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Density and Viscosity of Aqueous Solutions of (2-Piperidineethanot Piperazine)
from (288 to 333) K and Surface Tension of Aqueous Solutions of
(N-Methyldiethanolamine + Piperazine), (2-Amino-2-methyl-1-propanol+
Piperazine), and (2-PiperidineethanoH Piperazine) from (293 to 323) K
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The densities and viscosities of aqueous blends of 2-piperidineethanol (2-PE) with piperazine (PZ) at (288, 293,
298, 303, 308, 313, 318, 323, 328, and 333) K as well as the surface tension of aqueous blends of PZ with
N-methyldiethanolamine, 2-amino-2-methyl-1-propanol, and 2-PE at (293, 298, 303, 308, 313, 318, and 323) K
have been measured. The total amine mass fraction in all solutions was kept within 30 % in view of recent
interest in using concentrated amine solutions in gas treating. Correlations for the density and viscosity of the
ternary mixtures are presented as a function of temperature and amine concentration.

Introduction Experimental Section

The removal of acid gases such as C&nhd HS from Materials. Reagent grade 2-PE of 95 % purity was obtained
industrial gas streams by absorption into aqueous alkanolaminefrom Acros Organic, and piperazine (99 % pure), MDEA
solvents is usually employed in industry. Industrially important (> 98 % pure), and AMP*¥ 97 % pure) were obtained from
alkanolamines are monoethanolamine (MEA), diethanolamine g Merck. Distilled water degassed by boiling was used for
(DEA), di-2-propanolamine (DIPA)N-methyldiethanolamine  making the amine solutions. The total amine contents of the
(MDEA), and 2-amino-2-methyl-1-propanol (AMP)The ad-  gqjutions were determined by titration with standard HCI using
vantages of MDEA, a tertiary amine, include its high equilibrium - ethy| orange indicator. The uncertainty in the composition of
loading capacity and its low heat of reaction with £@hich the amine solution was estimated-90.007 %.
leads to lower energy requirement for regeneration. Sterically . . . .

Density.The densities of the amine solutions were measured

hindered amines, such as, 2-amino-2-methyl-1-propanol (AMP) -
and 2-piperidineethanol (2-PE), have been shown to have highet!SiNg @ 26.76 mL Gay-Lussac pycnometer. The pycnometer

absorption capacity, absorption rate, selectivity, and degradationcontaining the amine solution was immersed in a constant-
resistance advantages over conventional amines such as molemperature bath. The bath temperature was controlled within

noethanolamine (MEA), diethanolamine (DEA), aNemeth- =+ 0.2 K of the temperature range L_lsing a circulator temperature
yldiethanolamine (MDEAY:3 Recently, piperazine (PZ) has been controller (Haake DC 50). The desired temperature of the amine
shown to be an effective promoter in MEA, MDEA, and solutions was checked with Pt 100 temperature sensor. Once
potassium carbonate due to its rapid formation of carbamatesthe solution reached the desired temperature, it was weighed to
with CO,.4-6 The rate constant of PZ has been found to be 1 Within &= 0.0001 g with an analytical balance (AND GR-200).
order higher than that of conventional alkanolamines such as The uncertainty in the measurement of temperature sl
MEA.” The physical properties (for example, density, viscosity, K. Each reported density data was the average of three
and surface tension of aqueous amine solutions) are essentiameasurements. The experimental uncertainty in the measured
for the rational design of gas treating units and for optimum density was estimated to ke 3.7 x 1074 grm~3

gas treating processes. Surface tension of agueous amine viscosity. The viscosity was measured using an Ostwald
solutions is also very important for the separation of acid gasesyjscometer. The viscometer was immersed in a thermostated

using microporous membranes as a-giéguid contactor® bath. The bath temperature was controlled withird.2 K of

In our previous work, the densities and viscosities were the desired level using a circulator temperature controller (Haake
presented for aqueous solutions of 2-PE, (2-PBEA), (2- DC 50). The uncertainty in the measurement of temperature
PE+ DEA), (MDEA + PZ), and (AMP+ PZ)21%In this work, was £ 0.1 K. Each reported value was the average of three
the density and viscosity of aqueous solutions of (24PBZ) measurements. The experimental uncertainty was estimated to

were measured over the temperature range (288 to 333) K, anthe 4~ 0.005 mPes.
the surface tension of aqueous solutions of (MDEAPZ),
(AMP + PZ), and (2-PE+ PZ) were measured over the
temperature range (293 to 323) K. The total amine mass fraction
in the solution was kept within 30 %. The density and viscosity
of the ternary mixtures are correlated as a function of temper-
ature and amine concentration.

Surface TensionThe surface tension measurement was car-
ried out with a GBX tensiometer (model ILMS-4), using the
Du Noly ring method. The temperature was controlled within
+ 0.2 K of the desired level using a circulator temperature con-
troller (Julabo F 12). The uncertainty in the measurement of
temperature was 0.1 K. Each reported value was the average
* Corresponding author. Telephone:91-361-2582256. Fax:+91-361- of three measurements. The experimental uncertainty was
2690762. E-mail: bpmandal@iitg.ernet.in. estimated to bet 0.12 mNm™,
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Table 1. Comparison of the Densitiesp, of Pure MDEA and of MDEA (1) + H2O (2) Measured in This Work with Literature Values

plg-cm3
pure MDEA w; =10 % w;=20% w; =30 %
K ref 11 ref 12 this work ref 11 ref 12 this work ref 11 ref 12 this work ref 11 ref 12 this work
288 1.0445 1.0441 1.0078 1.0079 1.0180 1.0167 1.0290 1.0307
313 1.0267 1.02445 1.0272 1.0007 1.00069 1.0004 1.0091 1.00860 1.0086 1.0180 1.01727 1.0193
333 1.0123 1.00900 1.0126 0.9912 0.99092 0.9902 0.9993 0.99798 0.9995 1.0069 1.00547 1.0071
100AAD 0.15 0.05 0.07 0.13
Table 2. Comparison of the Viscositiesyy, of Pure MDEA and of MDEA (1) + H20 (2) Measured in This Work with Literature Values
nlmPas
T pure MDEA w; =10 % w; =20 % w; =30 %
K ref 11 ref 13 this work ref11 ref 13 this work ref11 ref 13 this work ref11 ref 13 this work
288 141.9 142.0 1.707 1.703 2.650 2.624 4.402 4.399
313 34.78 34.11 34.73 0.907 0.902 0.899 1.301 1.260 1.305 1.937 1.893 1.929
333 14.50 14.30 14.66 0.627 0.624 0.630 0.858 0.838 0.860 1.207 1.128 1.218
100AAD 111 0.58 151 2.13
Table 3. Comparison of the Surface Tensiony, of Aqueous MDEA Solutions Measured in This Work with Literature Values
y/mN-m~1
T 10 % MDEA 20 % MDEA 30 % MDEA
K refs 14 and 15 this work refs 14 and 15 this work refs 14 and 15 this work
293 62.24 62.35 58.47 58.41 55.27 55.14
313 58.08 57.91 54.56 54.71 51.47 51.37
323 55.68 55.89 52.73 52.59 50.17 50.21
100AAD 0.28 0.21 0.17
Table 4. Density,p, for PZ (1) + 2-PE (2) + H20 (3) from (288 to 333) K with wy + w, = 0.30
plg-cm=3
Wi/W, T/IK =288 T/IK =293 T/IK =298 T/K =303 T/K =308 T/IK =313 T/IK =318 T/IK =323 TIK =328 T/IK =333
3/27 1.0188 1.0157 1.0139 1.0103 1.0075 1.0041 1.0015 0.9985 0.9953 0.9922
6/24 1.0198 1.0169 1.0147 1.0111 1.0085 1.0053 1.0026 0.9992 0.9961 0.9933
9/21 1.0209 1.0181 1.0158 1.0125 1.0095 1.0064 1.0039 1.0009 0.9975 0.9943
12/18 1.0218 1.0192 1.0169 1.0133 1.0107 1.0077 1.0047 1.0017 0.9981 0.9958

Results and Discussion

Table 5. ParametersAq, A, and A; of the Equation Vi/cm3-mol~t =

XijZinzoAi(Xj - Xk)i for PZ (l) + 2-PE (2)"1‘ Hzo (3)a

Density. To validate the pycnometer and the experimental binary pair

procedure of the measurement, the densities of pure MDEA and _Parameters PZ+ 2-PE 2-PEF H,0 PZ+ H,0
mass fractions of (10, 20, and 30) % MDEA aqueous solutions “a, a 132501.5 —34477.40 —27817.59
were measured at (288, 313, and 333) K and compared with b —844.4391 220.8569 178.8769
the values reported by Al-Ghawas ethand Maham et a2, ¢ oag1055 120 109590330 ek 2080
These are presented in Table 1. The average absolute deviations b —1580.181 —7.856972 796.1994
of the density measurements are (0.15, 0.05, 0.07, and 0.13) % c 2.492814 0.012235 —1.256149
for pure MDEA and mass fractions of (10, 20, and 30) % b gy e G
MDEA aqueous solutions, respectively. Thus, the density data c —0.287811 0.457656 -1.119321

obtained in this study are in good agreement with the data of
Al-Ghawas et al! and Maham et a? The measured densities
of the solutions of (PZ (1} 2-PE (2)+ H.0 (3)) are presented
in Table 4.w is the mass fraction of individual amine present
in the solution.

The molar volume of the liquid mixtures is correlated using
the following expressiof?

2100AAD = 0.02; no. of data pointss 40.

NP [P, n
100AAD = ﬁz |Pexpt — Poatcdil
I=IN pexptlj

The molar volume of the liquid mixtures is calculated by

4
V= V24 B4 1) m = 4)
where where M; is the molar mass of pure componénton, is the
measured liquid density anglis the mole fraction of the pure
I o n : component.
Vi/em™mol ™ = xx, Zn AGG = %) (2) A general set of temperature-dependent parameters has been
i=

whereA; are pair parameters and are assumed to be temperature, |

dependent:

A =a+ b(T/K) + c(T/K)? (3)

developed using experimental data in the temperature range (288
to 333) K. For convenience, we have considered PZ as the first
mponent, 2-PE as the second component, ai@l &$ third
component in the ternary mixtures. The determined parameters
are presented in Table 5. The comparisons between the measured
and correlated densities are shown in Figure 1. As shown in
this figure, densities of the ternary mixtures increase with
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Table 6. Viscosity,n, for PZ (1) + 2-PE (2) + H»0 (3) from (288 to 333) K with w; + w, = 0.30

n/mPas
Wa/W; TIK=288 T/K=293 T/K=298 T/K=303 T/K=308 T/K=313 T/K=318 T/K=323 TK=328 T/K=333
3/27 5.334 4771 3.941 3.508 3.123 2.563 2.325 1.985 1.851 1.601
6/24 5.890 4.912 4.171 3.597 3.269 2.742 2.388 2.141 1.932 1.654
9/21 6.457 5.270 4.619 3.950 3.332 2.951 2.643 2.249 2.017 1.714
12/18 7.200 5.810 5.146 4.316 3.812 3.351 2.919 2.381 2.029 1.795

Table 7. ParametersGia, G2z, and G of the Equation In(ym/mPas)
= X1X2G]_2 + X2X3623 + X1X3Glg for PZ (1) + 2-PE (2) + HZO (3)a

ternary pairs
PZ+ 2-PE+ H,O

62640.73
—412.6692
0.675724
144.4600
—0.293910
—0.351325x 1072
—2047.386
14.11455
—0.023873

parameters

OTLOOTLOTO

a100AAD = 1.67; no. of data points= 40.

100AAD = L & Mot  Moacal

Ni= nexptlj

decreasing temperature and increasing mass fraction of PZ in

the mixture.
Viscosity.To validate the viscometer and the experimental

procedure of the measurement, the viscosities of pure MDEA
and mass fractions of (10, 20, and 30) % MDEA aqueous sol-
utions were measured at (288, 313, and 333) K and compared

with the values reported by Al-Ghawas ef-hand Teng et al®
These are presented in Table 2. The average absolute deviatio

of the viscosity measurements are (1.11, 0.58, 1.51, and 2.13)

% for pure MDEA and mass fractions of (10, 20, and 30) %
MDEA aqueous solutions, respectively. Thus, the viscosity ob-
tained in this study are in good agreement with the data of Al-
Ghawas et al! and Teng et al® The measured viscosities of
solution of (PZ(1H 2-PE (2)+ H»0 (3)) are presented in Table
6. w is the mass fraction of individual amine present in the
solution.

The viscosities of the liquid mixtures are correlated using
the following expressiof?

n

In(y,/mPas) = Z

Z XXG; (5)

171

wherex; is the mole fraction of théth component in the mix-
ture.

For a ternary system

(6)

IN(77,/MPas) = X;X,G5 + XX;Gog + X1 %3Gy 5

Gj in eq 5 are temperature-dependent and are assumed to have
the form

G, = a+ b(T/K) + ¢(T/K)? (7)

The parameters of eq 6 are obtained by regression analysis of
the experimental data of this work and are presented in Table
7. The calculated viscosities from the correlation (eq 6) are

excellent agreement with the experimental data, the average
absolute deviation between the correlated and the experimental
data being about 1.67 %. The comparisons between the
measured and correlated viscosities are shown in Figure 2. As

shown in this figure, viscosities of the ternary mixtures increase

n}é/ith decreasing temperature and increasing mass fraction of PZ

in the mixture.

Surface Tension.To validate the tensiometer and the
experimental procedure of the measurement, the surface tension
of mass fractions of (10, 20, and 30) % MDEA aqueous
solutions were measured at (293, 313, and 323) K and compared
with the values reported by Rinker et'dland Aguila-Hernadez
et all® These are presented in Table 3. The average absolute
deviations for the surface tension measurements are (0.28, 0.21,
and 0.17) % for mass fractions of (10, 20, and 30) % MDEA
aqueous solutions, respectively. Thus, the surface tension
obtained in this study are in good agreement with the data of
Rinker et al** and Aguila-Hernadez et al®> The measured
surface tension of solution of (PZ(%) MDEA (2) + H20 (3)),

Table 8. Surface Tensiony, for PZ (1) + MDEA (2) + H20 (3) from (293 to 323) K with w; + w, = 0.30

y/mN-m~1
Wi/W, T/IK =293 T/IK =298 T/K =303 T/K =308 T/IK =313 T/IK =318 TIK =323
3/27 55.66 54.86 54.14 53.05 52.43 51.26 50.78
6/24 55.89 55.04 54.74 53.28 52.80 51.99 51.14
9/21 56.42 55.57 55.05 54.25 53.33 52.43 51.85
12/18 56.88 55.83 55.28 54.73 54.03 53.13 52.45

Table 9. Surface Tensiony, for PZ (1) + AMP (2) + H20 (3) from (293 to 323) K with w; + w» = 0.30

y/mN-m~
Wa/Ws T/K =293 T/IK =298 T/K =303 T/K =308 T/K =313 T/K =318 T/IK =323
3/27 48.13 47.28 46.36 45.31 44.62 43.34 42.13
6/24 48.85 47.91 46.88 46.06 45.28 44.21 43.22
9/21 49.01 48.14 47.22 46.22 45.44 44.29 43.59
12/18 49.37 48.51 47.60 46.70 45.93 44.89 43.90

Table 10. Surface Tensiony, for PZ (1) + 2-PE (2) + H20 (3) from (293 to 323) K with w; + w, = 0.30

y/mN-m~1
Wi/W, TIK =293 T/IK =298 T/K =303 T/K =308 T/K =313 T/IK =318 TIK =323
3/27 43.72 43.11 42.20 41.32 40.79 40.43 39.73
6/24 44.17 43.31 42.58 42.05 41.22 40.55 39.97
9/21 44.37 43.43 42.77 42.22 41.45 40.72 40.27
12/18 44.53 43.63 42.92 42.42 41.76 40.92 40.48
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J " T " T " T " ] range (288 to 333) K, and the surface tension of four (MDEA

1.020 | - + PZ+ Hy0), (AMP + PZ+ H,0) and (2-PEt+ PZ + H,0)
I | mixtures were measured over the temperature range (293 to 323)
Lots L | K. The correlated densities and viscosities are in excellent
agreement with the experimental data over the temperature and
] relative composition ranges studied.
1010 | 4
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