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The surface tension (y) of 1-dimethylamino-2-propanol (DMA2P), DMA2P-monoethanolamine (MEA),
and DMA2P-piperazine (PZ) aqueous solutions was measured by using the BZY-1 surface tension meter.
The temperature ranged from 303.2 K to 323.2 K. The mass fractions of DMA2P, MEA and PZ respectively
ranged from 0.30 to 0.50, 0.05 to 0.15 and 0.025 to 0.075. An equation was proposed to model the surface

tension and the calculated results agreed well with the experiments. The surface thermodynamics includ-
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ing surface enthalpy and surface entropy were determined and their concentration dependence was
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1. Introduction

Considerable attentions have been attracted on climate change
and environmental problems and the reduction of CO, has become
a global issue [1,2]. Post combustion CO, capture using amine as
absorbent is considered to be very promising because of high effi-
ciency and selectivity [3-8]. Conventional amines, including pri-
mary amine monoethanolamine (MEA), secondary amine
diethanolamine (DEA), tertiary amine N-methyldiethanolamine
(MDEA) and diamine piperazine (PZ) are effective for capturing
CO, from a variety of industrial processes [9-12]. However, the
conventional amines have many drawbacks, e.g., the absorption
capacity of primary and secondary amines aqueous solution is rel-
atively low but the energy consumption in regeneration process is
high, and the absorption of CO, in tertiary amines aqueous solution
is quite slow. Due to the drawbacks of conventional amines, the
blended amines of tertiary amines (MDEA) with primary, sec-
ondary amines and diamines attracted great attentions in recent
decades. It has been well documented that adding activators such
as MEA, DEA or PZ into MDEA aqueous solution preserves the high
rate of the reaction of activators with CO,, and the low enthalpy of
the reaction of MDEA with CO,, hence lead to higher absorption
rates in the absorber column, yet lower heat of regeneration in
the stripper section [13-17].
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Recently, DMA2P has attracted increasing attention in CO, cap-
ture process due to its good absorption performances such as large
absorption capacity [18] and high absorption rates [19]. Compared
with MDEA, DMA2P also has one nitrogen group in its molecular
structure, but there are less sterically hindered substituents on to
N-atom, which enhances the absorption rate and cyclic capacity
for CO, capture. For example, the absorption amount (gCO,-L~!
aqueous solution) and absorption rate of CO, (gC0,-L~! aqueous
solution/min) in MDEA and DMA2P aqueous solutions are respec-
tively 55, 1.56 and 92, 2.24 under same operation conditions [18].
By far, there are some studies on the absorption of CO, in DMA2P
aqueous solution, such as absorption capacity, absorption heat,
absorption rate, reaction kinetics, and density [20-25]. Besides
the aforementioned characteristics, surface properties such as sur-
face tension, surface entropy and surface enthalpy are also impor-
tant. Surface tension is highly important for the gas-liquid mass
transfer process. It can significantly affect the absorption efficiency
because both the penetration of CO, molecules from the gas phase
to the liquid phase and the enhancement of the absorption are clo-
sely related to it. The knowledge of surface entropy and surface
enthalpy is required when exploring further relationships between
the surface and bulk properties of aqueous solutions, e.g., the
molecular force and surface structure of the aqueous solution can
be inferred according to the variation of surface entropy and sur-
face enthalpy, and the analysis of surface entropy and surface
enthalpy can provide important information on the character of
surface structure. In recent years, there are some experimental
and theoretical work concerning the surface tension, surface
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entropy and surface enthalpy of aqueous solutions containing ami-
nes and their blends [26-39]. However, experimental and theoret-
ical studies on the surface tension, surface entropies and surface
enthalpies of DMA2P, DMA2P-MEA and DMA2P-PZ aqueous solu-
tions are rare.

The main purposes of this work are to (1) experimentally deter-
mine the surface tension of DMA2P, DMA2P-MEA and DMA2P-PZ
aqueous solutions; (2) correlate the surface tension by using ther-
modynamic equations and determine the surface entropies and
surface enthalpies; (3) demonstrate the effects of temperature
and mass fractions of amines on the surface thermodynamics. To
this end, the surface tension was measured at temperatures rang-
ing from 303.2 K to 323.2 K. The mass fractions of DMA2P, MEA
and PZ respectively ranged from 0.3 to 0.5, 0.05 to 0.15 and
0.025 to 0.075. Besides experimental work, an equation is pro-
posed in this work to model the surface tension. The surface
enthalpies and surface entropies were calculated, and their con-
centration dependence was also analysed.

2. Experimental
2.1. Materials

Chemicals used for this work are detailed in Table 1. All the
chemicals were used as received, without any purification. The
water contents (in mass percent) of DMA2P, MEA and PZ are
respectively 0.06%, 0.06% and 0.05% (determined by using the Karl
Fischer method, as stated by the supplier). An analytical balance
(Jingtian FA1604A) with an accuracy of 0.1 mg was used to weigh
all required chemicals. However, taking the purities and water con-
tent into account, the uncertainties of the mass fractions of
DMAZ2P, MEA and PZ are respectively u(wpmazp) = £ 0.005, u(Wyga)
=+0.002 and u(wpz)=%0.002. Aqueous solutions of DMA2P,
DMA2P-MEA, and DMA2P-PZ were prepared by adding deionized
water (Electrical resistivity >15 MQ-cm at 298 K) obtained from
the Heal Force ROE (Reverse Osmosis Electrodeionization)-100
apparatus to the weighed quantities of amines.

2.2. Apparatus and procedure

The surface tension was measured by using the BZY-1 surface
tension meter produced by Shanghai Hengping Instrument Fac-
tory. The BZY-1 meter employs the Wilhemy plate principle, i.e.,
the maximum tensile force competing with the surface tension is
measured when the bottom edge is parallel to the interface and
just touches the liquid. The measurement ranges for temperature
and surface tension are respectively (268.15 to 383.15)K and
(0.1-400.0) mN-m~!. The uncertainty is 0.1 mN-m~'. The size-
volume of the different samples used in the BZY-1 meter is
20 mL. During the experiments, the copper pan in the host of the
BZY-1 meter is connected with the thermostatic bath (CH-1006,
uncertainty is 0.1 K). Via the circulation of the water, the temper-
ature of the water in the copper pan is kept the same as that in the
thermostatic bath. The aqueous solution is put into the solution
container immersed in the copper pan and its temperature can

be measured by a thermocouple. The scale reading of the thermo-
couple has been well calibrated by a mercury thermometer.

3. Results and discussion
3.1. Surface tension

To verify the reliability of the equipment, the surface tension of
water was measured under T=298.2 K. The value obtained is
71.9 mN-m~'. This value was compared with that (72.0 mN-m~')
presented in the work of Fu et al. [26] and Vazquez et al. [32],
and the deviation is 0.14%, indicating that the equipment used in
this work is reliable.

The experimental results of the surface tension of DMA2P,
DMA2P-MEA and DMA2P-PZ aqueous solutions are respectively
shown in Tables 2-4. Besides experimental measurements, models
that can correctly calculate the surface tension of concerned sys-
tems are also important. In this work, the surface tension of
DMA2P, DMA2P-MEA and DMA2P-PZ aqueous solutions are for-
mulated as follows:

y=7"+y (1)
in which 7° and y’ are expressed as:

77 = X191 + XYy + X373 (2)
Y = X1X2G12 + X1X3G13 + X2X3Go3 3)

where the subscripts 1, 2 and 3 stand for DMA2P, activator (MEA or
PZ) and water, respectively; x; is the mole fraction of component i in
the aqueous solution, }; is the surface tension of pure component i,
which can be expressed as a function of the temperature by fitting
to the experimental data. Gjj is expressed as a function of tempera-
ture and mass fraction w;, with 2 adjustable model parameters for
binary mixtures and 6 adjustable model parameters for ternary
mixtures:

a
G]3 = B + b13 x T (4)
Wpmazp
a3
Gy3 = —+ b23 x T (5)
WMEA/PZ
(15V]
G]z = + b12 xT (6)

(Womazp + Wiiea/pz)/2

The model parameters a; and b; can be obtained by fitting to
the experimental data. The objective function (the average relative
deviation, ARD) is defined as:

ARD = (1 =@ /y®®) x 100%/n (7)
i=1

where the superscripts ‘exp’ and ‘cal’ respectively stand for the
experimental and calculated data, n is the number of experimental
points.

For DMA2P aqueous solutions, the model parameters were
regressed from the experimental surface tension of DMA2P aque-

Table 1
Sample description.
Chemical CAS Purity (mole fraction, as stated by the supplier) Water content(mass percent, as stated by the Source
name supplier)
DMA2P 108-16-7  x > 0.98 0.06% TCI Reagent
MEA 141-43-5  x > 0.995 0.06% Aladdin Reagent
Pz 110-85-0  x > 0.995 0.05% Sinopharm Chemical Reagent
Water 7732-18-  Electrical resistivity > 15 MQ cm at T =298 K Heal force ROE-100
5 apparatus
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Table 2
Surface tensions () of DMA2P aqueous solutions under different mass fractions of
DMA2P (Wpmazp)- Pressure (p) = 101 kPa.”

Wpmazp 7/(mN-m~")
T=303.2K 313.2K 323.2K
0.100 45.1 434 419
0.200 399 37.8 36.2
0.300 36.2 34.6 33.2
0.400 33.6 323 30.8
0.500 31.6 304 29.1
0.600 29.8 28.8 274
0.700 28.4 27.3 26.2
0.800 27.1 26.0 24.6
0.900 25.9 24.6 235
1.000 24.0 22.7 214
? Standard uncertainties u are u(T)=0.1K; u(wpmazp)=20.005; u(y)

=0.15mN-m!; u(p) = 5 kPa.

ous solutions, with wpyazp ranging from 0.3 to 0.7. It is worth not-
ing that the mass fraction dependence of the surface tension of
DMA2P aqueous solutions is similar to that of the surfactant aque-
ous solutions, i.e., when the values of wpyaop are small, the surface
tension decreases monotonically and rapidly with increasing
Wpmazp- Exceeding a certain value, the surface tension tends to
change slightly. The present model is unable to accurately describe
such a tendency of surface tension. As wppaop in both DMA2P-PZ
and DMA2P-MEA aqueous solutions ranges from 0.3 to 0.5, it is
reasonable to regress the model parameters of DMA2P by fitting
to the experiments corresponding to Wpwmazp ranging from 0.3 to
0.7. The optimized results are a;3=-190.0 and b;3=0.41. The
ARD is 1.65%. For DMA2P-MEA aqueous solutions, the model
parameters were regressed from the experimental surface tension
of DMA2P-MEA aqueous solutions. The optimized results are
az3 = -1.51, b23 =0.298, aix = —2.57 and b12 =—-0.432. The ARD is
0.88%. When regressing the model parameters of DMA2P-PZ aque-
ous solution, 7, can be treated as a constant because PZ appears
solid state at room temperatures. y, = 31.94 mN-m~' was directly
taken from the previous work [27]. The optimized results are
a3 =-0.914, b23 =0.549, a,,=37.6 and b12 =—-1.68. The ARD is
1.09%.

Fig. 1 shows the temperature and wpyazp dependences of the
surface tension of DMA2P aqueous solutions, indicating that the
surface tension decreases with the increases of both wpyazp and
temperature. Fig. 2 shows the influence of the mass fraction of acti-
vator (Wyga or wpz) on the surface tension of DMA2P-MEA and
DMA2P-PZ aqueous solutions. From this figure, one may find that
at given temperature and given wpyaop, the surface tension mono-
tonically decreases with the increase of wyga or wpz. The agree-
ment between the experiments and calculations is satisfactory.

Fig. 3 shows the temperature dependence of the surface tension
of DMA2P-MEA and DMA2P-PZ aqueous solutions. From this fig-
ure, one may find that at given wpymazp and given wyga Or Wpgz,
the surface tension decreases almost linearly with the increase of
temperature. Fig. 4 shows the comparison between the surface
tension of DMA2P-MEA and DMA2P-PZ aqueous solutions. One
finds that at given wya Or wpz and temperature, the surface ten-
sion of DMA2P-MEA and DMA2P-PZ aqueous solution decrease
with the increase of wpyazp. One may also find that at given
Wpmazp and temperature, the surface tension of DMA2P-PZ was
smaller than those of DMA2P-MEA aqueous solutions at Wyga = -
wpyz, indicating that PZ is able to decrease the surface tension of
DMA2P aqueous solutions more significantly than MEA.

3.2. Surface thermodynamics

The surface tension can be used to estimate other surface ther-
modynamics including surface entropy S° and surface enthalpy H®,
which can be formulated as following [40-45]:

s _ (o

*==(r)., ®
s _ oy

H _y_T( or )x,l’ (9)

In the previous work of Maham et al. [28,29] and Glinski et al.
[40-43], the surface tension of aqueous solution was formulated
as a linear function of temperature, i.e., y?9 = K; + K,T, thus at given
mass fractions of amines, the surface entropy and surface enthalpy
are respectively - K, and Kj. Since the proposed model (Egs. (1)-
(6)) can satisfactorily fit the surface tension, we calculated the sur-
face thermodynamics by combining Eqgs. (1)-(6) with Eqgs. (8) and
(9). The surface entropies and enthalpies of DMA2P aqueous solu-
tions are shown in Fig. 5. Results show that these surface thermo-
dynamics firstly decrease and then increase rapidly at the water-
poor region (Wpmazp > 0.9), which is similar to the trends observed
in the work of Glifiski et al. [40,43] for isobutylamine aqueous solu-
tions [40] and tert-butanol aqueous solutions [43]. Such a phe-
nomenon has been interpreted by Barbas et al. [46] for aqueous
solution of amphiphiles, that there exists hydration in the case of
very low water concentrations. A considerable fraction of the indi-
vidual water molecules in the hydration prefer to interact with the
hydrophobic groups rather than the hydrophilic groups, thus
increasing the surface entropy and surface enthalpy values. Also
presented in Fig. 5 are the surface entropies and surface enthalpies
obtained by combining y*? = K; + K,T with Egs. (8) and (9). Com-
parison showed when the surface tension was formulated as a lin-
ear function of temperature, higher surface entropies and surface

Table 3
Surface tensions () of DMA2P-MEA aqueous solutions under different mass fractions of DMA2P (Wpmazp) and MEA (Wyga). Pressure (p) = 101 kPa.”
WpMa2P WMEA y/(mN-m~")
T=303.2K 313.2K 323.2K
0.300 0.050 35.6 34.2 329
0.100 353 33.9 32.6
0.150 35.0 33.6 323
0.400 0.050 32.9 31.8 30.6
0.100 32.6 31.5 304
0.150 322 31.1 30.0
0.500 0.050 31.0 29.9 28.9
0.100 30.6 29.5 28.5
0.150 30.1 29.1 28.1

3 Standard uncertainties u are u(T) = 0.1 K; u(Wpmazp) = * 0.005; u(wyga) = % 0.002; u(y)=0.20 mN-m~; u(p) = 5 kPa.
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Table 4
Surface tensions () of DMA2P-PZ aqueous solutions under different mass fractions of DMA2P (Wpmazp) and PZ (wpyz). Pressure (p) = 101 kPa.”
WpMmA2P Wpz y/(mN-m~")
T=303.2K 313.2K 323.2K
0.300 0.025 35.9 344 33.0
0.050 35.6 34.1 32.7
0.075 35.2 33.7 323
0.400 0.025 33.2 31.9 30.6
0.050 32.8 31.6 303
0.075 324 31.2 30.0
0.500 0.025 31.2 30.0 28.8
0.050 30.8 29.7 28.5
0.075 30.5 294 28.2

3 Standard uncertainties u are u(T) = 0.1 K; u(Wpmazp) = * 0.005; u(wpz) = + 0.002; u(y) = 0.20 mN-m~"; u(p) = 5 kPa.
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Fig. 1. Temperature and wpuazp (insert plot) dependences of the surface tension of
DMA2P aqueous solutions. Main plot: ® wpyazp=0.30; B wpyazp =0.40; A
Wpmazp = 0.50; € Wpmazp = 0.60; O Wpyazp = 0.70; Insert plot: @ T=303.2K; B
T=313.2K; A T=323.2K. Symbols: experimental values from this work. Lines:
calculated values.

enthalpies can be obtained, and both the surface entropies and sur-
face enthalpies decrease rapidly at low concentration and they
remain practically constant for the rest of the solutions. Similar
trends were observed for MDEA aqueous solutions in the work of
Maham and Mather [29].

Fig. 6 shows the influence of wpyaop On the surface thermody-
namics of DMA2P-MEA and DMA2P-PZ aqueous solutions, indicat-
ing that the surface entropies and surface enthalpies decrease with
the increase of Wppazp at given wyga or wpz. Fig. 7 shows the influ-
ence of the mass fraction of activator (wyga Or wpz) on the surface
thermodynamics of DMA2P-MEA and DMA2P-PZ aqueous solu-
tions, indicating that at given wppmazp, the surface entropies and
surface enthalpies decrease with the increase of wyga Or wpy.
Moreover, comparison shows that PZ is able to decrease the surface
thermodynamics of DMA2P aqueous solutions much more signifi-
cantly than MEA. Such phenomenon may be interpreted by the fact
documented in the work of Maham and Mather [29], i.e., for MDEA
and MEA aqueous solutions, the molecular structure especially the
number of end alkyl groups play very important role in the surface
thermodynamics and the increase of end alkyl group may drop the

36
34— ) T
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Il n Il

30_.\'\.
zg—i\A\A

y/(mN-m™)

26 1 | 1 | 1
0.04 0.08 0.12 0.16

WMEA

Fig. 2. wya Or wpz dependence of the surface tension of DMA2P-MEA and DMA2P-
PZ (insert plot) aqueous solutions. Main plot: wppazp=0.50, ® T=303.2K;
MT=3132K, AT=3232K; Insert plot: wpmap=050, @® T=303.2K;
BMT=313.2K; AT=323.2 K. Symbols: experimental values from this work. Lines:
calculated values.

surface thermodynamics of the corresponding aqueous solutions.
For DMA2P-PZ and DMA2P-MEA aqueous solutions investigated
in this work, it seems the decrease of the surface thermodynamics
is dependent on the number of nitrogen groups in PZ and MEA
molecules, the more is the nitrogen group, the lower is the surface
thermodynamics. For example, there are respectively one and two
nitrogen groups in MEA and PZ molecules, thus PZ is able to
decrease the surface thermodynamics of DMA2P aqueous solutions
more significantly.

4. Conclusions

In this work, the surface tension of DMA2P, DMA2P-MEA, and
DMA2P-PZ aqueous solutions were measured by using the BZY-1
surface tension meter and modelled by using a thermodynamic
equation. The effects of temperature and mass fractions of amines
on the surface tension were demonstrated. The surface thermody-
namic properties including surface entropy and surface enthalpy
were calculated and their concentration dependences were anal-
ysed. Our results show that:
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Fig. 3. Temperature dependence of the surface tension of DMA2P-MEA and
DMA2P-PZ (insert plot) aqueous solutions. Main plot: wppazp = 0.50, ® Wyga = 0.05;
B wyea=0.10; A wypa=0.15; Insert plot: wppazp=0.50, @ wp,=0.025; H
wpz = 0.05; A wpz=0.075. Symbols: experimental values from this work. Lines:
calculated values.
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Fig. 4. Comparison between the surface tension of DMA2P-MEA (— and solid
symbols) aqueous solutions and DMA2P-PZ (— and hollow symbols) aqueous
solutions. Main plot: Wyga=wpz=0.05, @O T=303.2K, EO T=313.2K;
AAT=3232K; insert plot: wppmazp=0.5, ® Wyga =0.05; Owpz = 0.05. Symbols:
experimental values from this work. Lines: calculated values.

(1) The increases of temperature and mass fractions of amines
tend to decrease the surface tension. The surface tension of
DMA2P-MEA and DMA2P-PZ aqueous solutions decreases
almost linearly with increasing temperature;

(2) At a given wpyazp and temperature, the surface tension of
DMA2P-PZ is slightly smaller than those of DMA2P-MEA
aqueous solutions;

0.25
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§/(mIm >K")

0.05 —

0.0 0.2 0.4 0.6 0.8 1.0
WDMA2P

Fig. 5. wpmazp dependence of the surface entropies and enthalpies (insert plot) of
DMA2P aqueous solutions. Symbols: @calculated from Eqs. (1)-(6), (8) and (9); O
calculated from Egs. (8) and (9), with 9?9 =K; + K,T. Lines: trend lines.
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Fig. 6. wpyaop dependence of the surface entropies and surface enthalpies (insert
plot) of DMA2P-MEA (solid symbols and solid lines) and DMA2P-PZ (hollow
symbols and dashed lines) aqueous solutions. @wyga =0.05; Ewyga = 0.10;
Awyga = 0.15; dwpz = 0.025; Owpz = 0.05; sywpz = 0.075. Symbols: calculated from
Egs. (1)-(6), (8) and (9). Lines: trend lines.

(3) The proposed equation can correctly capture the effects of
temperature and mass fractions of amines on the surface
tension, and the calculated results agree well with the
experimental results;

(4) The surface entropy and surface enthalpy of DMA2P aqueous
solutions firstly decrease and then increase rapidly at the
water-poor region. Those of DMA2P-MEA and DMA2P-PZ
aqueous solutions decrease with increasing mass fractions
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Fig. 7. wyvea or wp; dependence of the surface entropies and surface enthalpies
(insert plot) of DMA2P-MEA (solid symbols and solid lines) and DMA2P-PZ (hollow
symbols and dashed lines) aqueous solutions. Symbols: calculated from Egs. (1)-
(6), (8) and (9), ®Owppazp = 0.3; MO Wppazp = 0.4; AA Wpyaop = 0.5. Lines: trend
lines.

of amines, and PZ is able to decrease the surface thermody-
namics of DMA2P aqueous solutions much more signifi-
cantly than MEA.
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