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Aqueous alkanolamines solutions are widely used in petroleum refineries to remove acid gases from hydrotreated streams. The knowledge
of physical properties in this kind of solutions is useful for the correct design, operation, and control of sweetening processes, for that, we
carried out a study on the density of the ternary mixture: 2-Amino-2-Methyl-1-Propanol (AMP) + Diethanolamine (DEA) + Water (H20).
Density was measured using the vibrating tube method with an uncertaity d) — 4 g-cm~3. The experimental data were obtained in

the entire concentration range, temperatures from 303.15 to 333.15 K, and pressure of 101.3 kPa. Besides, three prediction methods were
tested to estimate the density of the blend: mixing rule, polynomial correlation, and excess molar volume. The best prediction was obtained
through the excess molar volume through the combination of Redlich-Kister and Cibulka equations, obtaining an average absolute deviation
(AAD) of 0.02%, correlation coefficient®) of 0.9999, and standard deviatior) (©f 3 x 10~* g-cm™3.
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1. Introduction property plays an important role in the design, operation, and
control of sweetening processes. Also, the solution density is
Hydrogen sulfide (HS) and carbon dioxide (CQpare called  jmportant in the mass transfer rate modeling of absorbers and
“Acid Gases” which are removed from gas streams by sweetregenerators. Some studies on density are mentioned below.
ening processes in refineries. The above are requirements Yoon et al. 2002 [7] studied the density of the 2-amino-
either to purify a gas stream for further use in a process Oé-ethyl-1,3-propanediol + O mixture, which was mea-

environmental reasons, . . . sured by using a calibrated pycnometer at temperatures from
.The most common swgetenlng process Is carried out b¥303.15 to 343.15 K. The density values were correlated us-

using aqueous alkanolamme solutions, W.hlch have exgelihg a quadratic polynomial equation, where predictions had

lent absorption characteristics and good stripping properties, " App of 7.05 x 102 %.

Blended alkanolamines combine the absorption characteris-

tics of the constituent amines, hence, giving higher loadin DTIQE Ac\il\e/lr;)si&eéA of c?guEeA(\)us blends of aflkanozlamilnes
capacity, faster reaction rates, and lesser energy requireme ' ' »an ) at temperafures from 298.15

for regeneration. An example of an aqueous alkanolamine®® 323.15 K were measured by Manelal. 2003 [8], where

solution is the blend formed with AMP, DEA, and,8, a Gay-Lussac pycnometer was used. To correlate the den-

which has been widely studied by our researcher group [1,2fity of liquid mixtures, a Redlich—Kister type equatiqn for the
and it is still under study in our laboratory with the aims to excess molar volume was applied by Manelal. Their pre-

complete a reliable set of thermophysical and phase equilibrig'_CtIons show a good agreement with the experimental data,

properties, which will define its ability to be used as a solventWlth an ADD 0f 0.1 %.

for the sweetening of different hydrocarbon streams [1]. In 2006, Rebolledo-Libreros and Trejo [9] reported the
Aqueous alkanolamine solutions have been used for thexperimental values of density for aqueous solutions of three
absorption of acid gases since 1930. The monoethanolamirfdkanolamines (MDEA, DEA, and AMP). The density of the
(MEA) is the most alkanolamine used up to date. MEA alkanolamine solutions was measured using a Sodev 03D vi-
aqueous solution is extensively used in the electric powePrating tube densimeter. The experimental density data were
industry for directly scrubbing CO from the exhaust correlated by using a linear equation by Rebolledo-Libreros
gas produced by fossil fuel combustion [2]. The physica/@nd Trejo, who obtained @ of 4 x 107° g-cm™? in its pre-
and chemical properties of different alkanolamines, suctliction.
as diethanolamine (DEA), methyl-diethanolamine (MDEA), Alvarezet al. reported in 2010 [10] the density of mix-
butyl-diethanolamine (BDA), Triethanolamine (TEA), and tures of the following alkanolamines solutions: MEA + AMP,
propyl-ethanolamine (PEA), among others, have been studMEA + TEA, and MEA + MDEA, covering the entire com-
ied by various research groups [3-6]. Several studies havposition range and temperatures from 293.15 K to 323.15 K,
been published on the density of alkanolamines, due to thigzhere the experimental values of density were used to esti-
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mate the excess molar volume. Those authors used an Ao predict the density of this aqueous solution. Besides our
ton Paar D SA 5000 densimeter to made their experimentalensity data can be used in the sweetening units of the re-
measurements, with uncertainty in the densitysof 10~° fining processes, as well as in different correlations to derive
g-cm—2, a Redlich-Kister type equation was used to correlateother properties, like surface tension, heat capacity, and vis-
the excess molar volumes. cosity, among others. In this work, AMP, DEA, and,®l

The density of the ternary solution of MDEA + MEA were denoted as compound (1), (2), and (3) respectively.
+ ethanol (EtOH) was recently reported by Maal. 2019
[11], those authors used a vibrating tube densimeter to ob-
tain their experimental measurements in density. The exce%'
molar volumes were estimated from the experimental den;

sity data. The excess molar volume was correlated by thg'l' Materials

Redlich-Kister and Cibulka's equations. Also those authorsrape | reports the characteristics of the materials that were
analyzed the intermolecular interactions of the ternary soluy,qaq to carry out our study on density
tion. Their predictions on the excess molar volume had a
in the range of 0.02 to 0.05 ciimol~!.
. .2.2. Measurements
Most of the experimental works reported on phase equi-

libria or thermophysical properties of aqueous alkanolaming,ious blends were prepared by using an analytical balance
solutions have been carried out in a limited alkanolamine(A&D ER-182A). The samples were degassed using an ul-
concentration range(g.,between 0 to 0.2 in mole fraction ,55nd bath. Density measurements were carried out in a
[2], that corresponds to the zone rich in water), which it IS\ ating tube densitometer (Sodev) following a methodol-
commonly used in the industry. , ogy reported in previous works by our research group [2,7].

_Considering the importance of aqueous alkanolamine sopgnsity was measured at 101.3 kPa (with an uncertainty of
lutions, we carried out an experimental and theoretical study 4 kPa), and under isothermal conditions by using a Haake
on the density of the blend formed by AMP, DEA, and® g cjrcylating bath, where the temperature was measured us-
covering the whole concentration range, temperatures froqhg a quartz sensor joined to Hewlett-Packard 2804A digi-
303.15t0 333.15 K, and pressure of 101.3 kPa. _tal thermometer, with an uncertainty ofx 10~2 K. Den-

Two hundred sixty-four experimental points of density iy \vas obtained into an average period of vibration from
were measured for the ternary m|xture:4AMP (§) * DEA (2) 4t least twenty stable measurements with an uncertainty of
*+H-0 (3), with an uncertainty af x 10~ g-cm™. 2 x 10~* g-cm3. Once the density values were obtained

Besides, three prediction methods to estimate the density, ,erimentally, a series of equations were used to derive the
of the ternary mixture were tested (mixing rule, polynomial oy ~ass molar volumes. as it is described below.
correlation, and excess molar volume), all the above methods First. the molar vo,lume of pure componenig’j, ex-

were developed as a f_unction of the temperature and comp ressed in crhmol~!, was calculated by relating density and
sition of the ble_nd, being th_e excess molar volume, the be olecular weight as follows.

method to predict the density of the ternary system studied,
where the excess molar volume was correlated through the
equations proposed by Redlich-Kister and Cibulka.

The importance of our work is that the experimental re-
sults on density include either pure alkanolamines or aqueouhere/; is the molecular weight of the— ¢th compound,
mixtures at low and high alkanolamine concentration, coverexpressed in-gnol~'; andp; is the density of the — th com-
ing the entire concentration range. Also we develop methodgound, expressed ingn™2.

Experimental and theoretical methodology

yoo= 2
pi

a3 ()

TABLE |. Properties of the pure compounds.

Chemical CAS Purification Analysis
Name Source Method Purity Method
AMP*® 124-68-5 Aldrich Distillation 0.995 mole fraction Gc
DEA® 111-42-2 J.T. Baker Distillation 0.991 mole fraction e

7732-18-5 Bidistillation
H,O° - and <2x107% ohmtem™! Conductivity
Deionization

aAMP = 2-Amino-2-Methyl-1-PropanoP DEA = Diethanolamine¢H, O = Water.¢Gas-liquid chromatography.
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Secondly, the molar volume of the mixturg () was ob-
tained using Eq. (2).
n M
Vi = 2zl Bl @
Pm
wherez; is the mole fraction of theé — th compoundp,,, is
the density of the blend expressed iemg—3, and Vm is the
molar volume of the mixture expressed in‘tmol~!.
Finally, the experimental excess molar volurié’() was
derived form employing Eqg. (3).

VE =V, = a0y, €)
1=0

2.3. Prediction methods

L. F. RAMIREZ-VERDUZCO

2.3.1. Polynomial correlation

We developed a polynomial correlation to estimate both the
density of pure compounds and mixtures formed by AMP,
DEA, and HO.

The experimental points obtained in this work (two hun-
dred sixty-four) were used to adjust the parameters of the
polynomial correlation, where density was calculated as a
function of the temperature and concentration of the blend
through Eg. (8).

pm = A+ Bry+ Cxo + DT, (8)

wherep,, is the density of the blend expressed ierg—3,
while A, B, C, and D are adjustable parameters, afd

is the temperature expressed in K. The water concentration
can be calculated using the following mass balance:=

Three prediction methods were tested to estimate the density— 7, — z,.

of pure, binary, and ternary blends formed by AMP, DEA,

The Design-Expert v.6 software was used to adjust the

and HO. The first method is based on a polynomial corre-parameters of the polynomial correlation, considering a two-
lation, while the second one is based on a mixing rule; thesgevel factorial design with three factors,(, o, andT). The
methods were chosen due they are easy to implement asaaalysis of variance (ANOVA) was made to establish the sig-
function of temperature and concentration of the blend. Theficance of the adjusted parameters.

third method is based on the Redlich-Kister equation, which

was chosen because it is the most frequent method to analy2e3.2. Mixing rule

the density and excess molar volume in the literature. The

prediction capability of the methods used in this work wasWe used a mixing rule to predict the density of the ternary
tested through four statistical parameters, which are: the reMixture. The mixing rule is given by Eq. (9), as follows:

ative error €), average absolute deviatioA 4 D), correlation

coefficient (®), and standard deviatiom). The mathemati-
cal expressions for each parameter are given by Egs. (4), (5),

(6), and (7).
o _ Jexpi = feali x 100

fexp,i ’

4)

where f is a physical variable, in our case, it represents the
density or the excess molar volume, and the relative error

expressed in %

n fexp,i— feal,i X100
Zi:o (%)

fexp.'i

AAD =

(%)

n

=1

wherep; is the density of theé—th pure compound expressed
in g-cm=3.
While the empirical correlation fgs; is given by:

pi = A+ BT + CT?, (10)

whereA, B, andC are adjustable parameters.

A FORTRAN program was codified to adjust the param-
eters of Eq. (10) by linear regression and using the experi-
mental density of pure compounds.

wheren is the number of experimental or calculated points,2-3-3.  Excess molar volume

andAAD is the average absolute deviation expressed in %

R = E:‘L:o (fexp,z‘ - fe:cp)(fcal,i - fgal)
\/Z?:O(fexmi - fe:cp)2 Z;L:o(fcal,i - fgal)2

(6)

This section presents the prediction methods used to estimate
the excess molar volume of the binary and ternary mixtures.

2.3.3.1 Binary mixtures

wheref is the average value of the physical variable, @&d The excess molar volume for the binary mixtures was corre-

is the dimensionless correlation coefficient

o= \/Z?—o(fexmi - f;al)27 (7)

n—m

wherem is the number of parameters of the correlation, and
whereA;, are adjustable parameters, and m is the number of

o is the standard deviation, expressed iong 2 in case of

lated using the well-known Redlich-Kister equation, which is
expressed as follows:

(11)

density, and crimol~! in case of the excess molar volume. parameters.

Rev. Mex. Fis66 (4) 504-515
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2.3.3.2 Ternary mixtures 2. Singhet al. [14]:
The excess molar volume for the ternary mixture was esti- 5
mated according to the following expression: Vi ter = T12223(Bo + B — 1x1 (22 — 3)
2 . 2
Vrf,123 = Vrf,bm + Vrf,ter? (12) + Bawy (22 — 23)7), (15)
whereV,” . andV,Z, . are the binary and ternary contribu- whereB; are adjustable parameters.

tion to the excess molar volume expressed irf-onol 1.
VvE, . can be calculated by the sum of the excess molag.  Results and discussion
volumes of each binary mixture, as follows:
5 5 2 5 In this section, we present the main results and discussion of
Vinpin = Va2 + Vinaz + Vinos, (13)  our study on the density of the following issues. Experimen-

whereV,? ,, V,I 15, andV,Z ,; are obtained from Eq. (11). tal measurements and prediction.

We considered using the methods proposed by Cibulk@ 1
and Singh to estimate the ternary contribution to the excess ™

molar volume, which are expressed as: The experimental results on density) (of the pure com-
1. Cibulka [13]: pounds are shown in Table Il. We obtained an excellent agree-
ment with the corresponding ones that are reported in the lit-

5 erature; in a comparison of thirty-seven points, an AAD of
Vinter = T12223(Bo + B — 1a1 + Bawz). (14) 279 was obtained.

Pure compounds

TABLE Il. Experimental densitygd) of the liquid pure compounds.

Compound T,K This work® Data from literaturepg-cm=3

303.15 0.9267 0.9255 [2], 0.9273 [15], 0.9267 [16]

AMP 313.15 0.9182 0.9172 [2], 0.9211 [15], 0.9179 [16]
323.15 0.9097 0.9092 [2], 0.9134 [15], 0.9096 [16]
333.15 0.9012 0.9007 [2], 0.9055 [1], 0.9011 [16]
303.15 1.0911 1.0909 [12], 1.09048 [17], 1.0922b [18]

DEA 313.15 1.0841 1.0847 [2], 1.0838 [12], 1.08401 [17], 1.0846b [18], 1.0843 [19]
323.15 1.0772 1.0774[2], 1.0771 [12], 1.07732 [17], 1.0781b [18], 1.0778 [19]
333.15 1.0702 1.0703 [2], 1.070 [12], 1.07174 [17], 1.0715b [18]
303.15 0.9953 0.99565 [17], 0.99565[20]

H.O 313.15 0.9921 0.99222 [17], 0.99222 [20]
323.15 0.9882 0.98804 [17], 0.98804 [20]
333.15 0.9836 0.9832 [17], 0.9832 [20]

aStandard uncertainty, is 0.0002 g/cr and T is 0.01 K?Obtained by interpolation of values reported by DiGuélzal. [18].

TABLE Ill. Experimental densityg) and excess molar volum& €,) at different temperatures.

p Vi P Vi p Vi p Vi
z1 T2 zz gem 2 cmmol™t  gem™®  cmPmol”t  gem3  cmPmol™'  gem™®  cmPmol™!

303.15K 313.15K 323.15K 333.15K
0.9007  0.0993 0 0.9435 -0.046 0.935 -0.035 0.9265 -0.024 0.9181 -0.024
0.8006 0.1994 0 0.9605 -0.097 0.952 -0.076 0.9436 -0.063 0.9352 -0.051
0.7004 0.2996 0 0.9773 -0.126 0.969 -0.113 0.9607 -0.097 0.9525 -0.094
0.5998  0.4002 0 0.9942 -0.159 0.986 -0.142 0.9779 -0.132 0.9698 -0.126
0.5005 0.4995 0 1.0107 -0.172 1.0026 -0.152 0.9947 -0.147 0.9867 -0.137
0.3997 0.6003 0 1.0273 -0.173 1.0193 -0.148 1.0116 -0.146 1.0038 -0.14
0.3002 0.6998 0 1.0435 -0.156 1.0357 -0.135 1.0281 -0.126 1.0205 -0.123

Rev. Mex. Fis66 (4) 504-515
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p 1% P 1% P Vi P Vi,
z1 T2 z3 gem™2  cm®mol™! gem™3  cmPmol”! gem®  cmPmol™! gem™®  cm®mol™!
303.15K 313.15K 323.15K 333.15K

0.1998 0.8002 0 1.0597 -0.127 1.052 -0.099 1.0446 -0.091 1.0372 -0.09
0.0999 0.9001 0 1.0755 -0.071 1.0681 -0.053 1.0609 -0.045 1.0537 -0.045
0.9001 0 0.0999 0.9316 -0.332 0.9229 -0.309 0.9141 -0.277 0.9056 -0.275
0.7991 0.1003 0.1006 0.9512 -0.474 0.942 -0.395 0.9327 -0.305 0.9237 -0.243
0.6998 0.2001 0.1001 0.97 -0.55 0.9608 -0.463 0.9513 -0.343 0.9418 -0.222
0.6002 0.2998 0.1 0.9891 -0.652 0.9797 -0.536 0.9697 -0.36 0.9601 -0.22
0.4997 0.3996 0.1007 1.0081 -0.734 0.9988 -0.617 0.9885 -0.404 0.9786 -0.225
0.3997 0.5004 0.0999 1.0265 -0.758 1.0175 -0.656 1.0072 -0.431 0.997 -0.214
0.3004 0.5994 0.1002 1.0437 -0.7 1.0352 -0.626 1.0253 -0.423 1.0153 -0.212
0.1998 0.6992 0.101 1.0602 -0.568 1.0523 -0.528 1.0429 -0.353 1.0336 -0.189
0.1005 0.8001 0.0994 1.0757 -0.37 1.0683 -0.352 1.06 -0.252 1.0517 -0.158

0 0.8992 0.1008 1.0902 -0.087 1.0835 -0.106 1.0767 -0.11 1.07 -0.133
0.8004 0 0.1996 0.9368 -0.604 0.928 -0.57 0.9192 -0.537 0.9105 -0.515
0.6997 0.1001 0.2002 0.9583 -0.743 0.9489 -0.649 0.9396 -0.562 0.9301 -0.458
0.5996 0.2004 0.2 0.9794 -0.842 0.9698 -0.723 0.9597 -0.558 0.9498 -0.409
0.5002 0.2997 0.2001 1.0005 -0.953 0.9908 -0.816 0.9799 -0.576 0.9696 -0.382
0.4008 0.3997 0.1995 1.0213 -1.031 1.0117 -0.892 1.0004 -0.61 0.9897 -0.374
0.3002 0.4995 0.2003 1.041 -1.013 1.0319 -0.901 1.0208 -0.624 1.0097 -0.345
0.2001 0.5991 0.2008 1.059 -0.873 1.0507 -0.806 1.0406 -0.594 1.0299 -0.336
0.1004 0.6992 0.2004 1.0751 -0.6 1.0677 -0.581 1.0588 -0.443 1.0498 -0.302

0 0.8004 0.1996 1.0898 -0.221 1.0832 -0.24 1.0765 -0.248 1.0698 -0.265
0.6992 0 0.3008 0.9427 -0.838 0.934 -0.808 0.925 -0.759 0.9163 -0.735
0.5998 0.1004 0.2998 0.9657 -0.907 0.9567 -0.845 0.9475 -0.768 0.9378 -0.655

0.5 0.2001 0.2999 0.9887 -0.983 0.9797 -0.91 0.9695 -0.747 0.9596 -0.607
0.3997 0.3004 0.2999 1.0122 -1.082 1.0029 -0.977 0.992 -0.752 0.9816 -0.563
0.2998 0.4011 0.2991 1.0348 -1.116 1.0257 -1.013 1.0146 -0.764 1.0037 -0.527
0.1991 0.5007 0.3002 1.0556 -1.026 1.0471 -0.95 1.0367 -0.737 1.0261 -0.511
0.0999 0.6002 0.2999 1.0736 -0.768 1.0661 -0.741 1.0572 -0.614 1.0478 -0.458

0 0.7008 0.2992 1.0894 -0.362 1.0829 -0.38 1.0762 -0.382 1.0695 -0.395
0.6009 0 0.3991 0.949 -1.006 0.9402 -0.965 0.9315 -0.935 0.9228 -0.91
0.5004 0.0995 0.4001 0.9737 -1.007 0.9654 -0.988 0.9565 -0.932 0.9472 -0.853
0.3999 0.2007 0.3994 0.9994 -1.053 0.9909 -1.009 0.9813 -0.893 0.9717 -0.781
0.2995 0.3004 0.4001 1.0249 -1.1 1.0163 -1.036 1.0061 -0.87 0.9959 -0.706
0.1995 0.4011 0.3994 1.049 -1.056 1.0408 -1.002 1.0308 -0.835 1.0206 -0.659
0.0989 0.5001 0.401 1.0704 -0.854 1.063 -0.831 1.0543 -0.727 1.0453 -0.612

0 0.5992 0.4008 1.0887 -0.495 1.0822 -0.504 1.0755 -0.501 1.0688 -0.508
0.5007 0 0.4993 0.9562 -1.116 0.9476 -1.082 0.9391 -1.06 0.9306 -1.044
0.3998 0.0997 0.5005 0.9839 -1.084 0.976 -1.078 0.9675 -1.042 0.9592 -1.024
0.2998 0.1998 0.5004 1.012 -1.075 1.004 -1.049 0.995 -0.97 0.9862 -0.908
0.1994 0.3008 0.4998 1.0397 -1.038 1.0318 -1.002 1.0228 -0.907 1.0135 -0.802
0.0998 0.4008 0.4994 1.065 -0.892 1.0577 -0.87 1.0494 -0.796 1.0407 -0.709

0 0.4995 0.5005 1.0873 -0.598 1.0808 -0.598 1.0741 -0.589 1.0673 -0.586
0.3996 0 0.6004 0.965 -1.184 0.9567 -1.158 0.9482 -1.128 0.9396 -1.1
0.2994 0.1008 0.5998 0.9969 -1.128 0.9889 -1.102 0.9806 -1.067 0.9728 -1.066
0.2007 0.1997 0.5996 1.0275 -1.043 1.0197 -1.011 1.0114 -0.96 1.0033 -0.928
0.1008 0.2997 0.5995 1.0571 -0.902 1.0498 -0.875 1.042 -0.83 1.0339 -0.78

0 0.4006 0.5994 1.0843 -0.648 1.0779 -0.643 1.0713 -0.632 1.0646 -0.628
0.3008 0 0.6992 0.9752 -1.178 0.9669 -1.14 0.9584 -1.101 0.9501 -1.08
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p %% p %% p %% p Ve
z1 Zo x3 gem3  cmPmol™t  gem™®  cmPmolmt  gem™®  cmPmol™!  gem™®  cmP-mol!

303.15K 313.15K 323.15K 333.15K
0.1987 0.1004  0.7009 1.01 -0.984 1.0041 -1.027 0.9961 -0.992 0.9885 -0.984
0.1005 0.2004 0.6991 1.0461 -0.887 1.0388 -0.856 1.0313 -0.823 1.0238 -0.801
0 0.3005 0.6995 1.0783 -0.631 1.0721 -0.622 1.0656 -0.607 1.0591 -0.604
0.1997 0 0.8003 0.9865 -1.035 0.9787 -0.999 0.9705 -0.96 0.9624 -0.933
0.1987 0.1004  0.7009 1.01 -0.984 1.0041 -1.027 0.9961 -0.992 0.9885 -0.984
0.1005 0.2004 0.6991 1.0461 -0.887 1.0388 -0.856 1.0313 -0.823 1.0238 -0.801
0 0.3005 0.6995 1.0783 -0.631 1.0721 -0.622 1.0656 -0.607 1.0591 -0.604
0.1997 0 0.8003 0.9865 -1.035 0.9787 -0.999 0.9705 -0.96 0.9624 -0.933
0.0998 0.0995 0.8007 1.0265 -0.77 1.0206 -0.778 1.0133 -0.749 1.0062 -0.738
0 0.1998 0.8002 1.066 1-0.51 1.0603 -0.5 1.0541 -0.485 1.0478 -0.478
0.0996 0 0.9004 0.995 -0.653 0.9885 -0.628 0.981 -0.589 0.9756 -0.616
0 0.1002  0.8998 1.0431 -0.302 1.039 -0.316 1.0339 -0.315 1.028 -0.308

Standard uncertaintieg:is 0.0002 g/crd, T'is 0.01 K, andz is 0.0002.

the higher values of density are located at a temperature of
303.15 K and DEA's rich concentration zone, while the low-
est values of density are located at temperature of 333.15 K,
and AMP’s rich concentration zone.

Figures 3, 4, and 5 present the experimental excess molar
volume of the binary mixtures: AMP (1) + DEA (2), AMP
(1) + H,O (3), and DEA (2) + HO (3). Curves in plots rep-
resent the functionality of/Z with the 7" and xi variables,

1.092

1.066

1.040

g 1.014 where VEm was obtained through the Redlich-Kister equa-
< tion. We obtained negative values Gf in all binary mix-
& 0988 tures. Low values o2 were observed for the AMP (1) +
% 062 DEA (2) blend, which implies that this mixture is close to
e o an ideal solution behavior. There are no previously reported
0.936 - values in the literature on the density of the AMP + DEA
mixture to the ones presented in the study. Although, this
0910 h information is relevant to derive the pair interaction between
o Zer these compounds. On the other hand, high valué§ofvere
i observed for the AMP (1) + D (3) and DEA (2) + HO (3)
blends, the above is characteristic of non-ideal solutions.
3.3. Prediction methods
FIGURE 1. Experimental density datall (303.15 K),e (313.15 In this section, we present thg r_esults on the three predicti.on
K), & (323.15 K), andé (333.15 K). methods, as well as the statistical analysis that was carried
out to test their predictive capability.
3.2. Alkanolamine solutions 3.3.1. Polynomial test

Table 1l IShOW‘T' the eﬁpﬁrlrgfntzl r;esultsdon .dr:ensny and €Xyq hundred sixty-four experimental points were used to ad-
cess molar volume of the blends formed with AMP, DEA’just the parameters of the polynomial correlation; the result

and HO. _ _ . isgiven by Eq. (16),
Figure 1 shows the experimental results of density in a
three-dimensional (3D) plot with the shape of a triangular pm = 1.28331 — 0.11778z; + 0.0823422
prism, while Fig. 2 shows projections of the experimen-
tal densities at temperatures of 303.15 to 333.15 K, where —8.33409 x 107* T (16)
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8 T=303.15K
DEA b)

Density in gicm®

1.091
- Lo
1.053

1.034
1.015
0.9961
0.9772
0.9582

0.9392
0.9202
0.9012

AMP H,0

DEA
) T=323.15K d)
Density in g/t:m3
1.091
- 1.072

1.053
1.034
1.015
0.9961
0.9772
0.9582
0.9392
0.9202
0.9012

AMP H,0 AMP

T=2313.15K

DEA

Density in g/cm®

1.091
- o
1.053

1.034
1.015
0.9961
09772
0.9582

0.9392
0.9202
0.9012

H,O

DEA

T=333.15K

Density in g/cm®

1.091
- o
1.053

1.034
1.015
0.9961
0.9772
0.9582

0.9392
0.9202
0.9012

H,0

FIGURE 2. Projections of the experimental density data. a) 303.15 K, b) 313.15 K, ¢) 323.15 K, and d) 333.15 K.
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FIGURE 3. Excess molar volume of AMP (1) + DEA (2).

where density is a function of the temperature and concentra-
tion of the blend. We use the Gauss-Newton method to adjust
the parameters of Eq. (16), through the minimization of the

following objective function,
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H20

FIGURE 4. Excess molar volume of AMP (2) +40 (3).

FO =" (pexp.i — peali)’- 17

i=1

The Design-Expert v.6 software was used to minimize the
objective function using a two-level factorial design with



A STUDY ON THE DENSITY AND EXCESS MOLAR VOLUME OF THE MIXTURE FORMED ... 511

TABLE IV. Analysis of variance (ANOVA) for the polynomial correlation.

Source Sum of Squares DF Mean Square  F' Value Prob> F
Model based on polynomial approach 0.6 3 0.2 1634.58 < 0.0001
x1 0.2 1 0.2 1616.88 < 0.0001
T2 0.097 1 0.097 789.7 < 0.0001
T 0.023 1 0.023 186.8 < 0.0001
Residual 0.032 260 1.227 x 107*
Total 0.63 263

0.0

AN
\\ m 303.15K
AN °
NN 313.15K | 088
. A 323.15K /
AW ® 333.15K /
-, 02 AL /7 1.054
o \\ \gk [/ o
g -\ /
- R /
5 ANN ] 020
g W\ -
- \ g !
o \i\\ / =
-0.4 /) — -
s / % 0.986
/) 2
%\ / a
/ 0.952
//
4
0.6 \\\ //% 4 0.918
: : . 0o
00 05 1.0

xHZO

FIGURE 5. Excess molar volume of DEA (2) +40 (3).

three factors4;, xo, andT’). The low and high levels for
concentration were fixed in 0 and 1, while the low and high _ _ _
levels for T were fixed in 303.15 and 333.15 K. Table IV re- F'GURE 6. Experimental density data (spheres) vs. polynomial
ports the results for the analysis of variance (ANOVA) that €0""elation (colored surface) at 323.15 K.
was obtained in this work. Based on a 95% confidence leve
the polynomial correlation was tested to be significant, as th
computedF' value of 675.52 is much higher than the theo-
retical F o5 value of 2.37, \_/vhich is reported for four degrees 3.3.2. Mixing rule test
of freedom and residual higher than 120. On the other hand,
values of ‘Prob > F” less than 0.05 indicate that the terms We obtained the following equation for the mixing rule,
of correlation {1, 2, T') are significant. where a dependence with temperature and concentration of

Figure 6 presents an example of the comparison betweethe blend was incorporated:
the experimental values of density and those calculated by
the polynomial correlation given by Eq. (16) The experimen- p,, = z1(—8.5 x 10747 4 1.1843)
tal points are represented by points in the 3D plot, while the _
calculated values are represented by the colored surface, and +@p(=Tx 10747 — 1.3024)
we only show the results at 323.15 K. + 23(—3.6 x 107972 4 1.9 x 10737 4 0.7544). (18)

The statistical parameters related to the comparison be-
tween our experimental data and the calculated values with As can be seen in Eqg. (18), the density of the AMP and
Eq. (16) are reported in Table V. As can be seen, this methoBEA compounds had a linear dependence with temperature,
had small values of AAD (0.82 and 1.36%) when the predic-while the density of the HO compound had a quadratic de-
tions obtained with the polynomial correlation was comparecdpendence. These relationships were derived by using both
both with our experimental data as the data reported in the litthe experimental values of this work, as reported in the liter-
erature. However, the values@find R were not satisfactory, ature. Similar to the polynomial correlation, we used a linear
because was equal to 0.0111 and 0.0162g>; regression to adjust the parameters of the mixing rule.

\Nhile R was equal to 0.9745 and 0.9264, so we can conclude
that this method did not have the best predictive capability.
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TABLE V. Statistical parameters of the polynomial correlation and mixing rule.

Comparison Points AAD o R
% gem™®
peal (Polynomial correlation) vspexp (Obtained in this work) 264 0.82 0.0111 0.9745
pcal (polynomial correlation) vspexp (from literature [2,5,10,14,16]) 212 1.36 0.0162 0.9264
peal (MiXing rule) vs. pexp (Obtained in this work) 264 1.23 0.0183 0.9676
peal (MiXing rule) vs.pexp (from literature [2,5,10,14,16]) 212 1.47 0.0206 0.9278

TABLE VI. Parameters4;, in cm®-mol~!) of the binary mixtures.

AMP (1) + DEA (2) AMP (1) + H20 (3) DEA (2) + H20 (3)

T,K Ao A Az Ao Ay Ay Ay Az As
303.15 -0.6886 0.1647 0.0238 -4.501 2.1401 -1.6665 -2.4002 1.5381 0.3322
313.15 -0.6126 0.1178 0.1787 -4.3693 2.1341 -1.4452 -2.3946 1.4103 0.14
323.15 -0.5884 0.1529 0.3131 -4.2601 2.1288 -1.0262 -2.3589 1.3182 0.0834
333.15 -0.5595 0.1752 0.2934 -4.1469 2.1648 -1.1516 -2.3563 1.1849 -0.0427

smaller, andR was closer to the unit, as can be seen in Ta-
ble V.

3.3.3. Redilich-Kister + Cibulka and Redlich Kister +
Singh test

Table VI reports the parameters that we obtain to prédfet
of the binary mixtures by using the Redlich-Kister equation.
These parameters were adjusted with the experimental data of
this work. In the case of the ternary system, the parameters
of the ternary contribution are reported in Table VII, which
were calculated following equations proposed by Cibulka and
Singhet al.

The Gauss-Newton method was used in both cases (bi-
nary and ternary systems) to adjust the best parameters able
to minimize the objective function given by:

FO=> (VE . —pt)? (19)
=1

FIGURE 7. Experimental density data (spheres) vs. mixing rule  Table VIII reports the statistical parameters when the ex-

(colored surface) at 323.15 K. perimental excess molar volume is compared with the calcu-
lated one. The higher deviation was found at 333.15 K for the

As an example,'we chose the tempera}ture of 323.15 Ky\1p (1) + DEA (2) mixture (AAD = 3.59%). The Redlich-

to show the comparison between the experimental and calcigter + Cibulka equations had a better performance than the

lated values; the resultis shown in Fig. 7, we can see that kg qjich-Kister + Singfet al. equations, because the first one

though the mixing rule offers a good approximation for MOStad an AAD in the range of 1.79 to 2.18%, while the second

of the experimental points, there is a zone where predictiong,a had an AAD in the range of 3.71 to 5.56%.

are not favorable, which is located at the rich concentration After obtaining the predicted values of the excess molar

in DEA and H,0. . volume, it is possible to re-calculate the density of the mix-
The results show a good agreement between experimeny; o using the following equation:

tal and calculated densities, as can be seen in Table V. With
the Eq. (18) we obtained better approximations to the exper- D i wiM —i
imental density obtained by us than to the density reported Pm =

- VEJV—ZTL_ Tz, M—i "
in the literature, because in the first caged D and o was m =

(20)
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TaBLE VII. Parametersi;, in cn?-mol~!) of the ternary mixtures.

T, K
Parameters 303.15 313.15 323.15 333.15
By 16.5655 11.6696 47732 -1.4911
Cibulka [13] B -26.5858 -16.2087 -2.1535 9.64
Bs -45.8338 -36.281 -13.9809 8.8364
By -7.2557 -5.478 -0.4208 47737
Singhet al. [14] B, -72.7033 -55.4515 -19.3667 15.2581
Bs -53.6987 -58.9699 -31.181 -18.052

TABLE VIII. Statistical parameters of the Redlich-Kister and Cibulka or Singh equations.

Points AAD o R
System Equation T,K % cn-mol~!

303.15 9 2.1 0.003 0.9984

AMP (1) + DEA (2) 313.15 9 1.15 0.002 0.9993
323.15 9 1.2 0.002 0.9995

333.15 9 3.59 0.003 0.9983

303.15 9 1.37 0.014 0.9992
AMP (1) + H.O (3) Redlich-Kister 313.15 9 1.33 0.013 0.9993
323.15 9 1.15 0.01 0.9996

333.15 9 1.44 0.013 0.9992

303.15 9 0.85 0.005 0.9997

DEA (2) + H20 (3) 313.15 9 0.83 0.006 0.9997
323.15 9 1.44 0.008 0.9993

333.15 9 1.22 0.008 0.9992

303.15 36 2.18 0.023 0.9937

Cibulka [13] 313.15 36 1.79 0.019 0.9962

323.15 36 2.15 0.018 0.9972

333.15 36 1.88 0.015 0.9986

AMP (1) + DEA (2) + H,0 (3)

303.15 36 5.39 0.052 0.9736

Singhet al. [14] 313.15 36 5.56 0.049 0.9757

323.15 36 5.06 0.035 0.9894

333.15 36 3.71 0.023 0.9969

TABLE IX. Statistical parameters of the Redlich-Kister + Cibulka and Redlich-Kister + Singh equations.

Comparison Points AAD o R
% gcm™3
peal (Redlich-Kister + Cibulka) vspexp (Obtained in this work) 264 0.02 0.0003 0.9999
peal (Redlich-Kister + Cibulka) vspexp (from literature [2,5,10,14,16]) 212 0.11 0.0015 0.9995
pecal(Redlich-Kister + Singlet al.) vs. pexp (Obtained in this work) 264 0.03 0.0005 0.9999
peal(Redlich-Kister + Singlet al.) vs. pexp (from literature [2,5,10,14,16]) 212 0.12 0.0016 0.9995

The above equation can be obtained from combiningand temperature of 323.15 K. Because the Redlich + Singh
Egs. (1), (2), and (3). model offers similar results to the Redlich + Cibulka model,

the corresponding 3D plot is not included in this work.
The excellent agreement between the experimental val-

ues and those calculated with the Redlich + Cibulka model
is shown in Fig. 8. In this case, the colored surface matches The excellent agreement between the experimental and
very well with the experimental points at any concentrationcalculated values of density is also can be seen in Table IX,
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4. Conclusions

Experimental densities were measured using the well-known
vibrating tube densimeter, obtaining reliable experimental
data with an uncertainty of 0.0002cgn—3. The experimental
results on the density of our work include either pure alka-
nolamines or aqueous mixtures at low and high alkanolamine
concentration, covering the entire concentration range and
temperatures from 303.15 to 333.15 K. Three methods were
tested to establish their prediction capability to calculate
the density of the ternary mixture: AMP (1) + DEA (2) +
H2O (3).
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