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Abgtract. Excess molar volumes (V) and viscosties (h) have been meesured as a function of composi-
tion for binary liguid mixtures of 1-propanol, CsH;OH, with diethylene glycol diethyl ether (big(2-
ethoxyethyl)ether), C,Hs(OC,H,4),0OC,Hs, and diethylene glycol dibutyl ether (bis(2-butoxyethyl)ether),
C4Hy(OC,H,),0CHy, a 28845, 29845, and 30845K and a amospheric pressure. The excess volume
results induded the following mixing quantities a dl range of concentrations and a eguimolar concen-
trations a, volume expansivity; (TV5/MMe, and (TH¥/9P)r a 29845K. The obtaned results were then
compared with the caculated vdues by using the Flory theory of liquid mixtures. The theory predicts the
a vadues raher wdl, while the caculaed vaues of (TV5fM)e and (TH¥/MP)r show variaion with akyl
chan length of the polyether. The results are discussed in terms of order or disorder credtion. From the
viscogty data, deviations in viscosty (Dh) have been caculaed. These vaues are negdive over the en-
tire range of compostion. The results for \f, and Dh are discussed in terms of interaction between com:

ponents.
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1. Introduction

The polyethers are important industrial solvents.
Process design using these fluids requires accurate
thermophysical property data. However, few such
data have been published in the literature. Thus,
study of physica data of binary mixtures containing
polyethers has attracted considerable interest in the
recent literature."™

Binary mixtures containing acohols and polyeth-
ers exhibit a particular challenge in order to describe
their interactions behaviour occurring in the solu-
tions. So, the treatment of this class of mixtures is a
severe test for any theoreticad model. The thermody-
namic properties of the glyme-akane’® akanol +
dkane® polyether + dkanol™ mixtures have been
well studied. It seems interesting, therefore, to inve-
stigate the mixing functions in order to anayze the
order effects on this class of mixtures and to check
the Flory theory.

*For correspondence

viscogty deviaions, binary  mixtures, polyethers;

1-propanol; Hory

Systematic studies on thermodynamic, transport,
and acoudtic properties of mixtures containing poly-
ethers with diakyl carbonate" chloroalkanes'” and
esters® have been carried out in our laboratory. In
our present investigation we have determined the
excess molar volumes, V5, and viscosities, h for binary
solvent mixtures containing 1-propanol  (C;H,OH)
with diethylene glycol diethyl ether [C,Hs(OC,H,),
OC,H:], and diethylene glycol dibutyl ether [C4Ho
(OC;H,4),0C,Hy] a 28845, 29845, and 30845K
over the complete composition range. Excess molar
volumes for binary mixtures of 1-propanol (C;H;OH)
with diethylene glycol dibutyl ether, (C;Hy (OC,H,),
OC4Hy), at 29845 K and aso excess molar volumes
and viscodties at 28845, 29845, and 30845K for
1-propanol  (C;H,OH) with diethylene glycol di-
methyl ether (CH3(OC,H,),OCHs3) have been repor-
ted in our earlier papers.'*® The present study was
therefore undertaken to assess the effect of increas-
ing akyl group size in polyethers with a common
polar head group. An attempt is also made to inter-
pret the results by deriving the different mixing
properties like a, (TV5/1Te, and (THYP); at
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29845 K. By using the Flory theory, the above
thermodynamic mixing functions have been cacu-
lated and the results obtained from this theory are
compared with experimenta resullts.

2. Experimental

2.1 Materials

Materias are of the same origin and purity as used
in the earlier studies.'” Prior to actua measurements,
al liquids were dried over 0¥ nm molecular Sieves
(Fluka AG) and were partially degassed under vac-
uum. The dendties and viscosities of the liquids
were measured and compared at the working tem-
peratures with the corresponding literature val-
ues"®'%2% as shown in table 1.

2.2 Apparatus and procedure

Dengities (r) of pure solvents were measured with a
snglearm pycnometer. That was calibrated at the
working temperatures with doubly digtilled water.
The senditivity of the pycnometer corresponded to a
precison in density of 1° 102 kgm™®. The repro-
ducibility of the densty measurements was found to
bewithin 3~ 107 kg m™>.

Excess molar volumes, reproducible to + 0%03”
10° m® mol™, were measured directly with a con-
tinuous dilution dilatometer as per Dickinson et al®.

Each run covered just over half of the mole fraction
range, giving an overlap between two runs. The de-
tails pertaining to cdibration, experimenta setup,
and operational procedures have been described
previoudy.""* The mole fraction of each mixture
was obtained with an uncertainty of 1~ 10™ from
the measured mass of one of the components. All
masses were corrected for buoyancy. All molar
quantities were based upon the IUPAC table of
atomic weights.*®

Kinematic viscosities n(=h/r) of the pure liquids
and the mixtures were measured at 28845, 29845,
and 30845K and atmospheric pressure using an
Ubbelohde suspended-level viscometer.””?® The de-
tails of the apparatus and procedures have been
described previously.”** The viscometer was cali-
brated to determine the two constants A and B of the
equation h/r = At-B/t, obtained by measuring the
flow time t with twice-distilled water and thrice-
digtilled benzene and cyclohexane. The flow-time
measurements were made using an electronic stop-
watch with a precision of £ 0%1s. An average of
four or five sets of flow times for each fluid was
taken for the purpose of calculation of viscosty.
Viscosities are reproducible to + 0003 mPas. The
performance of the viscometer was assessed by
measuring and comparing the viscosties of the pure
components with the values reported in the litera-
ture™* A thermodtatically controlled, well-stirred
water bath whose temperature was controlled to
+ 001 K was used for all the measurements.

Tablel. Densities, r, and viscosties, h, for pure components at various temperatures.

r (kg m™) h (mPas)
Component T (K) Exp. Lit. Exp. Lit.
1-Propanol 28845 80734 80748 2615
29845 799249 79968° 1038 10431
799%61°
308X5 79129 7914%° 15605
Diethylene gly col 288x15 912542 91157 1511 1x498"
diethyl ether 298x5 90276 902x1* 1239 1238
o02:81°
903,82
308%5 89207 892>5" 1045 145!
Diethylene glycol 288%15 88868 2684
dibuty! ether 298%5 87865 878:30° 2x122
8785627
308X5 87294 1708




Sudy of binary mixtures of polyethers and 1-propanol 1

3. Experimental results

Results obtained experimentally for excess molar vol-
umes and viscosties of al binary mixtures as a
function of mole fraction and temperature are re-
ported in tables 2 and 3.

The dengties of the liquid mixtures were calcu-
lated from the excess molar volumes and densities
of pure liquids according to the equation:

r =M+ %Mo) I(VE + XV + xV,), (1)

where x; and X, are the mole fractions, M; and M,
are the molar masses, and V; and V, are the molar
volumes of polyether (1) + 1-propanol (2) respec-
tively. The plots of excess molar volume (V5)
againg mole fraction of polyether are given in figure
1

The viscodity deviaions, Dh from linear depend-
ence on mole fraction average has been calculated
from the following relaionship:

Dh=h - (hlxl + h2X2), (2)

Table2. Excessmolar volumes, \, for (polyether + 1-propanol) systems at various temperatures.

VR 10° VE 10° Ve 10° VA 10° VE 10° Ve 10°
X Mma™) x @mil?) x Emdl x MmMmo™) % @mo?) x (@mdd
Diethylene glycal diethyl ether (1) + 1-propanoal (2) Diethylene glycol dibutyl ether (1) + 1-propanoal (2)
28845K 28845K
00169 -0029 02638 -0807 04532 0853 00102 -0029 04431 0249 08896 0887
00375 -0067 02706 —-0810 06214 0842 00215 -0057 04687 —0270 04297  —-0889
00645 -0417 038010 —-0822 056842 0825 00325 0077 04736 -0282 04777  —0892
00924 -0X456 08095 -0822 06351 0811 00463 -0400 02009 -0807 06316 0877
04232 -0496 08295 -0830 04113 0273 00598 -0425 02094 -0812 06930 0853
04549 -0223 08307 —-0832 0825 0224 00698 -0x143 02380 -—-0826 06719 0816
0X4895 0259 (8522 -0.839 08442 0472 00836 -0470 02392 -0831 07622 0255
02197 —-0285 08796 -—-0846 09060 0411 00977 -0490 02728 —-0854 08717 0461
02437 -0800 04128 -—-0350 090847 —-0%15 04089 -0®06 08138 -0373 090622 -0%57
04234 -0225 08495 -—-0882
29845K
30845K
00035 -—-0009 02682 —-0805 04213 0832
00200 —-0045 02704 -0807 04675  -0828 00035 -0003 04560 —-0232 08782 -0860
00484 -0095 02901 -0812 056341 0819 00091 -0018 0x1815 -064 04263 0860
00738 -0436 08011 -0813 06978 0802 00171 -0038 04881 -—-0%67 04670 —0855
04015 -0473 08153 -0818 06690 0267 00320 -0066 02027 —-083 06530 0832
04370 -0214 08167 —-0819 04578 0222 00455 -0090 02115 -—-0290 06076  —-0810
04739 —-0@252 08377 —-0:822 08645 0433 00574 -0410 02239 -—-0299 06630 —-0279
04980 -0%269 08458 —-0823 09193 0087 00702 -0430 02428 —-0807 0578 0212
02236 -0287 048632 —-04326 09797 —0%28 00838 —-0x50 0571 -0821 08380 0459
02332 —-0289 08795 —-0828 00935 0010 00967 -0474 02710 —-0826 00242 -0%080
02518 -0801 (8848 —-0.829 04156 -0x499 02944 -—-0839 09805 —-0019
04323 -0213 08389 -0851
30845K
00095 -0025 02794 -0300 04958 0812
00264 -0056 02858 -—-0802 06479 0801
00485 -0091 08188 -0815 06003 0288
00708 -0426 08203 -0815 06707 0256
04035 -0471 08504 -—-0820 04494 0209
04324 -0496 08529 -0:820 08031 0471
04623 -0225 08809 -0322 08775 —0409
04908 —-0@252 08949 -—-0822 09764 0027
02151 -0263 04052 -0821
02399 -—-0280 04494 -0820
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Table3. Dendties, r, and viscosties, hfor (polyether + 1-propanol) systems at various temperaures.

r h r h
X (kgnm3) (mPas) x (kg n3)  (mPas)

r h r h
X (kgm™) (mPas) x  (kgm3) (mPas

Diethylene glycol diethyl ether (1) + 1-propanal (2)

28845K

00207 812 2896 04501 8793 1655
00317 8154 2818 0%H6111 8848 1633
00445 8184 2973 (6882 8909 1615
00674 8236 2479 (06345 89422 1608
04211 834 2036 (6918 8979 1600
04790 8454 1852 0Ox718 9026 1497
02503 8564 122 (8763 9076 1499
08201 8658 1643 09169 9094 1603
08859 8728 1688 09613 9114 1608
20845K

00207 804< 1849 04501 8704 1270
00317 8078 1810 056111 875% 1255
00445 8108 1¥64 (6882 8816 1,240
00674 8154 1¥05 06345 8848 1236
04211 8262 1692 (6918 8884 1233
04790 8364 1485 0Ox718 8930 1233
02503 8472 1890 08763 89841 1235
08201 8568 1826 09169 899-8 1224
08859 863 1293 09613 9014 1238
30845K

00207 7964 1447 04501 860x7 1057
00317 7990 1420 06111 866>0 1046
00445 8019 1894 (6882 8720 1040
00674 8060 1849 (6345 8752 1037
04211 8176 1268 06918 8788 1633
04790 8276 14194 0Ox718 8833 1037
02503 8384 14137 08763 888x3 1042
08201 8474 1099 09169 8900 1043
08859 8544 1071 09613 8916 1045

Diethylene glycol dibutyl ether (1) + 1-propanol (2)

28845K

00054 8089 2497 (04445 8684 2417
00510 8208 2417 06169 8729 2447
00882 8284 2874 (06763 8758 2481
041358 8366 2832 (6474 8789 2616
041840 843 2822 0¥182 8816 2650
0405 8508 2822 0x618 8830 2666
02877 8558 2837 (8296 8849 2604
08031 85783 2846 (8733 886>0 2624
08878 8644 2885 (09294 8878 2652
20845K

00054 800 1927 (4445 858>8 1001
00510 8119 1875 06169 8634 1833
00882 81965 1854 (6763 866>0 1056
041358 827% 1835 (6474 8690 1883
041840 834% 1828 0¥182 8716 2015
02405 8416 1832 0%618 8734 2%026
02877 8465 1844 (8296 8754 2%56
08031 8479 1855 (8733 8764 2075
08878 8550 1883 (9294 8778 2692
30845 K

00054 7928 1498 (4445 852>3 1635
00510 8044 1475 06169 856 1658
00882 8118 1462 056763 8598 1679
041358 8202 1455 (6474 863>0 1603
041840 8274 1458 0182 8654 1623
02405 8345 1469 0¥618 8674 1635
02877 8395 1479 (8296 8692 1657
08031 8414 1486 8733 8708 1672
08878 8488 1H13 (9294 8716 1688

where h, h;, and h, are the viscosities of the mix-
tures and components 1 and 2 respectively. The
variaions of Dh with mole fraction of polyether at
29845 K are shown in figure 2. Data on derived
densties, and viscosities for the different binary
mixtures at different temperatures are given in table
3.

The values of Vf, and Dh for each mixture were
correlated to the Redlich—Kigter polynomid equa-
tion:*

Y() =%%8 &0q- %) " ©)

i=1

Values of the coefficients a; and standard deviations
s are summarized in table 4. Y(x) represents V5, and
Dh. For mixtures, s(V5) £ 0003 for the precision at-
tainable with the dilatometer used. There are no lit-
erature values of either V&, or h for these mixtures
available for comparison.

The values of volume or therma expansion coef-
ficients a for the liquids and their mixtures were
caculated for our systems by adding the contribu-
tions of the expansivities of each component in the
mixtures:

a=UV)[AM;x/ri)a;+ (Ve /T p.xl, (4)
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Figure 1. Expeimentd excess molar volumes V5 for
% CH3;CH,CH,OH +X1CH30(CH2CH20)2CH3, D, from ref.
[14];  +xGHsO(CHCH0)GHs,  O;  +xC4HgO(CH,
CH,0),CsHg, N, from ref. [16], a 29845K. Continuous
curves were drawn from (3) for experimentd data.

é.vilmﬂ::s:l

4] IJ? [l.r. o 0.6 08
*q

Figure 2. Expeimenta viscosty deviaions Dh for
% CH3;CH,CH,OH +X1CH30(CH2CH20)2CH3, D, from ref.
[15]; +xGHsO(CHCH0)GHs,  O;  +xC4HgO(CH,
CH,0),CsHe, N a 29845K. Continuous curves were
drawn from (3) for experimental data.

where V is the molar volume of the mixtures; r; and
a; are the densty and the expansivity of pure com-
ponent i a any particular temperature. In figure 3, a
plots are shown for different mixtures at 29845 K.

The a values increase for diethylene glycol dimethyl
ether and diethylene glycol diethyl ether and dowly
decrease for diethylene glycol dibutyl ether over the
whole composition range.

4. Theoretical model

The Flory model®** has been commonly employed
to analyse the molar volume of the mixture and the
excess molar volume parting from the equation of
the state in function of the reduced variables:

PV /T =[VY3/@Y3- 1]- (W), (5)
where

V =VIVF =[1+ (43)aT)/(1 +aT)]®, (6)

P=P/P*=P/[aTvV?)/k], ©

T=T/T*=F"3- /743 8

Theoretica values of dV5/dT*® were calculated from
the FHory theory using

A 2
T@V,E/dT)= gé_ XV [T (dV /dT)] -

. ©
&8 ~ ~ 6u
ca XV [T(dv/dM)7 4,
i=1 al
where
T(dv/dT)=v(1- v Y3 /[@/3vY3-1. (10

In the present study the value of the reduced volume
for the liquids and their mixtures n was determined
from a values of the mixtures using the (6). Table 5
shows the data™*****® used in the application of the
Flory modd.

The excess function (TV4/1T), was computed by
analytical differentiation of (3) a 29845 K for each
mixture. From (ﬂVE/‘ﬂT)é) and V& of this work we
have aso obtained (fH™/IP); at zero pressure ac-
cording to the equation:

(TH = /TP)r =Vim - T(WVm /7). (12)
Values of (VH/1T),, and (TH/TP); for equimolar
mixtures are reported in table 6. The values obtained
for (TV&/1T), are positive for al the systems, and are



Table 4. Smoothing coefficients g from (3) and dandard deviations s
panal) systems at various temperatures.
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of (polyether + 1-pro-

Y (X) T (K) a & 3 Y as S
Diethylene glycal diethyl ether (1) + 1-propanadl (2)
V5 10%(m® mol™) 28845 -18854 (411 02851 04519 0003
Dh (mPays) 28845 -10008 18202 -09775 05228 0014
V& 10%(m® mol ™) 208x5 -10951 08152 -03935 02538 0002
Dh (mPas) 20845 -18441 (0268 -08232 (8520 -05944  0%008
V5 10%(m® mol™) 30845 -1577 08700 -0R497 04973 0003
Dh (mPas) 30845 -00048 05981 -04261 08375 0003
Diethylene glycal dibutyl ether (1) + 1-propanal (2)
\E” 10%(m® mol™) 288x5 -16380 08927 -0x1930 050406 —0%3486 (003
Dh (mPas) 28845 -06272 06919 -07807 04749 0003
Dh (mPas) 29845 -04139 04357 -04824 0977 0003
V5~ 10°(m® mol™) 30845 -18988 (5006 —00559 —0>0102 —-0@511 0003
Dh (mPas) 30845 -0Q135 (2781 -08187 04868 0001
| - ' T «I 5. Model prediction
ﬂ::_____'__';;_-——="'—h-
106 | e 22 4 The calculated equimolar values of (VE/MT),, and
i (THE/9P); from the application of Flory theory at
29845 K show that the absolute values for both ex-
cess functions are substantially greater than those
. 0G8 - obtained from the experimenta data. In table 6, we
2 see again a correct prediction for the behaviour of
= s (TVH/IT), and (THY/TP);r with ‘n’, induding the
e T ned minimum and maximum respectively, but deviaions
- HLL:;H'“*«{ between experimenta and theoretical vaues are
dightly higher in the diethylene glycol dimethyl
ether—1-propanol system.
The V5, values for mole fraction (x, = 0%) are rep-
0.82 , : : g resented in figure 4 with the chain length of the
0 0.2 0L 0.8 0.8 1 polyether. The results obtained reproduce the ten-
i dency of V5 to increase with temperature and to de-
Figure 3. lsobaic themd  epanstviies a for O/ with the lengthening of the polyether chain. It

% CH3zCH, CH,OH + chnH2n+10(CH2CH20)2CnH2n+1: n=1,

ref. [14]; n=2, n=4 a 29835K. Continuous curves
were drawn for experimenta datay and (---—--), Flory
modd.

in agreement with the values of V, of figure 1. The
values of (THY/fP); are negative at equimolar con-
centration, for al polyether systems. The (TV&/1T),
and (TH/TP); have smilar variation with the akyl
group size (n) in polyether but with opposite sign.

is argued”'® that two atoms of oxygen separated by
two methylene groups in polyethers make more rigid
complexes due to the anomeric effect. The Flory
theory, which does not explicitly consder order,
predicts positive vaues of (TVe/1T),. This result re-
flects the theoretical origin of the positive (TV&/1T),
as a free-volume rather than an order effect. Further,
destruction of order during mixing®™ contributes
negatively to (TV&/1T),. For this reason it can be ex-
pected that orientational order becomes less impor-
tant due to experimenta positive value of (TV&/TT),.
The values of a® (not shown) have the same sign as
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Table5. Hory and related parameters of pure components at 29835 K.
a r u Com kr v 108 T N
Component kK™ (kgm?®)  (ms?Y) @KTma™) (TPah mPma™) (KD T
1-Propanol 1004 79949  12046°°  144x10°7 1019 601 5222 1485 09571
Diethylene glycol 1045  93897** 12804%*° 279568 816 11369 5105 12569 00584
dimethy! ether
Diethylene glycol 1077 00276  12398%% 347422 900 1425 5028 10633 00593
diethyl ether
Diethylene glycol 0890 87865 12690 479622 829 20292 5594 19247 00533
dibuty! ether
4Calculated from group additivity
[ ' retical values of (TV&/TT), and (TH™/P); are much
e G higher for diethylene glycol dimethyl ether—1-
| propanol system than for diethylene glycol diethyl
i T | ether or diethylene glycol dibutyl ether. In genera,
4l the predictions of Flory’s theory are not good, the
s | values of (TV4/1T), for diethylene glycol dimethyl
_ i ether + 1-propanol is dgnificantly more postive
L I 1 than predicted and, correspondingly, (THS/P); is
E I much more negative.
FE | 'II'!Ilu
© gal 'I:','.I 6. Resultsand discussion
I
n Il
ME sk i | Figure 1 shows V5 data for three mixtures at
it 29845 K. We have not reported the experimental
.30 '.'.I', : data at 28845 or 30845 K as the curves are similar
'I,'ia,x in nature. For each of the mixtures studied, the V&,
034 - | “x% i values are negative over the whole mole fraction
s range and increase with increased temperature. The
-0.38 | T 1 magnitude of V5 decreases at each temperature with
1 FJ E| [3

Figure 4. Excess moa volume VE a x =08 for

X CH3CHyCH,0H + % Gy Hon+1O(CH2CH0)2CHons1: D,
288345K, this work; O, n=2, this work; (®, n=1, ref.

[14]; O, n=4, ref. [16]) a 29845K; N, 30845K, this
work.

(TVA/1T), for al the systems. Furthermore, the mag-
nitude of (TV&/1T), and a© are largely dependent on
the size and type of component molecules.

The mixing parameters (TV&/1T), and (TH/TP);
are good indicators of order or non-randomness in
the solution.>** Randomness in solution implies a
negative contribution to the (TV4/T),. Here, (Vi
INT), is postive for each of the polyether mixtures
with values that are higher with lower chain length of
polyether. Deviations between experimental and theo-

increase of the alkyl chain end length in the mole-
cule of the diethylene glycol dimethyl ether, and this
becomes less negative with the rise in temperature.
This behaviour is consistent with that of the V5, re-
sults of the mixtures of glymes™ with 1-propanol: a
marked increase in V5, with al three temperatures is
evident here and also V5, decreases in magnitude in
the negative direction with increase in the polar head
group of the glymes. This behaviour is obvious as the
polarity of the polyether increases by increasing the
akyl chain end length, resulting in larger associa-
tion between the polyether and acohol molecule.
This is very important with diethylene glycol dibutyl
ether. It is suggested® that intermolecular self-
association of the polyethers is relatively wesker
than that of 1-propanol. This may be due to the pos-
sble existence of dipole—dipole association in poly-
ethers, which has no dgnificant influence on the
self-associated 1-propanol on mixing. Table 3 shows
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Table 6. Equimolar vaues of the excess functions at
29845K.

(IVRIT),~ 10°

(THEMP);~ 10°

(m®* mol™ K™ (@ma ™ bar ™)
Exp. Theor. Exp. Theor.
Diethylene glycal dimethyl ether (1) + 1-propanal (2)*
2915 3433 -0937 -1092
Diethylene glycol diethyl ether (1) + 1-propanadl (2)
1600 1876 -0801 -0833
Diethylene glycal dibutyl ether (1) + 1-propanal (2)
140 2045 -0883 —0061
*From ref. [14]

that the viscosities of al these mixtures decrease
with increasing temperatures. At any particular tem-
perature, as X; increases, the h of diethylene glycol
dimethyl ether and diethylene glycol diethyl ether
decresses, whereas for diethylene glycol dibutyl
ether it decreases and then increases. A further com-
parison of data at different temperature shows that
the temperature coefficients (1h/1T), decreases with
increasing temperatures. The presence of minima for
the lower range of x; gives an indication of specific
interaction between diethylene glycol dibutyl ether
and 1-propanol.

The deviations in viscosity (Dh) presented in fig-
ure 2 are negative over the entire composition range
for al the systems at 29845 K. This happens at all
three temperatures. It can be observed'** that the
magnitude of h, and Dh increase at each temperature
as the akyl group of the polyether increased. The
postive Dh vaues are an indication of specific in-
teractions,**™*° as corroborated by the negative VE
values shown in figure 1. In fact, we observe negative
deviations in viscosity which regularly increase as
the size or viscosity of the polyether is increased.”**®
This reveals that the strength of specific interaction
is not the only factor influencing the viscosity devia-
tion of liquid mixtures. The molecular size and shape
of the components also play an equaly important
role.
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