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a b s t r a c t

Heat capacities of glycol/H2O/salt systems have been measured over the temperature range
303.15–353.15 K with a differential scanning calorimeter. The salts studied were lithium chloride and
lithium bromide; the glycols considered were diethylene glycol, triethylene glycol, tetraethylene glycol,
vailable online 20 January 2009
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propylene glycol and dipropylene glycol. For each ternary system, four systems of which (4–25 mass%)
salt mixed with various glycols (50–80 mass%) were studied. An extended Redlich-Kister-type binary sys-
tem equation was used to correlate the measured heat capacity data. To this end, the heat capacities of
pure glycols and aqueous glycol solutions were also measured. The correlations give satisfactory results
as shown by an overall AAD for heat capacity calculations of 0.5% for 234 data points. The present mea-
surements are, in general, of sufficient accuracy for most engineering-design calculations for the design

nts.
of dehumidifier equipme

. Introduction

The aqueous–organic with salt systems have been recently con-
idered as potential absorbents for liquid desiccants to absorb
oisture from air for they have been shown to yield smaller val-

es of vapor pressure than those of the conventionally used liquid
esiccants [1]. The conventional liquid desiccants in absorption
ehumidification systems are aqueous solutions of either aqueous
alts, such as lithium chloride (LiCl), lithium bromide (LiBr), and
alcium chloride (CaCl2), or organic compounds such as diethylene
lycol (DEG), triethylene glycol (TEG), tetraethylene glycol (T4EG),
ropylene glycol (PG), and dipropylene glycol (DPG) [2–5].

For air dehumidification, TEG and aqueous LiCl solutions are
he two most often used systems [1]. The vapor pressure of
ome aqueous–organic solutions with salts (glycol/water/salt)
ystems such as TEG/H2O/LiCl, TEG/H2O/LiBr, and PG/H2O/LiCl
ave been shown to yield smaller values of vapor pressure than
hose of the conventionally used liquid desiccants [2]. Thus, the
queous–organic solvents with salt systems may reasonably be con-
idered as the potential absorbents for liquid desiccants.

For the rational design of the dehumidifier process, heat capaci-
ies of liquid desiccants are required to estimate the correct heating
oad of dehumidifier equipments. However, the experimental data

uch as heat capacity of aqueous organic desiccants are very few
n the literature [6,7]. Therefore, it is the purpose of this study
o investigate experimentally the heat capacity of some mixed-
olvents with salt liquid desiccants for the temperature range of
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303.15–353.15 K. The glycols considered in this work were diethy-
lene glycol, triethylene glycol, tetraethylene glycol, propylene glycol
and dipropylene glycol and the salts studied were lithium chlo-
ride (LiCl) and lithium bromide (LiBr). Ten ternaries, namely:
DEG/H2O/(LiCl or LiBr), TEG/H2O/(LiCl or LiBr), T4EG/H2O/(LiCl
or LiBr), PG/H2O/(LiCl or LiBr), and DPG/H2O/(LiCl or LiBr), were
selected for this study. For each ternary system, four systems of
which (4–25 mass%) salt mixed with various glycols (50–80 mass%)
were investigated. An extended Redlich-Kister-type binary system
equation was used to represent the measured heat capacity data
of the investigated ternaries. In this regard, the heat capacity of
pure glycols and aqueous glycol solutions were also measured. To
validate the present procedures of heat capacity measurements,
the heat capacity of pure glycols were then compared to available
literature data.

2. Experimental

2.1. Chemicals

Diethylene glycol was Riedel-deHaën reagent grade with a min-
imum purity of 99%; tripropylene (TEG) was Fulka reagent grade
with a minimum purity of 97%; tetraethylene glycol was Aldrich
reagent grade with a minimum purity of 99%; propylene glycol
was Baker reagent grade with a minimum purity of 99%; dipropy-
lene glycol was Fulka reagent grade with a minimum purity of

99%; lithium chloride (LiCl) was Baker reagent grade with a mini-
mum purity of 99%; and lithium bromide (LiBr) was Riedel-deHaën
reagent grade with a minimum purity of 98%. A water purification
system from Barnstead (model EASYpure LF) was used to pro-
vide Type I reagent-grade water (resistivity ≤18.3 M� cm) with

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:mhli@cycu.edu.tw
dx.doi.org/10.1016/j.tca.2009.01.008
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Table 1
Heat capacity of DEG..

T (K) Heat capacity, Cp (J mol−1 K−1)

Zaripov [9] AAD%a Stephens and Tamplin [10] AAD%a This study AAD%a

293.15 243.0 0.082
298.15 243.9 0.423
303.15 248.2 0.466
313.15 251.0 0.080 251.3 0.039
323.15 255.0 0.109
333.15 259.0 0.105 259.2 0.027
343.15 263.8 0.234
353.15 267.0 0.004 266.8 0.079

Overall AAD% 0.42 0.07 0.16

a Calculated from Cp (J mol−1 K−1) = a + b(T(K)) + c(T(K))2.

Table 2
Heat capacity of TEG, T4EG, PG, and DPG.

T (K) Heat capacity, Cp (J mol−1 K−1)

TEG T4EG PG DPG

303.15 336.3 428.5 192.8 329.0
313.15 339.5 430.9 197.0 335.3
323.15 343.1 434.7 201.3 341.5
3
3
3
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shown by a very reasonable average absolute deviation (AAD) per-

T
D

P

a
a
A
N

33.15 347.9 438.5 206.0 348.8
43.15 353.7 443.6 210.6 355.8
53.15 359.3 449.1 215.3 363.8

xtremely low organic content (≤15 ppb). The studied solutions
ere prepared by mass, with a weighing accuracy of ±1 × 10−4 g.

he estimated uncertainty of the mole fraction of aqueous solutions
s ±1.5 × 10−4. The prepared aqueous solutions have been degassed
y using ultrasonic cleaner (Branson, Model 3510).

.2. Heat capacity measurements

The Cp was measured using the differential scanning calorime-
er (DSC) consisting of a DSC-2010 and a thermal analysis controller
rom TA Instruments. The DSC operating range is from the room
emperature to 725 ◦C. Both the temperatures and the heat flow
ssociated with transitions in materials can be easily and rapidly
easured with the system. The DSC operates with a temperature

epeatability of ±0.1 K. Calorimetric sensitivity is 1 �W (rms). The
alorimetric precision is ±1% based on measurements of metal sam-
les. The purge gas was nitrogen with a flow rate of 40 mL min−1.
he heating rate was set to be 5 K min−1. To obtain accuracy results,
he temperature calibration has been checked periodically. The
emperature calibration is obtained from the run in which a calibra-
ion material (e.g., indium) is heated through its melting point. The

elting point of indium is utilized to calibrate the temperature. By
sing the sample encapsulating press, the liquid sample was pre-

ared within a hermetic sample pan. The internal volume of the
ermetic pan was approximately 10 mm3. Sample weight is in the
ange (15–20) mg. Five replicate runs were carried out for each mea-
urement. The apparatus and the experimental procedures were

able 3
etermined parameters of Eq. (1) for glycols.

arameters DEG TEG T

1 127.95 194.05 3
2 0.3947 0.4648
AD%a 0.16 0.20
o of data points 6 6

a AAD% = (100/n) ×
∑n

i=1

∣∣(yexpt − ycalc)/yexpt

∣∣
i
.

b Determined from data of Osborne et al. [12].
Fig. 1. Heat capacity of glycols, H2O and salts: (�) DEG; (�) TEG; (�) T4EG; (�) PG;
(�) DPG; (�) LiCl ref. [11], (×) LiBr ref. [11]; (©) H2O, ref. [12].

the same as those described by Chiu et al. [8]. On the basis of com-
parison with literature values for water, the uncertainty of the Cp

measurements was estimated to be ±0.015 (kJ kg−1 K−1).

3. Results and discussion

The heat capacities were measured for the studied glycols for
temperature range of 303.15–353.15 K. The results are presented in
Tables 1 and 2. As seen in Table 1, the measured heat capacities
of DEG are in good agreement with the literature values [9,10] as
centage, thus, validating the procedures and apparatus for the heat
capacity measurement.

In Fig. 1, heat capacities of glycols, salts, [11] and water [12]
as a function of temperature are shown. At 303.15 K, the heat

4EG PG DPG H2Ob

01.24 56.45 118.6 73.22
0.4153 0.4489 0.692 0.0065
0.17 0.09 0.11
6 6 6
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Table 4
Heat capacity of aqueous glycol solutions.

T (K) Heat capacity Cp and excess heat capacity CE
p (J mol−1 K−1)

x1 = 0.2 x1 = 0.4 x1 = 0.5 x1 = 0.6 x1 = 0.8

Cp CE
p Cp CE

p Cp CE
p Cp CE

p Cp CE
p

DEG(1) + H2O(2)
303.15 111.8 1.62 148.7 3.99 167.6 5.65 184.5 5.31 217.9 4.24
313.15 113.5 2.98 150.7 5.04 169.9 6.56 187.1 6.24 221.2 5.08
323.15 115.3 4.08 153.3 6.10 172.6 7.41 190.3 7.14 225.0 5.90
333.15 117.4 5.21 155.9 7.04 175.5 8.23 193.6 7.95 229.1 6.69
343.15 119.3 6.13 158.7 7.87 178.7 9.05 197.3 8.77 233.6 7.48
353.15 121.7 7.45 161.8 8.89 182.2 9.93 201.2 9.66 238.5 8.28

TEG(1) + H2O(2)
303.15 129.3 1.51 184.1 4.15 211.3 5.31 237.8 5.70 288.3 4.14
313.15 131.0 2.89 186.3 5.34 213.6 6.24 240.5 6.68 291.8 5.15
323.15 132.9 3.99 189.0 6.51 216.5 7.22 243.7 7.64 295.7 6.14
333.15 135.1 5.16 192.1 7.67 219.8 8.15 249.7 8.59 300.3 6.94
343.15 137.2 6.08 195.2 8.40 233.4 8.85 251.8 9.36 306.0 7.92
353.15 139.7 7.35 198.7 9.63 227.3 9.85 256.1 10.27 311.3 8.74

T4EG(1) + H2O(2)
303.15 156.0 9.71 230.6 13.75 266.0 13.9 300.5 13.12 366.5 8.50
313.15 157.2 10.8 232.4 14.91 267.9 14.8 302.4 13.79 369.5 9.72
323.15 158.9 11.74 234.9 15.82 270.4 15.4 305.3 14.35 373.5 10.71
333.15 161.0 12.95 237.5 16.82 273.4 16.4 308.6 15.26 377.5 11.56
343.15 163.0 13.90 240.5 17.74 277.1 17.6 312.4 16.07 382.6 12.61
353.15 165.4 15.03 243.7 18.67 280.9 18.5 316.5 16.8 388.0 13.52

PG(1) + H2O(2)
303.15 101.9 2.78 127.0 4.44 138.9 4.61 150.3 4.30 172.1 2.65
313.15 103.0 3.35 129.4 5.39 141.9 5.76 153.9 5.57 176.4 3.73
323.15 104.3 3.79 132.1 6.34 145.1 6.83 157.7 6.83 180.9 4.81
333.15 105.8 4.29 134.9 7.21 148.7 7.98 161.8 8.02 185.8 5.92
343.15 107.2 4.73 137.7 8.18 152.1 9.10 165.8 9.25 190.6 7.02
353.15 108.8 5.20 140.7 9.15 155.6 10.16 169.9 10.45 195.5 8.14

DPG(1) + H2O(2)
303.15 129.1 2.73 181.8 4.79 207.2 4.86 231.9 4.25 279.7 1.34
313.15 130.8 3.45 184.9 5.57 210.9 5.63 236.2 4.93 285.0 1.71
3 214.7

219.3
3 235.5
3 228.3
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in Table 4. In the calculation of Cp , the Cp,i for glycols were from
Tables 1 and 2, Cp,i for water was from Osborne et al. [12]. As pre-
sented in Table 4, the CE

p of all the studied binary aqueous glycol
systems have a positive value.

Table 5
Parameters of Eq. (4) for the studied binary systems.

Systems i Parameters No. of data
points

AAD%

ai,0 ai,1 CE
p Cp

DEG(1) + H2O(2)
1 −85.09 0.3478
2 67.95 −0.1801 30 1.1 0.2
3 −236.97 0.7633

TEG(1) + H2O(2)
1 −94.44 0.3812
2 54.51 −0.1341 30 1.3 0.8
3 −242.83 0.7721

T4EG(1) + H2O(2)
1 −47.38 0.3391
2 12.50 −0.0611 30 1.4 0.2
3 −249.50 0.8393

1 −116.81 0.4462
23.15 132.7 4.17 188.2 6.40
333.15 135.0 4.87 191.9 7.08

43.15 137.1 5.55 195.5 7.85
53.15 139.5 6.27 199.6 8.66

apacity of the studied glycols and water are in the order: T4EG
428.5 J mol−1 K−1, MW = 194.2 g mol−1) > TEG (336.3 J mol−1 K−1,

W = 150.2 g mol−1) > DPG (329.0 J mol−1 K−1, MW = 134.2 g
ol−1) > DEG (248.2 J mol−1 K−1, MW = 106.1 g mol−1) > PG

192.8 J mol−1 K−1, MW = 76.1 g mol−1) > H2O (75.3 J mol−1 K−1,
W = 18.0 g mol−1). The heat capacity is generally related to the

hemical structure; the higher molar mass of a molecule is, the
arger molar heat capacity will be observed. The measured heat
apacities of glycols follow this trend. As also seen in Fig. 1, the
eat capacity of salts, LiCl and LiBr, have lower heat capacity values
ince they are in the solid state.

The heat capacity of glycols was represented as a function of
emperature as follows:

p (J mol−1 K−1) = a1 + a2T (K) (1)

here ai are empirical parameters. The results of heat capacity
alculation for glycols are presented in Table 3. The determined
arameters ai correlated well the present heat capacity for glycols
s shown by AAD of less than 0.2%.

To correlate the heat capacity of aqueous glycol solutions, a
edlich-Kister-type equation for the concentration dependence is
pplied. The excess molar heat capacity CE

p for an aqueous glycol

olution is defined [13] as

E
p = Cp − (x1Cp,1 − x2Cp,2) (2)

here Cp,i is the molar heat capacity of the component i, xi the
ole fraction of ith component. The value of CE

p can be calculated
6.29 240.7 5.65 290.4 2.12
7.15 245.8 6.37 296.6 2.45
7.87 250.8 7.04 302.7 2.89
8.61 256.3 7.80 309.4 3.25

from the measured Cp and Cp,i. The measured heat capacity Cp and
the calculated CE

p for five aqueous glycol solutions are presented
E

PG(1) + H2O(2) 2 −95.83 0.3132 30 0.4 0.1
3 −43.49 0.1305

DPG(1) + H2O(2)
1 −72.04 0.3023
2 43.11 −0.1658 30 1.7 0.8
3 −48.96 0.0983
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Fig. 2. Excess molar heat capacity of PG(1) + H2O(2): (+) 303.15 K; (♦) 313.15 K; (�)
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The Redlich-Kister equation representing the compositional
ependence of the excess molar heat capacity has the following
orm:

E
p (J mol−1 K−1) = x1x2

n∑

i=1

Ai(x1 − x2)i−1 (3)

here Ai’s are pair-parameters and assumed to have the following
emperature-dependent function

i = ai,0 + ai,1T (K) (4)

here ai,0 and ai,1 are determined from CE
p calculated from Eq. (2).

In Table 5, the parameters in Eq. (4) for aqueous glycol solu-
ions are presented. For a total of 150 data points for aqueous glycol
olutions, the overall AAD% of the calculations are 1.2 and 0.4% for
he excess molar heat capacity and the molar heat capacity, respec-
ively. In Fig. 2, the excess molar heat capacities of PG(1) + H2O(2)
ere shown. As seen from this figure, the value of CE

p increases as
he temperature increases. A comparison of the CE

p of aqueous glycol
olutions at 333.15 K is shown in Fig. 3. Among the five studied aque-
us glycol solutions, CE

p of T4EG + H2O has the highest values while
hat of DPG + H2O has the lowest values. The systems of DEG + H2O,

EG + H2O, and PG + H2O have a similar trend. As also shown in
ig. 3, the Redlich-Kister equation can satisfactory represents the
omposition dependence of aqueous glycol solutions.

The heat capacities glycol/H2O/LiCl and glycol/H2O/LiBr were
isted in Tables 6 and 7, respectively. For each ternary system, four

323.15 K; (�) 333.15 K; (�) 343.15 K; (�) 353.15 K; lines, calculated using Eq. (3).

able 6
eat capacity Cp and heat capacity difference Cp − Cp,a of glycols/H2O/LiCl.

(K) Heat capacity Cp and heat capacity difference Cp − Cp,a (J mol−1 K−1) mass% glycol/mass% H2O/mass% salt (msalt, molality in mol kg−1)

80/16/4 (0.983) 70/21/9 (2.333) 60/24/16 (4.493) 50/25/25 (7.863)

Cp Cp − Cp,a Cp Cp − Cp,a Cp Cp − Cp,a Cp Cp − Cp,a

EG(1)/H2O(2)/LiCl(3)
03.15 152.5 −6.65 126.2 −15.06 106.0 −23.56 96.4 −24.87

313.15 154.8 −7.12 127.9 −15.91 107.3 −24.55 97.6 −25.92
23.15 157.1 −7.53 129.5 −16.78 108.8 −25.41 98.8 −26.92
33.15 159.6 −7.79 131.4 −17.41 110.5 −26.10 100.2 −27.73
43.15 162.1 −8.11 133.3 −18.09 112.2 −26.76 101.7 −28.48
53.15 164.5 −8.40 135.3 −18.59 114.1 −27.26 103.3 −29.06

EG(1)/H2O(2)/LiCl(3)
03.15 170.3 −4.31 144.6 −7.62 124.5 −12.58 109.9 −17.01

313.15 174.1 −5.41 146.4 −8.35 126.1 −13.29 111.2 −17.81
23.15 176.2 −6.14 148.1 −9.21 127.8 −13.96 112.6 −18.58
33.15 178.7 −6.53 150.0 −9.86 129.6 −14.50 114.1 −19.20
43.15 181.3 −6.78 152.1 −10.26 131.5 −14.94 115.9 −19.56
53.15 184.0 −7.00 154.6 −10.42 133.7 −15.06 117.7 −19.91

4EG(1)/H2O(2)/LiCl(3)
03.15 182.6 −16.76 137.3 −31.89 114.5 −36.34

313.15 184.2 −17.55 138.9 −32.40 116.0 −36.73
23.15 185.5 −18.61 140.5 −32.92 117.5 −37.09
33.15 187.5 −19.00 142.4 −33.13 119.2 −37.30
43.15 189.6 −19.31 144.3 −33.34 120.8 −37.64
53.15 191.9 −19.36 146.3 −33.50 122.5 −37.86

G(1)/H2O(2)/LiCl(3)
03.15 136.7 −6.67 119.9 −11.59 104.5 −18.64 96.6 −20.25

313.15 139.8 −7.22 122.1 −12.44 106.3 −19.45 98.1 −21.04
23.15 142.8 −7.82 124.3 −13.25 108.0 −20.28 99.6 −21.84
33.15 146.0 −8.26 126.6 −14.01 109.8 −21.08 101.2 −22.50
43.15 149.2 −8.78 128.9 −14.74 111.7 −21.80 102.8 −23.11
53.15 152.3 −9.28 131.2 −15.33 113.6 −22.44 104.6 −23.61

PG(1)/H2O(2)/LiCl(3)
03.15 172.8 −8.98 140.9 −16.75 119.7 −22.57 106.5 −25.19

313.15 175.6 −9.87 143.0 −17.65 121.4 −23.50 107.8 −26.12
23.15 178.5 −10.55 145.2 −18.50 123.2 −24.22 109.1 −27.07
33.15 181.7 −11.04 147.6 −19.08 125.3 −24.67 110.5 −27.87
43.15 184.7 −11.61 149.8 −19.84 127.3 −25.22 112.1 −28.57
53.15 188.0 −11.96 152.6 −20.07 129.5 −25.64 113.7 −29.22



30 C.-K. Li et al. / Thermochimica

Fig. 3. Excess molar heat capacity of aqueous glycol solutions at 333.15 K: (+)
DEG + H2O; (�) TEG + H2O; (�) T4EG + H2O; (�) PG + H2O; (♦) DPG + H2O; lines, cal-
culated using Eq. (3).

Table 7
Heat capacity Cp and heat capacity difference Cp − Cp,a of glycols/H2O/LiBr.

T (K) Heat capacity Cp and heat capacity difference Cp − Cp,a (J mol−1 K−1) ma

80/16/4 (0.480) 70/21/9 (1.139)

Cp Cp − Cp,a Cp Cp − Cp,a

DEG(1)/H2O(2)/LiBr(3)
303.15 150.2 −8.89 125.3 −15.92
313.15 152.3 −9.58 127.4 −16.43
323.15 154.6 −10.06 129.4 −16.90
333.15 157.2 −10.20 131.5 −17.32
343.15 159.6 −10.55 133.6 −17.73
353.15 162.1 −10.81 135.7 −18.14

TEG(1)/H2O(2)/LiBr(3)
303.15 174.4 −2.27 148.8 −3.45
313.15 176.8 −2.67 150.8 −3.99
323.15 179.2 −3.14 152.8 −4.47
333.15 181.8 −3.46 155.1 −4.79
343.15 184.3 −3.79 157.3 −5.15
353.15 186.8 −4.17 159.6 −5.39

T4EG(1)/H2O(2)/LiBr(3)
303.15 187.9 −11.48 148.8 −20.36
313.15 190.0 −11.69 150.6 −20.69
323.15 192.3 −11.84 152.4 −21.03
333.15 194.5 −11.98 154.3 −21.24
343.15 196.7 −12.14 156.2 −21.40
353.15 198.9 −12.36 158.3 −21.47

PG(1)/H2O(2)/LiBr(3)
303.15 139.7 −3.71 125.2 −6.32
313.15 142.8 −4.24 127.5 −7.10
323.15 145.9 −4.71 129.7 −7.90
333.15 149.2 −5.07 132.0 −8.66
343.15 152.4 −5.57 134.2 −9.48
353.15 155.5 −6.06 136.4 −10.26

DPG(1)/H2O(2)/LiBr(3)
303.15 170.0 −11.78 137.4 −20.22
313.15 173.1 −12.36 139.7 −20.99
323.15 176.2 −12.87 141.8 −21.91
333.15 179.3 −13.36 144.4 −22.23
343.15 182.7 −13.63 147.0 −22.70
353.15 186.1 −13.85 149.7 −22.94
Acta 487 (2009) 26–32

solutions of which (4–25 mass%) salt (LiCl or LiBr) mixed with aque-
ous glycols (50–80 mass% of DEG, TEG, T4EG, PG, or DPG) were
studied. In Tables 6 and 7, the molality msalt of salt was also listed
for each concentration. The values of Cp − Cp,a are also listed in
Tables 6 and 7. As presented in Tables 6 and 7, the Cp − Cp,a of all
the studied ternaries have negative values. In Table 6, in the inves-
tigated concentration range, all the solutions were homogeneous
except for the ternary T4EG(1)/H2O(2)/LiCl(3) at 50/25/25 (mass%
T4EG/mass% H2O/mass% LiCl). At this concentration, the salt was not
dissolved completely and a supersaturated solution was formed;
and with this, the Cp of the solution was not able to measure.

Based on the density equation proposed by Söhnel and Novotný
[14,15] for solvent/salt solutions, a simple model extended the
Redlich-Kister equation for binary system to ternary system was
proposed to represent the heat capacity of glycol/H2O/salt solu-
tions. The proposed equation has the following form:

Cp (J mol−1 K−1) = Cp,a + B1(m) + B2(m)2 + B3(m)3 (5)

where m is the molality of salt (in mol of salt/kg of mixed-solvent),
Cp,a is the heat capacity of salt-free solution, i.e., aqueous glycol
solution. The values of Cp,a can be calculated from Eq. (3). The Bi is
assumed as temperature-dependent as follows:
Bi = bi,0 + bi,1(T (K)) (6)

where bi,0 and bi,1 are empirical constants. In Table 8, the deter-
mined parameters in Eq. (6) and the results of heat capacity
calculations using Eq. (5) are presented. For the heat capacity of

ss% glycol/mass% H2O/mass% salt (msalt, molality in mol kg−1)

60/24/16 (2.193) 50/25/25 (3.838)

Cp Cp − Cp,a Cp Cp − Cp,a

110.5 −19.01 100.5 −20.78
112.3 −19.60 101.6 −21.87
113.9 −20.36 102.8 −22.91
115.7 −20.89 104.2 −23.72
117.6 −21.41 105.5 −24.64
119.6 −21.78 107.1 −25.31

133.0 −4.16 116.7 −10.21
134.6 −4.83 118.1 −10.99
136.2 −5.53 119.4 −11.74
137.9 −6.15 121.1 −12.15
139.8 −6.66 122.7 −12.76
141.9 −6.84 124.4 −13.14

122.7 −28.05 109.5 −28.91
124.2 −28.48 110.7 −29.48
125.7 −28.93 111.8 −30.08
127.2 −29.35 113.2 −30.42
128.7 −29.72 114.6 −30.78
130.4 −29.99 116.0 −31.10

115.5 −7.61 104.5 −12.45
117.2 −8.57 105.8 −13.39
118.9 −9.45 107.0 −14.40
120.7 −10.19 108.6 −15.06
122.5 −11.01 110.0 −15.89
124.5 −11.58 111.8 −16.35

121.3 −20.97 104.3 −27.44
122.8 −22.09 105.4 −28.52
124.3 −23.11 106.7 −29.51
126.0 −24.02 108.0 −30.43
127.7 −24.89 109.3 −31.30
129.4 −25.75 110.9 −32.03
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Table 8
Determined parameters of Eq. (6) for the studied ternary systems.

System i Parameters No. of data points AAD%

bi,0 bi,1 Cp − Cp,a Cp

DEG(1)/H2O(2)/LiCl(3)
1 2.30 −0.0331
2 −0.81 0.0043 24 1.7 0.2
3 0.07 −0.0002

TEG(1)/H2O(2)/LiCl(3)
1 7.59 −0.0541
2 −2.24 0.0140 24 5.7 0.6
3 0.16 0.0010

T4EG(1)/H2O(2)/LiCl(3)
1 23.78 −0.0799
2 −18.66 −0.0507 18 1.5 0.1
3 2.77 −0.0069

PG(1)/H2O(2)/LiCl(3)
1 15.93 0.0722
2 −5.64 0.0200 24 4.1 0.1
3 0. 46 0.0015

DPG(1)/H2O(2)/LiCl(3)
1 10.12 −0.0684
2 −4.08 0.0188 24 1.6 0.2
3 0.35 −0.0015

DEG(1)/H2O(2)/LiBr(3)
1 7.57 −0.0678
2 −6.23 0.0410 24 1.3 0.1
3 1.25 −0.0068

TEG(1)/H2O(2)/LiBr(3)
1 13.18 −0.0636
2 −3.99 0.0239 24 4.6 0.1
3 0.27 −0.0029

T4EG(1)/H2O(2)/LiBr(3)
1 2.53 −0.0501
2 −4.66 0.0288 24 2.9 0.2
3 0.94 −0.0042

PG(1)/H2O(2)/LiBr(3)
1 29.08 −0.1284
2 −13.90 0.0609 24 0.9 0.1
3 1.85 0.0086

D
65
00
03

g
c
g

o
t

F
T
l

glycol/H2O/LiBr decreases as the molality of salt increases as seen in
PG(1)/H2O(2)/LiBr(3)
1 −12.30 −0.06
2 12.50 0.01
3 −2.41 0.00

lycol/H2O/salt systems, the overall AAD% of the heat capacity cal-

ulations was 0.5% for 234 data points. Thus, the heat capacities of
lycol/H2O/salt systems can be represented satisfactorily by Eq. (5).

Fig. 4 shows the heat capacity of glycol/H2O/LiBr as a function
f molality of LiBr. Since the heat capacity of LiBr is smaller than
hose of glycols and H2O (as shown in Fig. 1), the heat capacity of

ig. 4. Heat capacity of glycols(1)/H2O(2)/LiBr(3): (+) DEG + H2O + LiBr; (�)
EG + H2O + LiBr; (�) T4EG + H2O + LiBr; (�) PG + H2O + LiBr; (♦) DPG + H2O + LiBr;
ines, calculated using Eq. (5).
24 0.7 0.1
Fig. 4. The heat capacity of DEG/H2O/LiCl as function of temperature
is shown in Fig. 5. Since heat capacity of DEG is larger than those of
H2O and LiCl, The higher mass fraction of DEG exhibits higher values
of the heat capacity, i.e., DEG (80 mass%)/H2O/LiCl (4 mass%) > DEG

Fig. 5. Heat capacity of DEG(1)/H2O(2)/LiCl(3): (+) DEG (80 mass%) + H2O + LiCl
(4 mass%); (♦) DEG (70 mass%) + H2O + LiCl (9 mass%); (�) DEG (60 mass%) +
H2O + LiCl (16 mass%); (�) DEG (50 mass%) + H2O + LiCl (25 mass%); lines, calculated
using Eq. (5).
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Fig. 6. Heat capacity difference Cp − Cp,a of DEG(1)/H2O(2)/LiCl(3): (+) 303.15 K; (♦)
313.15 K; (�) 323.15 K; (�) 333.15 K; (�) 343.15 K; (�) 353.15 K; lines, calculated using
Eq. (5).

F
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(
(
i

m
t

[
[
[

ig. 7. Heat capacity difference Cp − Cp,a of glycols(1)/H2O(2)/LiCl(3) at 303.15 K:
+) DEG/H2O/LiCl; (�) TEG/H2O/LiCl; (�) T4EG/H2O/LiCl; (�) PG/H2O/LiCl; (♦)
PG/H2O/LiCl; lines, calculated using Eq. (5).

70 mass%)/H2O/LiCl (9 mass%) > DEG (60 mass%)/H2O/LiCl

16 mass%) > DEG (50 mass%)/H2O/LiCl (25 mass%), as shown
n Fig. 5.

Fig. 6 plotted the values of Cp − Cp,a of DEG/H2O/LiCl versus the
olality of LiCl at different temperatures. As shown in this figure,

he values of Cp − Cp,a of DEG/H2O/LiCl systematically decrease as

[

[

[
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the salt concentration (in molality) and temperature increases. This
figure also showed that Cp − Cp,a as a function msalt was not repre-
sented well by a simple linear fit nor by a second degree function but
instead can be well correlated by a third degree function as in Eq.
(5). Fig. 7 shows the values of Cp − Cp,a as function of the molality of
LiCl for glycols/H2O/LiCl systems at 303.15 K. As shown in Fig. 7, the
ternary T4EG/H2O/LiCl has the strongest dependence of the value
of Cp − Cp,a on LiCl concentration as shown by its sharp decreased
on the value of Cp − Cp,a while the ternary TEG/H2O/LiCl has the
weakest dependence on LiCl concentration.

4. Conclusions

Heat capacities of glycol/H2O/salt systems have been measured
in this study over the temperature range (303.15–353.15 K) with a
DSC. Ten ternaries, namely: DEG/H2O/(LiCl or LiBr), TEG/H2O/(LiCl
or LiBr), T4EG/H2O/(LiCl or LiBr), PG/H2O/(LiCl or LiBr), and
DPG/H2O/(LiCl or LiBr), were selected for this study. For each
ternary system, four systems of which (4–25 mass%) salt mixed
with various glycols (50–80 mass%) were investigated. In addition
to ternary systems, the heat capacities of glycols and aqueous gly-
col solutions were also measured. A simple equation extended the
Redlich-Kister-type equation to represent the molar heat capacity
was applied to correlate the Cp of glycol/H2O/salt solutions. The heat
capacities of glycol/H2O/salt systems can be represented satisfac-
torily by the equation. The molar heat capacities of glycol/H2O/salt
systems presented in this study are, in general, of sufficient accuracy
for most engineering-design calculations for design dehumidifier
equipments.
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15] O. Söhnel, P. Novotný, J. Chem. Eng. Data 33 (1988) 49–55.


	Heat capacities of the mixed-solvents desiccants (glycols+water+salts)
	Introduction
	Experimental
	Chemicals
	Heat capacity measurements

	Results and discussion
	Conclusions
	Acknowledgement
	References


