon Dioxide (2) in Aqueous Solutions of
vacuum). To avoid the precipitation of solid piperazine, the Piperazine (1) atT = 313.1 K (AT = + 0.1 K, Afy/fiy = + 0.1 %)

solutions were thermostated upTer 323 K. A known amount iy fip P2 APz repr
of that aqueous piperazine solution (about 0.25 L) was then yqpkgt mol-kg kPa kPa
transferred to a set_:ond (evacqat(_ad) storage tank (vo#um@ 1167 0742 42 0.000 6 057 0.02 0.0L
L), then charged with carbon dioxide, shaken for a few minutes, 7147 0.785 Gt 0.000 6 0.85 0.03 0.03
and finally thermostated to the respective temperature for about 1.167 0.841 4+ 0.000 6 1.49+ 0.05 0.11
1 day. The sample celfstainless steel vials, volunre (11 to 0.9890 0.732 4£ 0.000 5 1.6 0.06 0.04
30) cnf} were then partially filled with that liquid mixture and 0.989 0 0.790 2 0.000 6 3.30£0.12 0.12
mounted in the cell holder, where they were thermostated to 0.9890 0.848 1 0.0008 6.55:0.27 0.05
) ; ' : 0.989 0 0.889+ 0.001 12.62+ 0.63 0.29
the desired experimental temperature for about 12 h. Asitwas 0.9890 0.911H 0.002 17.50k 1.08 0.22
confirmed in a series of pre-experiments, this procedure ensured  1.167 1.103t 0.003 30.09+ 2.43 0.64
the attainment of thermodynamic equilibrium in both the second ~ 1.167 1.105£ 0.003 30.1A-2.49 0.99
storage tank and the sample cells. (Systematic) corrections of 2.750 1.319 8 0.000 6 0.115t 0.004 0.007
the stoichiometric molalities of the gas and the amine were = 2.750 1.792 8- 0.000 7 0.72£0.02 0.02
applied to account for the transfer of the sour gas and water to g'gg} i'gig & 8'888 g éé& 8'(1)‘2" 8'8?’
the vapor (in both the second storage tank and the sample cells). 5 750 '> 30 0.001 8.67+ 0.28 0.24
Since the vapor phase volumes in those tanks (which were 2.044 1.801 0.003 20.4H0.79 0.33
estimated) and the partial pressures of carbon dioxide and water 2'82}1 i-g%ﬁ 8-883 ggggt igé 8-‘113
(which were either calculated from the previous VLE médel 2044 1.932% 0.006 48,428 3.70 178

or known from the experiment) are small, the correction of the
stoichiometric molality of carbon dioxide is also smg(0.003 Table 2. Solubility of Carbon Dioxide (2) in Aqueous Solutions of
to 1.7) 94, and the correction of the stoichiometric molality of ~Piperazine (1) atT = 353.15 K AT = =+ 0.1 K, Amy/M; = =+ 0.1 %)
piperazine is insignificant (and only due to the vaporization of iy ffp P2 AP2repr
water, as the saturation pressure of pure piperazine is almost

kg1 kg1
negligible in the temperature range considered h€rdhe molkg molkg kPa KPa
relative gravimetrical uncertainty in the stoichiometric molality gggi 8'382 i 8'888 g Obléi 8'823 8'8?1
of piperazine does not surmouft0.03 %. The total uncertainty 2081 1.146 G 0.000 7 358t 0.10 0.14
in that molality is estimated to be smaller th&n0.1 %. The 2.156 1.169 6+ 0.000 8 5.6Qk 0.16 0.24
relative uncertainty in the stoichiometric molality of carbon 2.156 1.347-0.001 10.82+0.33 0.22
dioxide ranges from about 0.04 % (for the higher piperazine i-égg 1-32& 8-88§ ;gggt g-gg 8-28
and carbon dioxide molalities) up to abotit0.3 % (for the 1.969 1,450k 0.003 28.42¢ 1.16 0.42
lower piperazine and carbon dioxide molalities). It was estimated  1.969 1.504+ 0.004 37.95- 1.78 0.90
from the filling procedure described before (including all 3.950 0.611 7t 0.000 6 0.154- 0.004 0.009
corrections) by means of a Gauss error propagation calculation.  3.950 1.090 X 0.000 8 0.48+ 0.01 0.01
3.950 1.586 9 0.000 7 1.53+ 0.04 0.06
Results 4.168 2.197 6 0.000 8 4.47:£0.13 0.15
4.168 2.400+ 0.001 6.86+ 0.20 0.11
The solubility of carbon dioxide in aqueous solutions of 4.168 2.57H0.001 10.15£0.29 0.42
piperazine (PIPk) was measured at stoichiometric molalities ﬁgg gg;& 8'882 é?'ii 8'32 géi
of piperazine in water offpipy, ~ (1 and 2) mokg™ {mass 4199 3.391+ 0.010 77.63 3.64 2.06
fraction of piperazinex (8 and 15) % at T ~ 313 K and of
Meipr, ~ (2 and 4) molkg™! {mass fraction of piperazine Table 3. Solubility of Carbon Dioxide (2) in Aqueous Solutions of
(15 and 26) % at T ~ (353 and 393) K. The stoichiometric ~ PiPerazine (1) atT = 393.15 K AT = 0.1 K, Amy/My = £0.1 %)
molar ratio of carbon dioxide to piperazin®d{o,/Meipr,) ranged iy fip p2 Ap2,repr
from about 0.05 to about 0.95. The partial pressure of carbon  mol.kg2 mol-kg kPa kPa
dioxide (pco,) was between about (0.1 and 95) kPa. 2 046 0193 65 0.0006 1150 0.03 001
The experimental results are listed in Tables 1 to 3. The 2.013 0.412 2+ 0.000 6 4.810.13 0.02
listings include the experimental uncertainties. The absolute  2.013 0.550 5£0.000 7 8.93£ 0.23 0.14
uncertainty in the partial pressure of carbon dioxide is estimated g'gig o'gg‘;gi 8'882 9 ;gfﬁ 8'21 8'22
from Apco, = £ (Apco,* + 0.020c0,). The first contribution 2013 0.973+ 0.002 41.03+ 1.22 0.15
accounts for uncertainties in temperature as well as gas and 3.837 0.199 4t 0.000 6 0.534L 0.013 0.002
amine molalities. It is determined from a Gauss error propaga- 4 443 0.324 7+ 0.000 7 0.90f 0.02 0.02
tion calculation (by applying the VLE model described in the 3.972 0.503 8- 0.000 7 2.18+ 0.05 0.01
next section). The second contribution is the uncertainty of the =~ 3.972 0.884 1-0.000 7 5.99: 0.14 0.02
calibraion experment o mmome meerm o
To check the reproducibility of the experimental technique, 3.837 1.84% 0.002 42.93¢ 1.14 0.60
each experimental data point given in Tables 1 to 3 was repeated  4.443 2.177 0.003 46.93 1.23 0.85
3 to 8 times. Only the averaged experimental results are reported ~ 3.972 2.337 0.006 95.3Gk 3.05 3.32

together with the absolute standard deviation from that average In Figure 1 as well as in Figures 2a and 3a, the experimental
numerical value for the partial pressure of carbon dioxide results for the partial pressure of carbon dioxide (open symbols)
(Apco,rep). For almost all investigated pointApco,repris (well) are plotted versus the stoichiometric molar ratio of carbon
below the estimated experimental uncertainty of the partial dioxide to piperazine at preset temperature and stoichiometric
pressure of carbon dioxide\pco,), confirming the reliability piperazine molality of approximately (1, 2, and 4) ntkg of

of that estimation. water) L, respectively. When the sour gas carbon dioxide is
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Figure 1. Partial pressure of carbon dioxide above liquid mixtures of {CO
+ piperazinet H;0), Mpipn, &~ 1 mokkg™1, T=313.1 K: A, experimental
results, this work:—, correlation results (parameter set Il); - - -, prediction

Figure 3. Partial pressure of carbon dioxide (a) and total pressure (b) above
liquid mixtures of (CQ + piperazine+ H0), Mpipr, ~ 4 mokkg™.
Experimental results, this workO, T = 353.15 K;O, T = 393.15 K.
Experimental results from Rez-Salado Kamps et alafter applying a small

temperature correction, cf. Appendix¥®, T = 334.05 K;®, T = 354.35
K; %, T=374.7 K;l, T = 395 K. —, correlation results (parameter set Il).
- - -, correlation/prediction results (parameter set I).

results (parameter set I).

10

()

Due to chemical reactions, the liquid phase contains carbon
dioxide and piperazine not only in volatile (i.e., neutral) but
also in nonvolatile, ionic form. The following (reversible)

<
S 1074 chemical reactions are considered in the liquid phase:
8 autoprotolysis of water:
éj 2
5] ot _
10 H,O=H"+ OH ()]
ey formation of bicarbonate (HC$) and carbonate (C£):
CO, + H,O0=HCO;” + H" (1
10* : . . .
0 0.4~ 0.8~ 12 16 0 0‘4~ 0.8~ 12 16 HCO,” — CO32’ +H* an
7o,/ M ppy, o,/ prpH,
Figure 2. Partial pressure of carbon dioxide (a) and total pressure (b) above  first protonation and second protonation of piperazine:
liquid mixtures of (CQ + piperazine+ H;0), Mpipn, ~ 2 mokkg1.
Experimental results, this worka, T=313.1 K;O, T=353.15K;00, T PIPH, + Hf = |:>||:>|.%+ (Iv)
= 393.15 K. Experimental results froni iieg-Salado Kamps et al(after
applying a small temperature correction, cf. Appendix): T = 313.75 K
pplying p ppendix) PIPH," + H* = PIPH2" V)

{’solid triangle with vertical bar denotes one experimental point where the
precipitation of a solid phase was obserye®, T = 334.05 K;®, T =

354.35 K;*, T = 374.65 KM, T = 395 K.—, correlation results (parameter ~ and formation of three carbamate species (piperazine carbamate,

set Il). - - -, correlation/prediction results (parameter set I). piperazine dicarbamate, and protonated piperazine carbamate):
added to an aqueous solution of piperazine, the total pressure PIPH, + HCO, = PIPHCOO + H,0O (VI

at first only very slightly increases with increasing amount of

the gas in the liquid. This is due to the basic character of PIPHCOO + HCO; ==PIP(COO),+ H,0 (VII)
piperazine as well as to the negligibly small saturation pressure

of the pure amine. In particular, the partial pressure of carbon PIPHCOO + H ™ = PIPH,"COO" (Vi)

dioxide at first (i.e., for low gas loading®co,/Meipr,) IS very
small, that is, carbon dioxide is almost completely dissolved The condition for chemical equilibrium for a chemical reaction
chemically (i.e., in nonvolatile ionic form). But it increases r (=1, ..., VIIl) is

rapidly (for higher gas loadings) when, in the liquid phase,
piperazine has been spent by chemical reactions, and the sour
gas can no longer be absorbed chemically but has to be dissolved
physically (cf. also ref 1).

KM =[Ta" )

The influence of pressure on a chemical reaction equilibrium
Thermodynamic Modeling of the Vapor—Liquid constant Kr) is_ neglected. The term is the_ activi_ty of species
Equilibrium i. Only water is treated as a solvent species. Piperazine, carbon

dioxide, and the ions are treated as solute species. The reference

A detailed description of the model applied to correlate and state for the chemical potential of water is the pure liquid at
predict the solubility of carbon dioxide in aqueous solutions of systems temperature and pressure, whereas for the chemical
piperazine can be found in a previous publicafi@nly a short potential of a solute species it is the one molal solution of that
outline is repeated here. solute in pure water at systems temperature and pressure, the
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solute experiencing the same interactions as infinitely diluted
in pure water.;, is the stoichiometric factor of reactanin
reactionr (v, > 0 for a product and;;, < O for an educt).

it is much easier to use the general equations for the activity
coefficient of a solute species (and for the activity of water) as

a function of the interaction parameted®, 55", B\, and i

The balance equation for the amounts of substance (therather than using rearranged equations as a function of com-

number of moles) of a speciésn the liquid solution is

ni:ni+zVi,rr
r

whereé; is the extent of reaction Solving this set of equations
for a given temperature and given stoichiometric amounts of
substances (number of mol&g)of components KD, PIPH,
and CQ results in the speciation, that is, the “true” composition
of the liquid phase (the amount of substamg®f all species
present).

The VLE condition results in the extended Henry’s law for
carbon dioxide:

veo P~ )
Kico,®XA—®/T —

)

aco, = Yco, PPco, ®3)
and in the extended Raoult’s law for water:
. vw(P — P)
Pl exr{WT 3w = YaPow ()

ku,co(T) is Henry’s constant of carbon dioxide in pure water

(based on the molality scale) at the vapor pressure of pure water

{po(M}- u‘;ozm and vy (T) are the partial molar volume of
carbon dioxide infinitely diluted in water and the molar volume
of pure liquid water, respectively. The influence of pressure on
these properties is neglected herR ié the universal gas

prehensive parameters (e.Gy, Bsyx: Tomxmx: [o,6mx
cf. Appendix | to ref 8). This does not increase the amount of
independent parameters and drastically simplifies the computer
codes. Such a procedure was also applied in the present work.
Required Thermodynamic PropertiesChemical reaction
equilibrium constants (on the molality scale) were adopted from
the literature K, from ref 17,K, from ref 18,Ky; from ref 19,
Ky andKy from ref 20, andKy, to Ky from ref 21). Henry's
constant for carbon dioxide in watky co,(T) (on the molality
scale) was taken from ref 3. The vapor pressure of water was
taken from ref 22. The molar volume of liquid water was
approximated by the molar volume of saturated liquid water,
which was also taken from ref 22. The partial molar volume of
carbon dioxide infinitely diluted in watet;c,, was calculated
as recommended by Brelvi and O’ConR&icf. also ref 24).
Pure component second virial coefficieBiso, co, andBp,o 1,0
were calculated from a correlation based on data recommended
by Dymond and SmitB®> The mixed second virial coefficient
Bco,H,0 Was calculated as recommended by Hayden and
O’Connell26 Details on all required thermodynamic properties
were given previously*27.28

Interaction Parameters in Pitzer's G £ Model

Binary Systems (C® + H,0) and (Piperazine+ H0).
When one of the single components £6r piperazine is
dissolved in pure water, with the exception of very dilute
solutions, chemical reactions can be neglected. Thus, from
experimental results on the VLE of an aqueous solution of one

constant.) The virial equation of state, which was truncated after of the mentioned solute components, only parameters describing
the second virial coefficient, was used to calculate the vapor interactions between the single neutral solute components (either

phase fugacity coefficient of componanip;.
In principle, piperazine might also be present in the vapor

CO;, or piperazine) in water can be determined. However, in
the pressure region of interest in the absortion/desorption

phase. However, as the saturation pressure of pure piperazing@rocesses, parameters for interactions betweep iG@vater

is small in the temperature range considered it ,presence

can be neglectetiFurthermore, all parameters for interactions

in the vapor phase is neglected. From eqs 3 and 4, the totalbetween piperazine in water were neglected because their

pressurep and the vapor phase compositiop i the vapor
phase mole fraction of componeitare calculated (after the
speciation in the liquid has been calculated).

Activities are calculated from Pitzer's molality scale based
equation for the excess Gibbs ener@Fj of aqueous electrolyte
solutiond314(cf. Appendix | to Ermatchkov et &). The activity
of a solute speciesfollows from

m
& = Vi (5)
wherem is the molality of solute speciaqi.e., the number of
molesn; of this species per kg of water):

A ®)
My

m

mo

andm°® = 1 mokkg~1. My* is the relative molar mass of water
divided by 1000 gw* = 0.018 015 28), andhy is the true
number of moles of water.

The activity coefficient of a solute specigs(on the molality
scale) is directly calculated from th&tE equation, whereas the
activity of wateray is calculated from the activity coefficients
of all solute species by applying the GibbBuhem equation.

As it was already mentioned in previous wérk16 when
Pitzer's G E equation is applied to chemical reacting systems,

influence on the partial pressure of carbon dioxide above liquid
mixtures of (CQ + piperazinet+ H,0) in the low gas loading
region as well as on the total pressure above those mixtures in
the high gas loading region is insignificardt least in the amine
concentration regions, which are important for the absorption/
desorption processes.

Ternary System (C®+ Piperazine+ H,0). In previous
work?l we presented experimental results froftd NMR
spectroscopic investigations on aqueous solutions of carbon
dioxide and piperazine at temperatures ranging from (283 to
333) K. The investigated aqueous solutions with fixed stoichio-
metric piperazine molalityranging from 0.1 to 1.5 me(kg of
water) 1} were loaded with up to 1 mol of carbon dioxide per
mol of piperazine. The experimental results for the speciation
{i.e., for the amounts of substance of (molecular piperazine
protonated piperazing- diprotonated piperazine), (piperazine
carbamatet protonated piperazine carbamate), and piperazine
dicarbamatg were used to determine the (temperature depend-
ent) chemical equilibrium constants for the formation of
piperazine carbamate, piperazine dicarbamate and protonated
piperazine carbamate. For that purpose and because the molal
ionic strength was always less than one, in Pitz&fsequation
only the modified DebyeHiuckel term was considered (i.e.,
all interaction parameters were set to zero). Under these
premises, the model was able to reproduce the experimental
results for the number of moles of (molecular piperazine
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protonated piperazing- diprotonated piperazine), (piperazine Table 4. Interaction Parameters (Set 1) in Pitzer's G & Equation
carbamater protonated piperazine carbamate), and piperazine for the System (CQ, + Piperazine + H0):2

dicarbamate in 1 kg of water with an average absolute (relative) (M) =q + %
deviation of (0.019, 0.024, and 0.014) n{g#, 9.9, and 25.5) “T TR
%}, respectively. In particular, the concentrations of piperazine
and carbon dioxide in water were rather low in those spectro- parameter % G TK
scopic investigations. In that low concentration region, Pitzer's ﬁg)l)wj+ oo 0.28872 —120.03 313-393
parameters do not have an essential influence on the evaluation B9, +'HC ) 3.9469 —1343.3
results for the chemical equilibrium constants for the carbamate o eSS 1.0378 ~397.18
. . ﬁmpr—ycoo,mm—yco& ’ '
formations. Therefore, these results are adopted here without ) 3.1375 _858.12
. ﬁmprycocr,mpryco& ' )
any re-evaluation. 50 019873 12537
However, the partial pressure of carbon dioxide above a liquid ﬁ(z’:): Fﬁ::?ccof 4.9494 —1422.8
mixture of (CQ + piperazinet+ H,0) is proportional to the O e & —1.2915 445.15
activity (i.e., to the product of the true molality and the activity ~ o'* "™ o 077195 21193
coefficient) of carbon dioxide in that liquid (cf. eqs 3 and 5). o 1.9491 61192
Lo : Bco,piprycoo- ' '
Consequently, that activity is not only strongly influenced by o 0.34964 _83.169

the chemical reaction equilibrium, but also by the physical (F")P%P'P“COO
interactions between the solute species (in particular between athe parameter set is based onGas solubility data in (piperazine
molecular carbon dioxide on one side and the other solute H,0) from ref 1 (after applying a small temperature correction, cf. Appendix)
species on the other side). Therefore, the gas solubity data cargnd from this work.

be used to determine the interaction parameters in Pitzer's

equation. And it is preferable to experimentally investigate the ~ As can be seen from Figures 1 to 3, the previous model
solubility of carbon dioxide in aqueous solutions of piperazine (parameter set |, dashed curves) is able to predict the new
at relative high stoichiometric amine molalities (up to 4 experimental results for the partial pressure of carbon dioxide
mol-kg~! at the higher temperatures) not only because such highabove (CQ + piperazinet H,O) in the low gas loading region.
piperazine concentrations are common in the absorption/desorp-The average relative (absolute) deviation between experimental
tion processes but also because the interaction parameters cagnd prediction results fopco, amounts to 18.4 % (3.7 kPa)
much more reliably be determined at those high concentrations.{3.5 % (0.16 kPa), 13.6 % (1.6 kPa), and 33 % (8.3 kPa) at

Predictions from the Preious Model. As it was already ~ TPer ~ (1, 2, and 4) mokg™, respectively.
mentioned, the previous modébr the VLE of the system (CO New Correlation. However, to achieve an even better
+ piperazine+ H,0) was based alone on experimental gas agreement between the new experimental results and the model
solubility data at high gas loadings fronirée-Salado Kamps  calculation results for the partial pressure of carbon dioxide
et al! {at Mppy, ~ (2 and 4) molkg=%}. However, a re- above (CQ + piperazinet H;0O) in the low gas loading region,
calibration of the platinum resistance thermometers used in thatin particular at the higher amine concentrations and at the highest
work showed that a small correction had to be applied to the investigated temperature (see Figure 3a), a new set of interaction
temperature values. The corrected temperatures are calculateparameters was determined (parameter set Il, cf. Table 4). It
from T = Toq + AT, whereAT =~ (0.6, 0.9, 1.2, 1.5, and 1.8) was adjusted to the gas solubility data in both the low gas
K at Tog &~ (313.15, 333.15, 353.15, 373.15, and 393.15) K, loading region (data from the present work) and the high gas
respectively. Therefore, in the previous model, a small correction loading region (corrected data byree-Salado Kamps et &).
had to be applied also to the temperature-dependent interactiorin an optimization procedure, the difference between experi-
parameters in Pitzer'§ E equation. For better clarity, both the  mental and calculated results for the partial pressure of carbon
corrected experimental results for the solubility of carbon dioxide and for the total pressure above (COpiperazine+
dioxide in (piperazinet H;O) by Peez-Salado Kamps et &l.  H,0) (in the low and high gas loading regions, respectively)
and the corrected interaction parameters of the previous modelwas minimized. The model accurately (almost within the
for the VLE of the system (C©+ piperazinet H20) are listed estimated experimental uncertainty) describes the experimental
in the Appendix. That corrected parameter set is here referredresults for the solubility of C® in aqueous solutions of
to as parameter set{IThe experimental results for the solubility  piperazine for low as well as high gas loadings (cf. Figures 1
of hydrogen sulfide in (piperazing HzO) reported by Xia et  to 3, full curves). With parameter set Il, the average relative
al?® had to be corrected as well and are also listed in that (absolute) deviation between experimental and correlation results
Appendix together with the corrected interaction parameters of for pco, (at low gas loadings) amounts to 5.1 % (0.72 k&)L
the previous model for the VLE of the system,@- piperazine % (0.37 kPa), 6.8 % (0.82 kPa),d# % (0.76 kPa) afipip,
+ H20)} ~ (1, 2, and 4) mokg 1, respectively. The agreement between

In Figure 2b and Figure 3b, the corrected experimental results experimental and correlation results for the total prespu(eg
for the total pressure by Rez-Salado Kamps et dlare plotted ~ high gas loadings) is as good as with parameter set 1. With
versus the stoichiometric molar ratio of carbon dioxide to parameter set Il, the average relative (absolute) deviation
piperazine fco,/Mpipr,) at preset temperature and stoichiometric between experimental and correlation resultgféatisregarding
piperazine molality of about (2 and 4) m(dg of water)?, data points at pressures below 0.2 MPa with relatively high
respectively. In addition, and just to visually corroborate the experimental uncertainties as well as one experimental point,
consistency of the whole database in both the high and the lowwhere the precipitation of a solid phase was obsehaupunts
gas loading regions, Figure 2a and Figure 3a include the partialto 3.0 % (86 kPaj 3.4 % (94 kPa) and 2.4 % (76 kPa)atpw,
pressures of carbon dioxide in the high gas loading re@an ~ (2 and 4) molkg™1, respectively, whereas, with parameter
T ~ (313.7, 354.4, and 395) K as calculated from the setl, those deviations amount to 3.0 % (100 ki) % (103
(corrected) experimental total pressdrdsy subtracting the kPa) and 2.9 % (96 kPa) atepy, ~ (2 and 4) molkg™?,
(small) partial pressure of water, as predicted from the model. respectively (see also Table 5).
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Table 5. Comparison between Experimental Data from the Literature for the Total and/or Partial Pressure above Aqueous Solutions of
Piperazine (1) and Carbon Dioxide (2) and Calculation Results from the Present Model

experimental ranges mean relative deviations

parameter set Il parameter set |

T My iy p p2 |Ap/pl  |Apl  |Ap2/pel  |Apel  |Aplpl APl [Apafp2l APl
source N K mol-kg™* molkg? kPa kPa % kPa % kPa % kPa % kPa
Correlation
ref 12 95 314-395 2.0-4.0 0-5.4 13-9 560 3.0 86° 3.0 100
thiswork 52 313393 1.6-44 0.2-34 0.1-95.3 51 0.72
Prediction
thiswork 52 313-393 1.0-44 0.2-34 0.1-95.3 18.4 3.7
ref 6 17 313-343 0.63 0.+0.6 0.03-40 17.6 1.13 18.3 1.11
ref 30 140 293323 0.r1.1 0.:-1.4 0.9-95.6 1265 166 1216 158
ref 7 58 298343 0.20.63 0.10.7 0.3-111 25.4 3.9 31.6 4.4

a A small temperature correction was applied to the experimental datarby-Balado Kamps et dicf. Appendix.? Only the data ap > 0.2 MPa (with
no solid-phase precipitation) were considered for calculating those mean relative deviations.

1 1
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Figure 4. Speciation in mixtures of (COt piperazinet deuterium oxide) 10° i i i 0
at T = 298 K (fipipr, ~ 1 mol and the stoichiometric amount of mass of 0 0.4 0.8 12 0 0.4 0.8 12

water was 1 kg). Symbols denote results frétiNMR measurements by

Ermatchkov et al?! @, molecular piperazine- protonated piperazine-
diprotonated piperazindll, piperazine carbamate protonated piperazine
carbamate; A, piperazine dicarbamate. ---, correlation results from
Ermatchkov et at! (based on the DebyeHiickel term alone)—, calculation

Mo,/ M ppy,

mco, /it PIPH,

Figure 5. Partial pressure of carbon dioxide above liquid mixtures of {CO
+ piperazine+ Hy0), Mpipy, ~ 0.63 motkg™. Experimental results:
Bishnoi and Rochellé:®, T = 313 K; O, T = 343 K. Aroua and Mohd

Salleh?°m, T = 313.15 K. Derks et al:a, T = 313.15K;a, T = 343.15

K. —, prediction results (parameter set Il). - - -, prediction results (parameter
It might also be noted that, by applying parameter set Il, the set).

model reproduces the experimental results for the speciation

{number of moles of (molecular piperazine protonated

piperazine+ diprotonated piperazine), (piperazine carbamate

+ protonated piperazine carbamate), and piperazine dicarbamat

in 1 kg of wate} from the aforementioned spectroscopic

;nggg?egﬁggiwgzdaré%\ﬁr)agr;sqigls; Iu{i.gflztr:\ée)zg%la;fn © 7). The solubility data by I_3ishnoi _an_d Rochélend by Derks

respectively (cf. also Figure 4). (The deviations are about the et _a|.7 reasonably agree with prediction Fesu'ts from our moc_j_el

same if parameter set | is used: (0.028, 0.036, and 0.014) mol(With both parameter sets) (see ‘?‘ISO F|gure 5). The S,°|Ub'|'ty

{(5.4, 14.6, and 24.5) %, respectively.) As expected, those data reportgd in ref 30.extremely disagree with all other literature

deviations are only insignificantly lower, when all interaction dat@ and with prediction results from our model.

parameters are set to zero.

results (parameter set Il).

tions cover a temperature range from (293 to 343) K and are
all restricted to the low amine loading (low pressure) region.
é—lowever, the stoichiometric molality of piperazine in the
investigated solutions is rather low (0.63 nkgj~tin ref 6, (0.1

¢ t0 1.09) molkg™* in ref 30, and (0.2 to 0.63) maig™* in ref

Conclusions

Comparison with Literature Data Modeling the phase equilibrium for the simultaneous solubil-
Table 5 reports mean relative and absolute deviations betweernity of carbon dioxide and hydrogen sulfide in aqueous solutions
experimental results for the total pressure and/or the partial of MDEA -+ piperazine requires a reliable and extensive
pressure of carbon dioxide above liquid mixtures of (CH experimental database on the solubility of the single gases in
piperazine+ H,0) taken from the literatufé’Cas well as aqueous solutions of the single amines. However, for the
from the present work and correlation/prediction results from subsystem (C®+ piperazine+ H,0), there was very little
the present model (parameter set Il) as well as from the previousexperimental information for the gas solubility available in the
model (parameter set ). Table 5 also reports the experimentalopen literature. In an attempt to extend that database, the
ranges (for the temperature, the stoichiometric molalities of solubility of carbon dioxide in aqueous solutions of piperazine
piperazine and carbon dioxide, and the partial pressure of carbonwas investigated in previous wdrky means of a technique
dioxide) of all those investigations. Apart from our own data based on the synthetic method. A temperature range from
(ref 1 and this work), not very much experimental information = (313.7 to 395) K was covered, piperazine molalities amounted
for the solubility of carbon dioxide in aqueous piperazine to~ (2 and 4) mol(kg of water) 1, and total pressures ranged
solutions is available in the open literatdre*®These investiga-  from ~ (0.2 to 9.6) MPa. That method is restricted to the
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high gas loading/elevated pressure regipn> 0.2 MPa). In Table 7. Interaction Parameters (Set 1) in Pitzer'sG £ equation for
the present work headspace gas chromatography is applied fofhe System (CQ + Piperazine + H:0):*
the reliable determination of the solubility of carbon dioxide in G

aqueous solutions of piperazine kliw gas loadings. The f(T):ql+(T/K)
temperature ranges from~ (313 to 393) K. The stoichiometric
molality of piperazine reaches up to about 4 ffia of water)y ™. parameter % G TIK
Partial pressures of carbon dioxide range from about (0.1 to B2 woo, —0.016 572 49.690 313413
.
95) kPa. 89, e Heo, —0.078 520 41.644 313393
A previously presented thermodynamic model for describing 5(p1|)wg< Heo,- 15.211 —4616.7
the phase equilibrium of the system (£® piperazinet H,0), B, H;YCOG PIPH,C00- 0.45950 —185.51
which was solely based on the gas solubility data in the high ,a ' —2.7955 1042.7
. A . X ﬂpmp—ycochplprycocr
gas loading regioh,is now extended allowing for the new 89 35012 1345.9
experimental results in the low gas loading region. A
p g g reg ﬂ% o PIP(CO0), 3.7694 —699.54
. S A —2.5491 814.39
Appendix B, pr. 1.6742 ~702.62
. 5
(I) Corrected Experimental Results from Ref 1 for the ﬁg%zvplp’_yco& —0.33897 122.49

SySt?mf(C@h_'— Plﬁ)eéﬁ.zme:_cH 20) T.he Cor.l'eec_lt_eg %(perlgneﬁtal 2 The parameter set is based onGfas solubility data in (piperazine
results Or.t € so u ility of C@in (piperazin 2 ) and the H,0) from ref 1 (after applying a small temperature correctidiarameter
corrected interaction parameters of the previous model for the adopted from Ermatchkov et al. (parameter set | in that wrk).

VLE of that system are given in Tables 6 and 7, respectively. . ) ) )
Table 8. Solubility of Hydrogen Sulfide (3) in Aqueous Solutions of
Pi i 1

Table 6. Solubility of Carbon Dioxide (2) in Aqueous Solutions of Iperazine (1f

Piperazine (1} T iy g p g} p
T iy My p iy p K mol-kg~?t mol-kg™? MPa motkg~t MPa
] A 1 313.75 1.981 2.151 0.1892 4.131 2.131
K molkg molkg MPa  motkg MPa 2.672 0.6358 4.690 2.804
313.75 1.995 1.452 0.0133 2.540 1.486 3.195 1.161 4.704 2.825
2.037 0.1707 2.884 2.859 3.871 1.863 5.568 2.849
2.102 0.2652 3.107 3.702 4.019 1.999 5.878 2.882
2.328 0.7535 3.366 4.486 334.05 1.981 2.156 0.3051 3.890 2.810
334.05 1.995 1.380 0.0308 2.462 2.158 2.221 0.4000 4.421 3.678
1.785 0.1016 2.681 3.533 2.848 1.250 4524 3.877
2.077 0.5144 2.762 3.978 3.580 2.312 4.806 4.280
2.361 1.616 3.157 7.147 3.855 2.737 5.513 4.299
334.05 2.035 2.088 0.4820 2.897 5.007 354.4 1.982 1.865 0.1363 4.125 4.333
2.327 1.435 3.194 7.683 2.087 0.3560 4.671 5.661
2.796 4.039 3.342 9.131 2.259 0.6198 4.815 6.033
354.35 1.995 1.289 0.0630 2.339 2.678 2.676 1.365 4.911 6.245
1.661 0.1385 2.480 4.038 3.326 2.659 5.589 6.248
1.830 0.2627 2.606 5.062 3.888 3.803
1.874 0.3736 2671 5.801 374.65 1.982 1.513 0.1543 4.007 5.169
i gmm s TR
§;§g§ %:2% 2.924 8.421 2.415 1.233 5.083 8.593
374.65 2.035 1.336 0.1556 2.164 2.206 3.337 3.372 6.154 8.604
1.704 0.3851 2.335 3.636 3.645 4.164
1801 0.5057 5564 =952 395.0 1.991 0 0.2002 3.916 5.701
- UL
2.140 2.053 2.811 8.592 : : : :
395.0 2.035 0 0.2021 2.239 4.222 2.231 1.150 4.417 7.356
: : : : : 2.689 2.302 4.697 8.358
1.109 0.2740 2.400 5.859 3170 3585
1.602 0.6650 2.464 6.605 334.05 3.945 3.909 0.1586 5.999 2.271
1.882 1.370 2.540 7.510 4.067 0.2795 6.878 3.232
2.080 2.699 2.623 8.433 4153 03673 7424 3.945
334.05 3.964 3.495 0.0428 5.047 5.346 5179 1353 8508 1384
4.165 0.9225 5.229 6.820 5.807 2.006
4.235 1.170 5.332 7.852 354.4 3.945 3.782 0.2395 7.111 5.201
4.400 1.832 5.349 8.160 4132 0.5291 7.153 5.262
3'385 g-?gg 5.369 8.598 4.399 0.808 7 7.597 6.081
. . 4.927 1.415 7.635 6.057
354.35 3.964 3.359 0.1487 4.395 3.187 5.305 2.011 8.470 6.206
3.600 0.3404 4.656 5.182 6.263 3.645 8.629 6.298
3.827 0.6899 4.882 7.279 374.7 3.974 3.158 0.1976 5.843 3.926
4.114 1.666 5.102 9.560 3.606 0.3024 6.848 6.270
374.7 3.950 2.895 0.1756 4.250 4.384 4.022 0.6260 7.669 8.179
3.144 0.3054 4.337 5.258 4.687 1.514 8.999 8.782
3.450 0.6459 4.483 6.523 4.959 2.036 9.406 8.748
3.735 1.331 4535 7.080 395.0 3.974 0 0.1916 5.124 3.067
4.028 2.787 4.683 8.846 2.404 0.2645 5.705 4.343
395.0 3.950 0 0.1876 3.794 3.076 3.398 0.4782 6.158 5.647
1.981 0.2325 4.017 4.712 4.100 1.083 7.042 7.752
2.772 0.4472 4.249 6.906 4.204 1.242 7.326 8.721
3.192 0.8936 4.436 8.999 4.911 2.611
3514 1.741

a Experimental results from ref 29 (after applying a small temperature
aExperimental results from ref 1 (after applying a small temperature correction).? The appearance of a second liquid “hydrogen sulfide-rich”

correction) P The precipitation of a solid phase was observed. phase was observed.
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Table 9. Interaction Parameters in Pitzer'sG E equation for the
System (HS + Piperazine + H;0):2

a
f(T=0q,+
M=o (TIK)
parameter h 02 TIK
ﬁ'(_?)s stb —0.261 56 69.751 283453
S,
ﬂ'(_?)s b 0.009 658 2 —18.988 313413
S,
ﬁ'(_?)s - 0.168 12 —48.836 313-393
S,
ﬁ(Ff)l)pH3+ Hs- 0.027 680
,3(Pl|)PHs+ Hs- 14921 —469.89
ﬁ|(90|)PH,2+ Hs- 0.338 92 —97.698
ﬁI(DlI)Pl-LZtHS* 0.932 22
MUH,S PIPHT HS™ —0.008 9545 2.1507
MH,S H,S,PIPH" 0.006 2141

aThe parameter set is based ogSHyas solubility data in (piperazirne
H,0) from ref 29 (after applying a small temperature correctibParameter
is based on kS gas solubility data in pure water and was adopted from ref
27.¢ Parameter was adopted from ref 8.

10 10

(@) (b)

My,s az PIPH,

fiyys | 7 prpp,
Figure 6. Total pressure above liquid mixtures of f51+ piperazine+
H20), Mpipr, ~ 2 mokkg™ (a), 4 motkg™? (b). Experimental results from
Xia et al2® (after applying a small temperature correction, cf. Appendix):
A, A, T=31375K;0,®, T=334.05K;0, M, T=3544K;v,v, T~
374.7 K; x, T = 395 K. The filled symbols denote experimental points
where a second hydrogen sulfide-rich liquid phase was observed.
correlation results, this work: and - - - denote two different approaches
to estimate the VLLE equilibrium pressure (cf. Xia ef3l.

The experimental data for the total pressure above,(€O
piperazine+ H,0) by ref 1 (after applying the temperature

correction and disregarding data points at pressures below 0.2
MPa with relatively high experimental uncertainties as well as
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