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Abstract

The enthalpy variations of pure r-tricosane (n-C23Hag), pure n-pentacosanc (n-CasHs2)
and sixteen binary mixtures were determined from 282 to 360 K. The differential enthalpy
analyses were carried out on the pure components, on the four terminal solid solutions, de-
noted Bo(C23), B4(C23), Bo(Cas), Po(C2s) and on the three intermediate phases, called B{, Bi,
B4 of the binary system (C23:C25) using a calorimeter of the Tian Calvet type. These variations
can be represented by an analytical expression, which is derived from Einstein’s model. The
two Rotator phases 3-RI and o-RII were also studied.

Keywords: binary mixtures, enthalpy variations, Einstein’s solid model, n-pentacosane, n-tri-
cosane

Introduction

An estimate of the crystallization point of solid n-alkanes (hereafter denoted
by C,)} in paraffinic petroleum or middle-distillate fuels is possible only when the
thermodynamic properties of the pure components and their respective mixtures
are known. In our laboratory joint studies by calorimetry and X-ray diffraction
are carried out currently on the liquid/solid and solid/solid equilibria occurring
in pure Cy, (17<n<27) [1], in solution with ethylbenzene [2, 3] and in their respec-
tive binary mixtures [4—17]. These studies allowed to determine:

1) the binary phase diagrams of C2:Ca4 [5, 8], C2a:Cas [9, 10], C23:Caq [12],
C21:Ca3 [13, 14] and C335:Cy5 [15, 16].

ii) the general rules of the thermodynamic and structural behaviour of con-
secutive [even:even numbered], [even:odd-numbered] and [odd:odd-numbered]
n-alkane binary mixtures [17].

As for the Cy4:Cys system [18], the aim of this work is to present the differ-
ential enthalpimetric analyses carried out on the solid phases which have been
observed in the Cy3:Css mixtures [15, 16]. The phase diagram [16] shows the
existence of nine solid solution ranges:
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i) at low temperature, four terminal solid solutions, denoted Bo(C»3), Bo(Cas),
Bs(Cas) and Bo(Cas) and three orthorhombic intermediate solutions: two isostruc-
tural phases called Bi” and B3’ on both sides of the phase B1.

i1) when the temperature increases, all these phases undergo the same
solid/solid transitions as the pure Ci3 and Cs, except the 8 transition, with ap-
pearance of the § phase (Fmmm) which is a second order transition with the Ro-
tator RI state, and just below the solidus line the Rotator phase o-RII (R3m).

The enthalpy variations vs. temperature are given for the different solid
phases. Then data concerning the low temperature phases are treated using a
function derived from the Einstein solid model.

Experimental

Measurement principle

The enthalpy measurements were performed with a differential scanning
calorimeter of the TIAN-CALVET type [19], a DSC 111 manufactured by
SETARAM, using a discontinuous mode of temperature programming.

The calorimeter principle has been described before [18, 20]. It is based on
the measurement of the difference of heat O exchanged between two cells and the
calorimeter block during a temperature jump from 7 to 7>. On the one hand, the
calorimeter asymmetry term Qp is determined by a blank experiment, in which
only the sample support is placed in the measurement cell. On the other hand, the
sample is put in its support to measure the overall heat g,. The sample contribu-
tion Qg corresponds to the difference between the measurement Q, and blank On
values: Os=0,—0p. For each temperature jump j, the molar enthalpy variation is:

H(T;) - H(TY) =22(0s)

where M and m are the molar mass and the mass of the sample, respectively.
The molar enthalpy of sample heating at temperature 7, referred to 282K, is:

H(T) - HE8Y) = Y Mo,
J
where H(T) and H(282) are the enthalpies at T and 282 K, respectively.

The calibration of the apparatus was performed with the help of the thermo-
dynamic data of alumina reported by the N.B.S. Table [21]. The reproductibility
and the precision of the enthalpy measurement were determined by using C»; for
which the experimental enthalpy was compared to that in the literature [22]. The
relative standard deviations is about 2% [18].
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Operating conditions

The measurements were carried out with a discontinuous programming of the
temperature vs. time:

— the rising temperature period was set at 200 s and corresponded to 1 or
0.5 K, depending on the temperature range.

—the temperature level duration depends on a computer test, checking that the
calorimeter signal returned to constant value, corresponding to a steady state.

The measurements were carried out in two steps, for both blank and sample:

— from 282 K to 310 K, with a temperature rate of 18 K h, giving a tempera-
ture jump of 1 K.

— from 300 to 310 K, with a temperature rate of 9 K h™, giving a temperature
jump of 0.5 K.

These two series of measurements overlap over 10 K; no significant differ-
ences between the operating conditions were observed.

Sample preparation

The n-alkanes Ci3 and C,s were obtained from Aldrich Chemical Company
and had a stated purity of 99% for C,s and over 99% for C,3, as determined by gas
chromatography and mass spectroscopy. The mixtures were prepared by mixing
together appropriate proportions of Ci3 and Cys. The samples were obtained by
melting, thorough mixing and quenching in a crystallizing dish within a Dewar
vessel containing liquid air. Such a rapid cooling ensured a uniform steric con-
centration of each component in the solid state.

Experimental results

Variation of the enthalpy vs. temperature

The calorimetric measurements were made on pure C,z and C,s and 16 binary
mixtures, covering the whole range of concentrations. The results are presented
in Tables 1 to 9. Figure 1 represents the curve of the enthalpy for pure C,s and the
mixture containing 30 mol% of Cas,

Representation of the variations of enthalpy for low
temperature phases

We propose to represent the binary system with the help of the Einstein
model. Such a binary system behaves like a monoatomic solid of N atoms, hav-
ing 3 N independent vibrations, which are harmonic and have the same fre-
quency. This frequency corresponds to a typical temperature 8, called Einstein’s
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Table 1 Variations of the enthalpy vs. temperature

Cay: § mol% Cas TIK Cr 0.3 mol¥%e Cys Phase
T/K Tt (T mol”! Phasc -8 (7T mol i
2828 223 q
2838 a7 2633 805
2848 1210 2848 1211
2059 1678 5% 1819
2009 2491 2000 2411
287.9 3080 878 3025
2889 ans 2889 3848
2609 4341 298 <aré
203 4887 208 4885
w20 3040 220 5503
230 8318 folCn) 2.0 #1314 BolCz)
2840 [ 294.0 are8
x50 7572 250 T34
268.0 8225 280 8028
27,0 2864 2070 081
9 2081 814
200.1 10108 289.¢ ]
300.1 10876 300.1 0813
301.1 152 301.4 19281
02, 12208 2y 11018
3031 12881 2031 12579
3041 18575 3041 10241
3048 14282 3048 13807
3054 14854 305.4 13858
3059 15058 3059 14332
3085 15448 38.4 14700
307.0 15848 308.9 15085
2075 18281 074 15408
080 18858 208.0 13807
3085 17083 8.5 18350
2001 17802 B'o{C2s) 300.0 10764 B'e(Cn)
3008 17824 306.5 17248
3104 18358 3100 17875
3108 18813 310.5 18102
3114 10824 3110 18548
318 18880 e 18012
3122 20413 3121 10881
27 20882 3126 BT
3132 28518 3134 38842
3T 41784 36 — o5
K] B R 40003
148 “17a 47 4211
53 45518 1152 43353
3158 40027 8-M sy 44420 A-Rt
3183 47685 3182 =2
3188 AMR7 [t 2h
T4 g 372 47097
nrs S0408 - M77 Ara
3184 54587 3183 48878 a-RIl
LY 52401 88 49635
3194 53348 x-RI 310.3 50588
319.8 54803 Jiv.8 38
205 8772 03 [75
210 102748 208 96519
RIS 02238 213 100351
20 103720 i 100787
wms 104208 224 101178
i 104718 9 104811
1228 108241 4 102052
243 105708 229 102448
248 10ezet 24 102884
5.1 108717 248 103080
1258 107222 285 103678
082 107724 1280
207 108237 3285 104514
272 108744 70 104940
217 100253 2rs 108352 L
3282 106759 80 105788
288 110258 L 086 108210
201 140783 2904 100832
2oL 1127 258 107650
330.8 111789 2301 107487
3304 112908 208 107013
334 112811 a1 108331
as1s 13329 3318 108786
a4 113848 22 109207
1 114356 m7 109842
3334 144872 332 110084
89 115381 a3y 10520
s 115808 3342 110884
2350 118408 37 111412
3355 118828 3332 111852
2%8.0 117487 3338 112260
3384 117944 83 112733
3371 118485 3388 113178
78 110084 73 113804
8.4 119478 3378 114085
3368 119987 383 14484
3381 120508 388 114012
3398 121025 3394 115348
U02 121547 288 115788
0.4 11628

T: temperature in K; Hlx”(T): measured enthalpy, with T=282.8 K as reference, in joule per mole:
Bo(Ca3): orthorhombic primary solid solution; B5(Ca3): orthorhombic primary solid solution;
f-R1: orthorhombic rotator phase; o-RIL: rhombohedric rotator phase; L: liquid phase
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Table 2 Variations of the enthalpy vs. temperature

Ca; 1.5 mol% Cas

Ca3, 0.5 mol% Cas 7K z Pliase
K H i mor? PR HEE D mol
ma [ Py [}
2838 850 @8 82
2848 1315 2848 189
2058 1972 2859 183
89 . a0 280 2458
%79 ©s 79 3180
2885 ) WAL 3805
2000 4008 200 “%
280.0 5214 09 5083
w0 5858 Be(Czs) 2020 s B'olCn)
2.0 851 230 8380
%40 7187 2840 o8
280 7824 2080 728
280 8483 2080 L]
%70 o108 2670 8995
2081 o724 2084 9631
. 10974 2691 10305
3001 11037 300.1 10880
3011 11683 3011 11884
@1 12348 2.4 12354
303.1 13013 031 13048
3041 13893 2044 13753
M40 14042 3048 14137
W54 142684 2064 14837
056 14718 3058 15243
308.4 15082 3084 16084
3088 15373 370 16880
3074 16808 307.5 17422
308.0 16038 308.0 17887
3045 18378 B'o{Cz) 3085 18314 B"
200.0 10888 3060 18724
308.5 17052 3008 19147
0.0 17404 3104 19584
o5 1rme o8 20105
M0 13103 8114 31087
1 18487 118 30883
3124 18918 iz 37801
:}i—: 327 38587
38882 5132 30880
3134 K0 na7 0817
34y 40825 3142 49924
M 4187 MéT o B-RI
3182 are 3153 prvin
87 AT B-RI s “wn
3182 w“rie 3183 45640
3187 4sse 3182 proesd
72 Aazet 373 10
M17 41089 w7 47880
e 47006 384 ses
3 4sest ase w20 a-Rll
3193 frer] a-RH 315.4 50284
3193 (R T30
X 3205 101048
208 srez2 B1.0 701440
s 97970 215 101620
e e 20 12240
=4 90017 =5 102590
s 88831 21 102080
foond 249 e 103370
= w871 241 103787
44 o950 240 104208
frogd Joums 081 104835
w55 100838 o7 105042
0 loaass 002 108457
k- 1.1 109484 xaN7 105858
e 101813 L 272 108281
278 10188 08845
280 12173 g:; ffecyed
228 162400 288 107585 L
oy Io2e2s 203 107877
e s Eo 108874
804 1osire 3303 100772
o8 Tosezo 3309 10218
0 104148 B14 100838
318 104485 a1 110084
2 104823 3024 110448
bosid 108145 Ry 110874
™2 105458 ms 111307
7 106778 e 11714
w2 108112 3345 12107
47 108435 5.0 112513
382 108757 265 112031
3388 107075 oy 11a0ee
3.3 107387
1% 107709
3373 108024
378 108348
3383 100087
a2 100000
3384 108319
3.9 100830
3404 100082

T: temperature in K; HZSZ‘S(T): measured enthalpy, with T=282.8 K as reference, in joule per mole; B(Cas): orthorhombic

primary solid solution; f5(C23): orthorhombic primary solid solution; Bi: orthorhombic intermediate solid solution;
B-RI: orthorhombic rotator phase; o-RIL: thombohedric rotator phase; L: liquid phase
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Table 3 Variations of the enthalpy vs. temperature

; Cr+; 1.8 mol% Cps Cy3; 2 mol% Cas
= X K & ot hase
K HEYT) ol Phase HEE Ty mol”! P
o 2026 9
[ 283 844
1200 2848 1270
1998 2850 1807
poo W68 2385
nM 2879 M
bt 2889 28
s BolCn) 2889 “re
5085 2008 5152
o788 w20 Byl
8408 %30 8480 P'olCx)
7044 240 138
7600 205.0 T80
[ 2080 443
W4 270 100
704 290.1 e
10388 200.1 10458
11060 3001 11168
11728 1.1 11808
12423 2.1 12708
13142 3031 13560
13834 3041 14500
] 049 14084
14787 308.4 15381
15413 0.9 15814
16000 3085 1212
18520 7.0 18588
17041 2075 18970
74 308.0 17375
17824 3085 s
18872 B" 209.¢ 1a201 B™
18832 3008 10022
19005 3101 19070
10837 3108 18541
2078 KITR] 20888
el —_
a8 itz B
37210 327 3ram
se211 3132 am247
wima 37 39084
4083 42 4003
41301 p-RI Mee a7
42280 353 240 B-m
xn ss e
e 3183 “3te
3dn 5150
4244 M3 45048
45510 178 s
838 s1a4 47575
40080 188 st
e a-Rll 3194 48883 a-Ril
46783 3108 w731
SRIY 006 s182
3208 wr BN o687
x2t5 97088
218 100601 oTes
224 10123 25 9783
9 101887 31 -1
234 101881 e 98001
wms 102221 o4 98973
44 102588 R 133 29359
e 102888 3 W45
285 105258 ety 100123
220.0 103002 82 100505
85 103943 o7 100384
ure 104275 L o2 101254
xS 104807 217 101835
80 104348 282 102083
e 105288 288 102457
2 105644 232D 102837 L
288 108088 o8 105218
3301 108339 303 103568
308 108878 3308 103904
314 1070080 8ts 104372
ma 107349 nLy 104781
107704 24 105140
7 106045 e 108522
3882 108388 a4 103807
M7 100741 38 100205
32 106077 s 100679
s 108410 3350 107088
352 108758 3386 107443
3358 110068 3M0 07827
3383 10441 385 108244
dme 1071 3974 100804
173 111004 e 108980
378 11427 3.1 100874
3883 11758 388 109754
sus N1 30.1 110145
304 112430 3368 110524
ot 1258 402 110008
04 HX7 3407 111288

T: temperature in K| H282‘B(T): mecasured cnthalpy, with 7=282.8 K as reference, in joule per mole; B4(C23): arthorhambic

primary solid solution; ﬁ;’: orthorhombic intermediate solid solution; B-RI: orthorhombic rotator phase; o-R1I: thombo-
hedric rotator phase; L: liquid phase

J. Thermal Anal., 54, 1998



JOUTI et al.: BINARY MOLECULAR ALLOYS 791

Table 4 Variations of the enthalpy vs. temperature

C21: 4 mol% Cas

Cz3: 3 mol% Cas 5 Phase
TK HB2R (1)) mol™! Phase K 138 (7)) mol™!
2w 0 228 0
2838 857 833 830
e 1318 2843 1289
2856 1960 288 198
2009 2008 2880 2802
a8 2 879 219
5 ea7 2809 3850
208 472 w88 824
209 5334 2608 5200 B™
w0 seon i\ man samy
@00 0887 2830 8360
204.0 TS 240 N
280 2086 2060 To18
2%8.0 a8 2080 8505
%7.0 6530 270 [
281 10284 2901 8687
6.1 11024 01 10705
3001 177 3001 10
301.1 12518 3011 12154
2.1 13285 021 12870
303.1 14028 303.1 13838
304.1 14787 304.1 14418
340 13104 094 15g04
8.4 15548 2058 18852
3055 18097 3086 15425
2085 18324 2070 18323
07.0 18800 75 18748
2075 17119 308.0 17205
3080 17401 308.5 17200
%085 17888 206.0 16188
300.1 18263 3084 27405
008 18663 301 32757
104 16180 £l
74508 3111 74
311.1 34284 ana s
18 173 22 6042
122 8028 27 w2
27 T 3132 ares1 B-Ri
M2 7N 337 3872
3437 w2 M2 0089
srez o7z p-RI a7 40504
3148 a707 183 ]
3183 418 188 24i2
31538 az582 3183 43008
3183 e 2388 43894
3188 4788 173 44379
T4 44190 ure 45182
nr 44908 3ta4 45087 a-RN
384 48717 a-RIl 380 40853
sag w2 104 41778
3104 40961 3199 50186
3188 4T788 3204 S7sa8
320.5 48825 o 9097
R 3218 24528
2 82087 =0 4B
3220 85350 s 851682
s 23715 230 85409
E3] 84070 =8 85841
23e 4413 e 8187
241 24788 e 28457
X248 as111 051 28803
o84 85452 nis 870608 L
258 85818 2281 a2
=82 o182 287 87780
8.7 80563 L ur2 88080
a2 20600 a1y 88388
Erdd na 282 28723
22 sk 7 25035
e e 283 a3y
83 88331 08 29878
28.6 2004 N3
808 2050 5308 90313
308 Wiz 13 %0818
8813 o837 318 90837
a0 00233 324 o126
w4 w0813 e 21583
k2] oo 3334 LI
3384 $1480 33 92203
3389 e 3344 w2823
345 @170 3349 wezs
3150 053 3358 0147
uss 2890 280 w3487
3.0 M8 803
3% 20848 nrn B4108
3871 93082 7.5 4427
N8 30 309 740
E A uare 38 05050
388 $5035 330.1 95351
338.1 95367 3386 85889
e 71 3404 5985
02 9808%
2407 89400

T: temperature in K; Hzm"s(T): measured enthalpy, with 7=282.8 K as reference, in joule per mole; B{": orthorhombic in-
termediate solid solution; §-RI: orthorhombic rotator phase; ¢-RII: thombohedric rotator phase; L: liquid phase
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Table 5 Variations of the enthalpy vs. temperature

. Cx;: 25 mol% Ca K Czy: 30 mol% Cas Phase
LS HS (0 mol | Phase H2 (7] mol
28 o ma U
2838 -] ma a8
2848 1362 2843 1308
2858 2081 2059 1978
88 2751 wee
2079 U 2879 a7
88 4124 2608 «re
88 @13 2800 4708
2008 5515 2005 5524
@0 oz mo &t
;80 883 B% .0 8388
2640 7888 4.0 bl a"
2980 8418 %60 458
280 9158 260 w208
207.0 0808 w70 w43
%8.1 Al 1) 298.1 10002
22004 11417 001 11481
300.1 2108 300.1 1208
3011 12888 E R 13014
3021 13814 0.1 13823
308.1 14880 303.1 14830
364.1 15444 2041 15478
W49 15883 3049 15858
3084 18304 305.4 18355
059 18760 5.8 18047
3005 17857 a7 Zea
2 28630 3088 27305
3675 28204 307.4 28002
2080 20807 080 29081
088 0327 2085 20434
308.1 31081 306.0 kival)
3008 31825 2005 3205
1101 2505 B-RI 3100 2910
3108 LLLET) 3108 33788
a1 34138 ENE] 34488 p-RI
3118 34020 3te 35817
22 36748 321 W23
27 8847 328 37485
3132 ann 3131 38350
337 38184 Nz e
3142 38077 a2 40155
3148 738 a7 40970
3153 40420 82 1704
3158 41080 387 2415
3163 41704 3183 a2
3188 <2289 3188 43005
3174 42819 173 44578
3178 4un 3178 45280
3t84 44013 383 45885
Mg s Rl 1 Y ) @t a-RH
319.4 asz08 3194 47818
3198 4s7oe 3180 4007
205 “e47t 3204
321.0 47451 3208 S22
K] 51135 214 3T
220 281 220 78012
225 82015 225 ee7se
E3] R4 =230 67348
ae AWDS B7831
241 i 240
248 83454 248 %8797
251 23813 081 99234
058 sa188 058 w718
02 84613 281 100188
AT f4any »an 10NesSL
012 8214 74 161420
»77 wss78 vy 101581
282 25085 L 082 102075
- ¥ e a7 102588 L
3208 90881 292 103021
3zve 7042 287 103488
303 97385 3303 105983
30,8 07735 3302 104413
313 96084 w3 104808
e 8441 n18 108387
4 86783 a2y 105342
a2 wise 2.8 108315
3.4 %520 334 108813
3339 20488 830 107301
3845 100200 34 107781
8850 100884 3346 108243
285 100821 254 108732
3.0 101272 3380 100208
355 101625
7.1 101683
3378 102303
a1 102880
3388 103020
330.1 103358
398 103890
3402 104040

T: temperature in K; 37 measured enthalpy, with 7=282.8 K as reference, in joule per mole; Bi: erthorhombic inter-
mediate solid solution; -RI: orthorhombic rotator phase: o-RII: rhombohedric rotator phase; L: liquid phase
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Table 6 Variations of the enthalpy vs. temperature

Ca3; 40 mol% Cas Ca3; 53 mol% Cas
< 3 o E K 28 ) Pliase
m HRI )] mol ! Phase ¥ (1)1 mol
0 2m8 0
a7 238 7™
1425 2848 1413
2108 2855 2117
78 2008 2838
3588 2878 3543
az89 2089 4281
5028 200 4966
5742 208 5888 B
8438 2.0 ad18
7157 P 250 bavo4
7898 240 7848
0425 280 504
9359 266.0 B8
10121 270 10085
10881 2004 10010
11671 2%0.1 11504
12438 300.1 12379
13221 301.3 13158
14004 024 13580
14784 3034 14784
15845 304.4 15628
15665 3048 18418
18403 3054 18833
18872 2088 17184
17414 3085 11728
18483 3070 18951
24885 W75 ZA0ES
TR 8.0 28930
—R0ENe 3085 29954
31088 3071 30800
3834 %68 31e21
32613 3101 2484
33425 3108 33303
1Y 3114 4141
35044 3118 35011
35880 B-RI 3122 a7
754 3127 888
are4n Az e a-Ri
38537 3137 38712
39434 N42 a4
“s7 348 40518
41058 3183 41330
41845 3158 42103
42525 3183 42835
43162 a8 43532
43853 AT 4 44272
) 3179 44008
45057 318.4 45349
«wam . stse 48184
& a-Ril 4 46828
L4 3100 742 a-Ril
47315 2205 4n1e0
4171 20 48844
L 218 49534
L) 0 50582
@18 225 )
o] 231 91883
3280 7310
"BG0t8. 241 ]
0822 248 88228
96082 281 82878
100387 (1) w151
100805 082 99012
101243 267 100001
1016878 r2 100558
102064 L 27 101036 L
102508 =282 101818
10026 288 102004
103384 203 102485
103708 0.8 12042
104219 ™03 103423
104883 3308 103908
105100 3813 104384
B 3313 104881
105985 24 105342
108384 3329 105814
100800 x4 Tom28R
107223 1139 108778
107889 3345 1072
108118 3350 107733
foassy 3358 108207
108903 336.0 10880
108433 nes 106106
100853 3374 106847
110333 374 10132
116785 s 116812
111202 3348 11087
111845 9.1 111584
112088 3308 12074
192521 1402 112582
112980 2407 413028
12 113408

T: temperature in K; HZSZ'S(T): measured enthalpy, with 7=282.8 K as reference, in jouie per mole: B{: orthorhombic inter-
mediate solid solution; B-RI: orthorhombic rotator phase; o-RII: thombohedric rotator phase; Z: liquid phase
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Table 7 Variations of the enthalpy vs. temperature

. Ca3; 80 mol% Cas K Cz;,gilfgﬂi mol% C)_]i Phase
K HSS (I mol T HE () mol
2828 o
%23 0 e =
2833 ]
243 1380 2848 143
Fered 2073 2858 2023
280 e 288.9 204
78 s 2879 488
2889 <185 2888 4191
EY e 2808 817
s 5388 B™2 208 a3
20 0308 200 6%s B"2
2.0 T018 2830 1078
2040 1 2840 78t
250 urs 250 Beg4
2080 e 2080
7.0 e 207.0 10003
2081 10702 208.1 10753
294 11488 2091 ez
3001 28 300.1 1202
3011 13031 1.1 13058
2.1 ] 23 13838
3031 14623 28 14174
304.1 15428 133 182
3048 17T e 14086
305.4 18145 M4 15285
2050 18484 3049 18875
084 16a23 305.4 15020
85 ma 305.8 16280
7.4 17515 308.4 10818
308.0 17888 3080 17008
308.5 14341 07.4 1750
200.0 12893 308.0 17873
300.3 %077 2083 18036
3100 195 308.0 18412
3108 19936 5095 14778
3144 20478 3100 19988
31i.8 24087 3105 19566
321 Tvoee 1. 108
s128 23085 18 20387
338 24831 21 20924
Mz 26748 28 21085
342 20428 a3t 22074
M7 105 138 26008
382 ] EITN] 23008
N87 418 a4z 20380
Ji82 041 152 31818
318.8 L 2187 w7
373 82 40082
378 st B [3iidd
3183 4564 3172 42774
188 45285 M2y are
o4 45057 3183 4“5 B-RI
3109 4ase 2183 45264
204 7101 3193 42
200 arem2 B-Rl 3198 an%
14 -z 203 4T1TO
o1 48300 002 ar7ie
o €8s 213 4288
wo 490et e dansy
215 50833 a-Ri e 403 il
40 114z e 49979
X4 52000 23 0848
50 Al e 51183
e eere 244 31978
3281 103809 =3 S0
=6 104144 o8 [
74 104470 380 20051
e 104767 RS W2
082 105148 70 20710
087 108220 s 100051
w92 105878 080 100387
w7 108285 268 100732
%02 100860 1 101078
207 107001 Eroad 101418
213 107335 0.1 101776
12 107000 L 33508 10212%
s 108070 3.1 102474
s 108432 18 102625
33 108808 M2z 103148
nse 109%88 w? 108447
B/ 100854 232 109745 L
8he 10007 2337 104078
384 110358 w2 104300
a5 110887 7 0412
3984 111002 3852 105085
270 111481 258 108381
N1y 171808 NG 10570z
8.0 12213 1082 108020
3885 112882 3373 108347
2190 143003 874 108847
3358 132 1133 109061
0.4 113843 3888 107287
3304 1
3398 107834
340.4 108284

T: temperature in K; H282‘8(T): measured enthalpy, with 7=282.8 K as reference, in joule per mole; B3 orthorhombic in-
ermediate solid sotution; B-RI. orthorhombic rotator phasc; o-RIL: thombohedric rotator phase; L: liquid phase
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Table 8 Variations of the enthalpy vs. temperature

Czs: 88 mol% Czs . K Czz; 95 mol% Czls Phase
TIK R Py mol Phase H (T mol
828 ° 828 [
@8 m 2818 853
2848 142 248 1308
2880 2185 2885 1672
2088 2887 868 2325
2679 3508 urs 2008
2889 M7 anse 31
%08 $089 203 4007
208 S8 [ 2 2009 4855 BolCas)
p. A o0y 229 533
2630 7314 2%3.0 5085
2640 2080 2040
2650 a7 2850 7342
2080 2874 200.0 8040
2970 10018 207.0 8720
208.1 11072 208 400
206.1 11888 2904 10904
300.1 12832 300.1 10839
01t 13482 301.1 11583
1 14172 302t 12311
308.1 14838 1 13072
304.1 15715 3044 13837
4B 16084 WA 14173
3054 18442 3054 14608
089 18795 3059 15073
0.4 17145 208.4 15518
3006 17812 8.8 15024
074 17812 307.4 16375
308.0 1828 a048.0 18847
088 18504 3085 17353
300.0 18842 300.0 17828
308.8 19298 3085 18334
340.0 19684 0. 18839
308 20037 3105 19308
M1 20400 M Rl reid
3118 20788 s11.8 20275
21 21181 21 20752
328 21678 3128 2110
31 2001 31 21823
337 2478 387 2083 B'o{Cas)
3142 23070 St42 22448
3147 23831 ez
3152 24630 3182 2182
67 /721 367 720
3182 20885 1162 24007
88 4437 3168 24874
Hrs 408 aza 28484
kivE | 44050 f314 ) 801
183 3] 38,3 30801
3188 48137 3188
3164 4aazs 3184 4312
e 47885 p-RI e 48870
004 48330 0.4 40803
e 48091 209 50482 B-R1
Qe 45830 w4 5118
218 50178 1 s1071
s 50738 s 52853
=0 51288 20 53302
28 s1o08 Rl =34 5394
3240 480 240 54825 a-RE
28 33039 245 55322
8.0 33884 ns0 58053
— SN 268 58084
08 20z 326.1 B041T
X8 @726 3208 $T008
a7 105048
278 103433 e 105477
o2 103734 3202 105008
87 104131 T 108348
202 104474 202 108891
0.7 104857 =T 7247
1302 108201 3302 107881
3307 108542 %07 108139
313 108878 313 108881
813 108227 L 3318 108007
a3 108881 323 100453
3x:2a 108843 326 100904
3383 107270 g 110000
39 107880 E 1 110810 L
34 107906 LT 111248
e 106318 a4 11895
3384 108830 354 112156
3302 108882 850 112585
s34 106018 336.4 113035
aare 109385 3370 115478
7S 100708 7.8 113927
a0 110081 380 114387
385 110408 kTR 114808
339.0 110734 339.0 1152682
3808 111078 88 118718
3403 11143 40.1 116150
3408 111789 408 118588

T temperature in K; HZSQ’S(T): measured enthalpy, with 7=282.8 K as reference, in joule per mole; B4: orthorhombic in
termediate solid solution; Bo(Czs): orthorhombic primary solid solution; Bs(Cas): orthorhombic primary solid solution;
B-RI: orthorhombic rotator phase; o-RIL: rhombohedric rotator phase; L: liguid phase
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Table 9 Variations of the enthalpy vs. temperature

C.: 97.5 mol% Cus Cas Phase
K 128 (/) mol” Phase TK H¥2E (7] mol™!

2028 [ 28238 [
preey = 2838 [
284.8 1387 2848 1288
258 2028 2868 1912
2688 285 2000
2878 2138 2679 203
2008 %013 2809 3883
2608 4703 2009 56
208 3380 09 s207
28020 8035 /20 008
%30 a707 BolCzs) 2030 BS540
264.0 7388 2040 212
205.0 8077 250 ers
208.0 s7ee 208.0 a0 Bo{C2s}
207.0 470 207.0 axre
288.1 10189 8t e
2%0.1 10848 290.1 10841
300.1 11583 200.1 11M2
301.4 12718 3011 12044
e 12891 21 12883
3031 13713 031 13382
3043 16458 3041 14104
3048 14828 305.4 14808
3054 15228 2058 15934
2059 15803 500.4 15476
3084 15987 3082 16817
080 18378 307.4 18165
301.4 18782 3080 Tes10
308.0 17248 3085 18848
3085 17818 300.0 17187
300.0 18007 308.5 17830
3005 18383 00 17878
3100 8702 3108 16220
MOS 1218 RIRR S 18874
K] 19088 31E 18038
118 20100 21 19342
342, 20873 za 18723
3128 21043 331 20002
3181 21545 Az 20478
337 22008 3142
42 zrz 3147 21287
a7 2522 3182 21810
2152 2232 3167 21888
187 24080 e2 2w
3182 25430 B'elC2s) 388 2742
3183 25874 3174 katl .
73 26338 T8 20508
78 20821 3183 218
83 27480 3108 24353 B'e(Cas)
2108 2948 s 25120
194 37907 3198 27443
3105 AsTae 3204 4aze5
04 3208 42088
wos 2068 N4 50128
s s a1e 51154
18 53880 226 S1908 B-RI
s Sean2 230 s
2.0 53084 . s 53243
ms [l 40 83855 a-~Ri
2o 38363 245 4489
245 702t a-RA 280 55083
250 57708 288 55718
w58 58480 =01 6388
281 80130 2004 57523
88 60588 271 V11747
a7 110147 e 113064
8 110881 %28z 118471
3282 110080 3287 15845
28T 141429 297 114222
202 111848 007 114580
27 1Hzre 3302 114888
2502 112808 807 15223
3.7 13128 3313 115888
3313 113558 B 116049
aaea 113088 L 1323 118414
23 114408 s 118782
328 114827 3533 117182
3813 115244 s "2 L
38 115080 344 17884
3344 118138 e 118286
A0 1184854 3334 118820
3184 116908 2859 118891
150 117424 330.4 119368
2384 117851 3870 118744
3370 118300 urs 120080
urs 118738 180 120473
3380 116182 18 120884
388 110828 3.0 1128
1300 120082 3308 121802
1304 120400 340.1 121974
3401 120919 U408 122843

T: temperature in K; #-°>*(T): measured enthalpy, with 7=282.8 K as reference, in joule per mole; Bo(C2s): orthorhombic
primary solid solution; B&(Cas): orthorhombic primary solid solution; B-R1: orthorhombic rotator phase; a-RIL thombo-
hedric rotator phase; L: liquid phase
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Fig. 1a Enthalpy curve for pure n-pentacosane
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Fig. 1b Enthalpy curve for the mixture containing 30 mol% of n-pentacosane

temperature. For each composition, the enthalpy variations can be described by
the following expression, derived from the Einstein model:

3NRO

The parameters N, 6 and the integration constant Hg, are optimised using the
Rosenbrock method [23], from the temperature and enthalpy data corresponding
to Bo(n-Ca3), Bs(n-Caa), Bi”, Bi, P3” and Bo(n-Cas) with the error function which is
defined by:

F(®,0 =Y (AH(Xesp= AH(8,5)cure)”

i=1

where:
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AH(x).xp is the variation of enthalpy measured for each molar fraction x.
AH(6 x)aic is the variation of enthalpy calculated for each molar fraction x.
5 is the number of points taken into account for the optimization.

For instance, Table 11 presents the values of the enthalpy variations calcu-
lated from the best parameters N,8 and Hg (Table 10), compared to the experi-
mental data for a mixture of 30% molar in Cos: the agreement between
experimental and calculated values is good; the relative standard deviation is
1.5% as maximum, except for the first value which is always imprecise.

Expressions of the enthalpy H(7.x) as function of the temperature and com-
position can be defined by the study of the variation of the parameters Nand 0 vs.
composition.

Table 10 Parameters N, 8, H vs. composition in n-CysHs,

.x/mol% Phase Tempetature N e/ HE/,] Error fungltion/
in C,sH,, domain/K K J mol ] mol
0 B,(C.a) 282.8-307.2 60.2 981.9 47276 9716
03 B.(C,y) 282.8-309.2 60.4 999.3 45268 19073
0.5 B.(Csa) 282.8-306.2 72.4 1096.3 41884 20559
1.5 B.(Cy3) 282.8-306.2 56.9 937.2 50252 33078
2 B(C,.) 282.8-302.1 82.2 11459 41576 21096
1.8 B,(Cyy) 282.8-305.2 71.7 1076.2 43761 17116
3 7 282.8-308.2 137.3 1385.7 35578 19520
4 7 282.8-307.2 146.1 1428.6 33464 34729
25 B, 282.8-305.2 172.9 1477.9 34395 18531
30 B, 282.8-305.2 157.2 1429.0 36038 17256
53 B, 282.8-306.2 142.9 1379.9 37588 54337
40 B, 282.8-307.2 1153 1269.7 41370 85523
80 ) 282.8-308.2 144.9 1391.8 36865 24780
84 5 282.8-310.2 96.1 1178.7 44428 22140
87.9 5 282.8-310.2 58.8 871.9 61459 6575
95 B(Cys) 282.8-306.2 72.2 1048.2 47466 9276
97.5 B,(Cys) 282.8-308.2 73.0 1061.9 46239 21185
100 B,(Co9) 282.8-310.2 59.9 953.1 50668 12680

A dispersion of 8 1100 K (Fig. 2) is observed. The parameters N and Hg are
again calculated for each composition, with an Einstein temperature equal to
1100 K. Figure 3 and Table 12 present the variations of N and Hg vs. composi-
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Table 11 Calculated enthalphies and deviations from the experimental enthalpies, for the mixture
containing 30 mol% n-C,,

AH,/ AH,/ -
T/K 5 Deviations
J mol o
282.8 0 -3 3
283.8 686 638 28
284.8 1308 1327 -19
285.8 1975 2004 -29
286.9 2657 2689 -32
287.9 3367 3380 ~13
288.9 4079 4080 -1
289.9 4798 4786 12
290.9 5523 5500 23
291.9 6246 6221 25
292.9 6965 6950 15
294.0 7720 7687 33
295.0 8457 8431 26
296.0 9205 9182 23
297.0 9942 9941 1
298.0 10681 10708 =27
299.0 11460 11482 =22
300.0 12228 12264 - -36
3011 13014 13053 -39
302.1 13822 13850 -28
303.1 14630 14654 24
304.1 15477 15466 11
305.2 16355 16286 69

tion. Finally, a general expression of the enthalpy H(7,x) as a function of the tem-
perature and composition is defined by the following expression:

3R1I00N(x)
o (11003
P
with: 1) in the terminal solid solution ranges:
for Bo(Cas) and Bg(Cas): N(x)=138.38x+72.66

H(T.x) =

J. Thermal Anal., 54, 1998



800 JOUTI ct al.: BINARY MOLECULAR ALLOYS

for Bo(Cas) and Bo(Cas): N(x)=—49.115x+125.32
where x 1s thc molar fraction of Cys.
ii) for the orthorhombic intermediate solution B1”, B7 and f’, the parameter

N(x):
N(x)=83.5£2

3000.0

2500.0 {-
2000.0 +
1500.0 +,, o,

[ 4
1000.0 : o

Einstein temperature (K)

500.0 1

0.0 t 1 T ; t t T

0 10 20 30 40 50 60 70 80 90 100
molar composition in n-pentacosane {mole %)

Fig. 2 Einstein temperature vs. composition

100
95
80 +

85 + o ® 'S P e
80

75 i‘ 4
70

65

parameter N

55 1

50 T 1 T T
0 20 40 60 80 100
molar composition in n-pentacosane

Fig. 3 Values of the parameter N vs. composition, with a constant Einstein temperature of

1100 K
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Table 12 Parameters N, 8, Hy vs. composition in n-C,;Hg,

‘x/mol% Phase Tempel.'ature N o/ HE/,I Error fung]tion/
in C,H;, domain/K K J mol J mol
0 B(Cy)  2828-3072  73.4 1100 42002 17343
03  B(C,)  2828-3092 715 1100 40895 26291
0.5 BO(CB) 282.8-306.2 72.9 1100 41737 20564
1.5 B’O(C23) 282.8-306.2 74.5 1100 42644 44854
1.8 B(C.)  282.8-302.1 74.7 1100 42766 17319
2 B.(Cyy) 282.8-305.2 75.8 1100 43389 21534
3 7 282.8-308.2 80.4 1100 46150 94538
4 ! 282.8-307.2 78.3 1100 44921 113240
25 B, 282.8-305.2 83.4 1100 47848 96066
30 B, 282.8-305.2 83.9 1100 48177 76579
40 B, 282.8-306.2 84.6 1100 48453 108628
53 By 282.8-307.2 84.4 1100 48371 107006
80 5 282.8-308.2 83.8 1100 48077 108995
84 5 282.8-310.2 83.6 1100 47947 30935
87.9 y 282.8-310.2 84.6 1100 48385 67952
95 ﬁu(czs) 282.8-306.2 78.9 1100 45118 10412
97.5 B(Cy) 282.8--308.2 77.8 1100 44532 22072
100 PACy0) 282.8-310.2 76.1 1100 43539 30884
Conclusions

In this work, we determined the variation of the enthalpy of Cas, Cas and 16
binary mixtures between 282 K and 350 K. These data concerning binary mix-
tures of the phases Bo(Ca3), Bo(Cas), Bo(Cas), Bo(Cas), BY, B1, BY as well as the
phases of the pure n-alkanes C,; and Css, have been represented by an analytical
expression, derived from Einstein’s model of the solid state.

Expressions of the enthalpy, as a function of the temperature and molar frac-
tion of Css, has been defined for the ranges of the terminal solid solutions and of
the intermediate solid solution, respectively. This study gives new results about
the binary systems Ca3:Czs and these results could be used for the determination
of the thermodynamic functions of mixing, necessary to calculate solid—solid
equilibria.
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