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a b s t r a c t

The climate change issues due to the emissions of carbon dioxide from various sources have become a challenge

for many years because of the various negative effects on social, economic and environmental effects. The most

commonly applied technique is absorption by chemical solvents. Piperazine, in particular, has been used in the

past as activator when mixed to other amines, such as methyldiethanolamine. Nowadays in literature also aqueous

solutions containing pure piperazine are considered for CO2 capture. In this work properties such as density, viscosity

and diffusivity of carbon dioxide related to this solvent have been carefully studied, taking into account the influence

of carbon dioxide. New correlations have been proposed in order to best reproduce experimental data.

© 2014 Published by Elsevier B.V. on behalf of The Institution of Chemical Engineers.

Keywords: Piperazine; Acid gas; Density; Viscosity; Diffusivity; Properties

1. Introduction

Carbon dioxide is emitted from various sources, as power7

plants, industries, transportation, agriculture, residential8

buildings and energy sector (Yang et al., 2008). Once emit-9

ted, CO2 added to the atmosphere and oceans remains for10

thousands of years. Thus, climate changes forced by CO211

depend primarily on cumulative emissions, making it pro-12

gressively more and more difficult to avoid further substantial13

greenhouse effects (NOAA, 2013), and they have become14

a challenge for many years because of deleterious effects15

of climate change on social, economic and environmental16

issues. Therefore the interest in the development of CO2 cap-17

ture technology has increased due to the rising effects of18

global warming (IPCC, 2012) and many techniques have been19

developed, the most commonly applied being absorption by20

chemical solvents (Diamantonis et al., 2013; Khan et al., 2011;21

Lucquiaud and Gibbins, 2011; Mores et al., 2011, 2012; Posch22

and Haider, 2013; Sofia et al., 2014).23

This technology is a mature technology, with24

monoethanolamine (MEA), diethanolamine (DEA) and25

methyldiethanolamine (MDEA) (Khoo and Tan, 2006; Langé26

et al., 2013; Moioli et al., 2013; Pellegrini et al., 2011, 2013;27

∗ Corresponding author. Tel.: +39 02 2399 3237; fax: +39 02 7063 8173.
E-mail addresses: stefania.moioli@polimi.it (S. Moioli), laura.pellegrini@polimi.it (L.A. Pellegrini).

Tuinier et al., 2010) being the most widely used solvents in 28

industrial applications (Kohl and Nielsen, 1997). After the 29

long time use of traditional amine-based solvent, various 30

potential drawbacks, as inadequate lifetime due to amine 31

oxidation degradation, losses of amines, low capacity of the 32

solvent and high energy costs in the regeneration section 33

(Giuffrida et al., 2013; Moioli and Pellegrini, 2013; Moioli et al., 34

2014; Shaikh et al., 2013) have been identified. Piperazine (PZ) 35

has been found to be a very active promoter compared to 36

other amines (Liu et al., 2012), because it leads to higher rates 37

of absorption in the absorbing column while maintaining a 38

low heat of regeneration in the stripper section. Nowadays 39

also an aqueous solution containing only PZ is being consid- 40

ered (Kadiwala et al., 2010; Xia et al., 2003), since it can be 41

very advantageous for CO2 removal by means of a chemical 42

absorption process. 43

However, while many published researches on the appli- 44

cation of piperazine as activator can be found in literature 45

(Alstom, 2009; Bishnoi and Rochelle, 2000, 2002; Sun et al., 46

2005; Xu et al., 1998), the use of this compound as single 47

solvent has not been widely studied yet. For this reason, a reli- 48

able model based on thermodynamics (De Guido et al., 2014; 49

Pellegrini et al., 2012a), mass transfer and physical properties

http://dx.doi.org/10.1016/j.cherd.2014.06.016
0263-8762/© 2014 Published by Elsevier B.V. on behalf of The Institution of Chemical Engineers.
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is fundamental to well represent the absorption phenomenon50

occurring when dealing with PZ scrubbing. In particular, a cor-51

rect description of properties of the absorbent solution, such52

as density and viscosity, and diffusivity of CO2 in the used sol-53

vent are essential for modeling (Moioli and Pellegrini, 2014;54

Pellegrini et al., 2012b, 2014).55

ASPEN Plus® uses generalized correlations for physical56

properties, in order to describe different mixtures by simply57

changing values of parameters. This generalization, however,58

affects the accuracy in describing the behavior of the amine59

system. Moreover, the influence exerted by the presence of60

the absorbed acid gases in the solution should be taken into61

account.62

In this work a deep analysis of the properties involved in63

the calculation of mass transfer of absorbed species, i.e. CO2,64

has been performed, in order to obtain reliable correlations for65

the description of density and viscosity of the PZ solution and66

of diffusivity of CO2 in the solvent.67

The obtained expressions have been implemented in the68

commercial simulator by means of an external Fortran user69

subroutine.70

2. Theoretical basis

In literature several correlations for density of piperazine solu-71

tions are available, along with experimental data. Most of data72

(Derks et al., 2005; Liu et al., 2012; Muhammad et al., 2009;73

Samanta and Bandyopadhyay, 2006; Samanta et al., 2007; Sun74

et al., 2005) and of correlations (Freeman and Rochelle, 2011;75

Liu et al., 2012; Samanta and Bandyopadhyay, 2006) are related76

to temperature and PZ concentration; Freeman and Rochelle77

(2011) have studied the influence of the absorbed amount of78

CO2, by determining experimental values for density and by79

proposing a correlation.80

The model by Samanta and Bandyopadhyay (2006) well81

agrees with experimental data of density for a solution82

containing water and piperazine, covering all the range of83

temperatures for which experimental data are available,84

that is from 283.15 K to 338.15 K. This model (Samanta and85

Bandyopadhyay, 2006), however, does not take into account86

the influence of carbon dioxide, which should be considered87

for a complete modeling of the behavior of the rich amine88

solution. This is done by Freeman and Rochelle (2011), though89

the predicted densities are not very close to the experimen-90

tal values for increasing values of CO2 concentration in the91

solvent, so an improvement in the representation of available92

data (Freeman and Rochelle, 2011) can be obtained.93

Also the viscosity of the liquid phase shows a strong94

dependence on temperature, piperazine concentration and95

the amount of absorbed carbon dioxide. At high loading,96

indeed, viscosity can assume values very different from the97

ones characteristic of a free PZ solution.98

Correlations by Liu et al. (2012) and by Samanta and99

Bandyopadhyay (2006) are in good agreement with exper-100

imental data (Derks et al., 2005; Freeman and Rochelle,101

2011; Liu et al., 2012; Muhammad et al., 2009; Samanta and102

Bandyopadhyay, 2006; Samanta et al., 2007; Sun et al., 2005).103

The former, however, shows a certain deviation from exper-104

imental values as the molar fraction of piperazine increases.105

In order to find a correlation suitable for a high range of amine106

concentration, the model by Samanta and Bandyopadhyay107

(2006) seems to be the most reliable among those already108

developed in literature. However, it does not take into account109

the influence exerted by the presence of carbon dioxide. As 110

in the case of correlations for density, Freeman and Rochelle 111

(2011) consider differences between the viscosity of a rich solu- 112

tion and the one of a lean solution, due to the contribution 113

of CO2. Dugas (2009) and Plaza (2012) have proposed two cor- 114

relations, both of them based on the expression by Weiland, 115

but characterized by different parameters one from the other. 116

However, their models do not seem in very good agreement 117

with experimental data. 118

For this reason a new correlation, based on the model by 119

Samanta and Bandyopadhyay (2006), but with a contribution 120

proportional to the amount of absorbed CO2 has been pro- 121

posed (see Section 2.1). 122

The diffusivity of carbon dioxide in the amine solution 123

is fundamental in the determination of mass transfer rates. 124

Despite the fact that a proper prediction is needed for a cor- 125

rect mass transfer modeling, DCO2,PZ solution cannot be directly 126

measured. Since CO2 undergoes to reactions in PZ solution, 127

indeed, the correct diffusivity is impossible to be obtained. 128

As in the case for MDEA solution (Bergman and Yarborough, 129

1978), in literature the analogy to N2O diffusion coefficient is 130

widely used: 131

DCO2,PZ solution = DN2O,PZ solution

DN2O,water
DCO2,water (1) 132

Versteeg and van Swaaij (1988) proposed correlations for 133

DCO2,water and DN2O,water, which well match experimental val- 134

ues (Al-Ghawas et al., 1989; Bindwal et al., 2011; Li and Lee, 135

1996; Mandal et al., 2004; Samanta et al., 2007; Versteeg and 136

van Swaaij, 1988). Experimental data (Samanta et al., 2007; 137

Table 1 – Parameters of the proposed expression for the
calculation of density of the liquid solution according to
Eqs. (2)–(5).

Parameter Value

A0 0.7550
B0 1.88660E−03
C0 −3.60560E−06
A1 3.17160E−04
B1 7.00060E−07
C1 −6.13370E−10
A2 3.54370E−05
B2 −1.75480E−07
C2 2.21150E−10
mCO2 2.51273E+03

Table 2 – Per cent absolute average deviations (AAD%) of
the considered expressions for the calculation of density
of the liquid solution.

Correlation AAD%

PZ + H2O
solution

CO2 + PZ + H2O
solution

Liu et al.
(2012)

0.5646 N/A

Samanta and
Bandyopadhyay
(2006)

0.0331 N/A

Freeman and
Rochelle
(2011)

0.9635 1.6236

Dugas (2009) 8.3400 4.6379
Proposed

correlation
0.0331 0.5441
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Sun et al., 2005) of diffusivity of N2O in PZ solutions are avail-138

able and have been used to compare literature models and to139

develop a new expression (see Section 2.2).140

In this work different correlations have been proposed to141

properly describe the density and the viscosity of the PZ solu-142

tion and the diffusivity of carbon dioxide in the solvent.143

2.1. Proposed correlations for the density and the144

viscosity of the liquid solution145

A new correlation for the density of the PZ solution has been146

proposed with the aim of taking into account the effects of147

the presence of carbon dioxide in the liquid phase. It is based148

on the expression proposed by Samanta and Bandyopadhyay149

Table 3 – Parameters of the proposed expression for the
calculation of viscosity of the liquid solution according
to Eqs. (6)–(9).

Parameter Value

A0 −1.61E+01
B0 0.1599
C0 −2.11E−03
D0 2.44E−04
A1 3.41E+03
B1 1.95E−03
C1 1.33E−03
D1 −3.14E−03
A2 1.54E−02
B2 −4.28E−04
C2 8.69E−06
D2 −6.69E−07
m1,CO2 4.82290
m2,CO2 21.478

Table 4 – Per cent absolute average deviations (AAD%) of
the considered expressions for the calculation of
viscosity of the liquid solution.

Correlation AAD%

PZ + H2O
solution

CO2 + PZ + H2O
solution

Liu et al. (2012) 10.2766 N/A
Samanta and

Bandyopadhyay
(2006)

2.4309 N/A

Freeman and
Rochelle (2011)

411.6352 228.3669

Dugas (2009) 14.7195 81.8026
Plaza (2012) 7.3040 19.5442
Proposed correlation 2.4309 14.3151

Table 5 – Parameters of the proposed expression for the
calculation of diffusivity of carbon dioxide in the liquid
solution according to Eqs. (10)–(12).

Parameter Value

ACO2 ,water 2.350E−06
BCO2 ,water −2119
AN2O,water 5.070E−06
BN2O,water −2371
AN2O,PZ solution 0
BN2O,PZ solution 1.44218E+03
CN2O,PZ solution 2.05857E+03

(2006), with an addition of a contribution due to the influence 150

of CO2: 151

�

[
kg
m3

]
= (�0 + �1 + �2) · 1000 + mCO2 · xCO2 (2) 152

with: 153

�0 = A0 + B0 · T + C0 · T2 (3) 154

�1 = A1 · WPZ + B1 · WPZ · T + C1 · WPZ · T2 (4) 155

�2 = A2 · W2
PZ + B2 · W2

PZ · T + C2 · W2
PZ · T2 (5) 156

and T in [K]. Parameters of Eqs. (2)–(5) are reported in Table 1. In 157

Table 2 the per cent absolute average deviations (AAD%) of all 158

the considered expressions, including the proposed one, are 159

reported. The proposed correlation is characterized by the low- 160

est value of AAD% for the representation of the density of both 161

the free piperazine solvent and of the CO2 loaded solution. 162

The proposed expression for the viscosity of the liquid solu- 163

tion is: 164

� [Pa s] = exp(�0 + (�1/T) + �2 · T) · exp(m1,CO2 · xCO2 exp(m2,CO2 · xCO2 ))

1000
165

(6) 166

167
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Fig. 1 – Results obtained with the proposed expression and
experimental data of density of PZ solution vs. amine mass
fraction at (a) 293.15 K and (b) 323.15 K.
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with T in [K] and:168

�0 = A0 + B0 · WPZ + C0 · W2
PZ + D0 · W3

PZ (7)169

�1 = A1 + B1 · WPZ + C1 · W2
PZ + D1 · W3

PZ (8)170

c)

980

1020

1060

1100

1140

1180

1220

0.00 0.02 0.04 0.06 0.08

[k
g/

m
3 ]

x CO2

T = 333.15K

exp. data (Freeman and Rochelle, 2011)
proposed correlation

a)

b)

980

1020

1060

1100

1140

1180

1220

0.000 0.015 0.030 0.045 0.060 0.075

[k
g/

m
3 ]

x CO2

T = 293.15K

exp. data (Freeman and Rochelle, 2011)
proposed correlation

980

1020

1060

1100

1140

1180

1220

0.00 0.02 0.04 0.06 0.08

[k
g/

m
3 ]

x CO2

T = 313.15K

exp. data (Freeman and Rochelle, 2011)
proposed correlation

Fig. 2 – Results obtained with the proposed expression and
experimental data of density of PZ solution vs. CO2 mole
fraction at (a) 293.15 K, (b) 313.15 K and (c) 333.15 K.
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PZ (9) 171

and with parameters of Eqs. (6)–(9) reported in Table 3. AADs% 172

reported in Table 4 show that the proposed correlation allows 173

a good representation of experimental data of viscosity of pure 174

PZ solvent. Values of per cent absolute average deviation are 175

higher when considering the presence of carbon dioxide, how- 176

ever Eq. (6) is characterized by a value lower than the one of 177

the other literature sources. 178

2.2. Proposed correlation for the diffusivity of CO2 in 179

the liquid solution 180

The calculation of DCO2,PZ solution is based on Eq. (1), with 181

DCO2,water and DN2O,water calculated according to Versteeg and 182

van Swaaij (1988). As for DN2O,PZ solution, a regression of exper- 183

imental data (Sun et al., 2005) has been performed in order 184

to obtain a new correlation, though without considering the 185

dependence on the amine concentration. A dependence had 186

been considered firstly, but, due to the low number of exper- 187

imental data, an extension to higher values of molar fraction 188

of piperazine causes a negative value of diffusivity. This prob- 189

lem is due to the limited range of piperazine concentration 190
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Fig. 3 – Results obtained with the proposed expression and
experimental data of viscosity of PZ solution vs. amine
mass fraction at (a) 293.15 K and (b) 323.15 K.
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experimentally available, too low if compared to the amount191

of amine usually used to run plants (Plaza, 2012).192

The proposed expression is then Eq. (1) with:193

DCO2,water

[
m2

s

]
= ACO2,water · exp

(
BCO2,water

T[K]

)
(10)194
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Fig. 4 – Parity plot of results obtained with the proposed
expression and experimental data of viscosity of PZ
solution vs. CO2 mole fraction in the liquid solution at (a)
293.15 K, (b) 313.15 K and (c) 333.15 K.

DN2O,water

[
m2

s

]
= AN2O,water · exp

(
BN2O,water

T[K]

)
(11) 195

196

DN2O,PZ solution

[
m2

s

]
=

(
− AN2O,PZ solution · xPZ 197

+BN2O,PZ solution · exp

(
−BN2O,PZ solution

T[K]

))
× 10−9 (12) 198

with parameters reported in Table 5. 199

3. Results and discussion

Fig. 1 shows that Eq. (2) well reproduces experimental data 200

of density of free PZ solutions as well as the expression pro- 201

posed by Samanta and Bandyopadhyay (2006) while in Fig. 2 202

the density of PZ solution vs. the amount of absorbed CO2 203

at the temperature conditions for which experimental data 204

are available is reported. Results obtained with the proposed 205

expression show a good agreement with experimental density 206

data in the presence of carbon dioxide. 207

Results obtained with the proposed model for the predic- 208

tion of viscosity of the PZ solvent are shown in Figs. 3 and 4: 209

the proposed expression for the viscosity of the PZ solution, 210

properly modified starting from the correlation by Samanta 211
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Fig. 5 – Diffusivity of (a) carbon dioxide and (b) nitrous
oxide in water vs. temperature.
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Fig. 6 – Experimental data (Samanta et al., 2007; Sun et al.,
2005) and results obtained with the proposed expression
for diffusivity of nitrous oxide in the PZ solution.

and Bandyopadhyay (2006), allows a good match with experi-212

mental data.213

In Fig. 5 diffusivities of carbon dioxide and of nitrogen oxide214

in water are shown, while in Fig. 6 experimental data and215

results obtained with the proposed expression for diffusivity216

of nitrous oxide in the PZ solution are reported. The devel-217

oped correlation for diffusivity allows a good estimation of218

DN2O,PZ solution, and so a reliable estimation of DCO2,PZ solution219

according to Eq. (1) can be obtained. The correlation for diffu-220

sivity of N2O in the PZ solution by Samanta et al. (2007) has not221

been considered because, in the form it is published, it results222

out of the range of Fig. 6.223

The proposed expressions, then, can be employed to obtain224

a correct description of the physical properties involved in225

the modeling of the mass transfer of carbon dioxide from the226

vapor phase to the liquid phase when absorbed into the PZ227

solution.228

4. Conclusions

In this work properties of the piperazine solution used as a229

solvent for CO2 removal have been taken into account, by230

properly analyzing the ones which most influence mass trans-231

fer modeling.232

In literature there are some correlations for density, viscos-233

ity and diffusivity of CO2 in the PZ + H2O mixture, along with234

experimental data. However, they are not in very good agree-235

ment with experimental data in most of the cases because236

they do not take into account the influence exerted by the237

presence of absorbed carbon dioxide.238

In this paper a deep analysis of these properties has been239

performed, in order to obtain a reliable calculation for the CO2240

absorption process by PZ scrubbing, whose description needs241

to be as close as possible to the physical phenomenon.242
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