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mateiy for the heat capadties of these mixtures. 

We express ow sincere gratitude to Professor J. MocMnega 
for his suggestion in measulng the density. 
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suppkmluV Matotld A v d a b k  All of the wlghel data on the den* 
of molten NaNOTKNOS mixtures are llsted ( 9 pages). In this data Rle. 
the densftks of the mlxtwes are expressed as Unear functlons of tem- 
perature by a kestgquares method. Four s lgnbnt  flgwes are glven for 
denslty and tanpcwatue In each cese (for example, 1.795 g cm4 and 620.5 
K). Orderlng lnformatlon Is ghren on any current masthead page. 

Low-Temperature Heat Capacity and Entropy of Oxalic Acid and of 
Biuret 

Bad B. Luff' a d  Rdnrt B. Rood 
DhMm of ChetnkaI L%vebpmnt, NaHonal FerHker Develqpment Center, Tennessee Valley Authority, 
Muscle Shoals, Alabama 35660 

Tho kw40mporaturo b a t  ccrprdtkr of ox- ackl, 
(coon),, and wet, w-2, WW. nwa8w.d 
ovw tho rango 1 0 5 2 0  K by crdkbatk d o t h d r y .  Tho 
heat WP), ( S O ) ,  d Qlbk W k n  
(0' - H o o / r )  at 298.15 K wwo cakdatd to bo 25.31, 
27.62, and -13.32 od mol-' dog-', reqodvdy,  for oxak  
rrdd and 31.39, 34.91, and -17.53 cal mol-' dog-', 
rospocUvdy, for blurd. 

In  a continuing program of the measurement of thermo- 
chemical properties of materials of interest in fertillzer tech- 
nokgy, the hest capacities of oxak acid, (COOH),, and Muret, 
NH-, were measwed by adiabatic calorimetry over 
the temperawe range 10-320 K. Related thermodynamic 
propetHes were derived. 

Matorlaia and Handllng 

Oxak add dhydrate was prepared by recrystalizlng reagent 
oxellcadd fromdistiledwaterand Rltertng on frittedgkw. The 
damp orystsle were bansfwed to a large crystallking dlsh and 
allowed to dry in the laboratory atmosphere for several days 
with occasional stinlng. Two samples of the airdried material 
titrated with standard KMn04 solution showed the material to 

Thls article not subject to U.S. Copyright. F 

contain 100.0% and 100.3%, respectively, of the dihydrate. 
The cabrimeter was filled with the oxalic acid dihydrate and 

&led by vacuum deslccatbn over h4gC104 until the weight bss 
of the compound was 28.72% (stoichiometric for water of 
crystaliiretlon is 28.58%). The more than theoretical weight 
loss for the formation of anhydrous oxalic acid was attributed 
to some subihnatbn. Samples desiccated in a similar manner 
to 28.68% weight bss and titrated with standard KMnO, sdu- 
tion contained 100.2% and 100.2%, respectivety, anhydrous 
oxalic acid. The dry weight was corrected for buoyancy in air 
on the basis of a density of 1.89 g ~ m - ~  ( 7 )  to give 50.51 19 
g or 0.561 02 mol h the calorimeter. The gram formula weight 
was taken as 90.035 84. The air in the calorimeter was re- 
placed with helium by evacuating to a pressure of 100 mm and 
then relieving to atmospheric pressure wlth helium. This cycle 
was repeated twice, and then the presswe was adjusted to give 
the same mass of M m  as was used in measurements on the 
empty calorimeter. 

After the measurements were completed, the calorimeter 
was opened in the laboratory atmosphere. The material in the 
calorimeter was caked, and only a small portion could be re- 
moved in a dry condition in about 0.5 h. Two samples of this 
material Wated with standard KMnO, sdution showed the 
matertal to contah 99.9% and 99.7%, respecuVeiy, anhydras 
oxak acid. The silghtly less than theoretical anhydrous oxalic 
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Table I. Observed Heat Capacity of (COOH),, cal deg-' mol-' 
T, K C, T,K C, T,K C, T,K C, 

9.96 
10.19 
11.53 
11.76 
12.99 
13.19 
14.30 
14.59 
15.62 
16.04 
16.99 
17.52 
18.49 
19.16 
20.24 
21.00 
22.32 
23.30 
24.88 
26.16 
27.92 
29.39 
31.24 
32.87 
34.79 
36.53 
38.52 
40.35 
42.48 
44.48 
46.80 
48.97 

0.0878 
0.0868 
0.1150 
0.1120 
0.1686 
0.1637 
0.2255 
0.2413 
0.3040 
0.3303 
0.3937 
0.4353 
0.5104 
0.5697 
0.6692 
0.7427 
0.8878 
1.015 
1.210 
1.396 
1.653 
1.892 
2.198 
2.469 
2.811 
3.123 
3.477 
3.796 
4.168 
4.521 
4.932 
5.300 

5 1.40 
53.31 
56.21 
57.79 
57.88 
60.24 
62.57 
65.19 
67.87 
70.62 
73.57 
76.28 
78.98 
80.26 
83.16 
85.86 
89.16 
91.97 
95.37 
98.30 

101.54 
104.58 
107.68 
110.85 
114.06 
117.11 
120.43 
123.38 
126.60 
129.66 
132.79 
135.98 

5.706 139.02 14.66 238.34 21.64 
6.008 142.34 14.92 241.46 21.88 
6.449 145.29 15.15 244.67 22.05 
6.781 148.73 15.43 247.74 22.27 
6.696 151.61 15.64 251.07 22.44 
7.140 154.96 15.89 254.11 22.66 
7.478 157.97 16.11 257.40 22.82 
7.832 161.25 16.36 260.40 23.05 
8.170 164.38 16.58 263.66 23.21 
8.479 167.60 16.83 266.67 23.41 
8.819 170.84 17.06 269.89 23.58 
9.136 174.00 17.30 272.82 23.80 
9.428 177.36 17.54 275.04 23.86 
9.582 180.46 17.76 276.02 23.95 
9.893 183.76 17.99 276.40 23.99 

10.18 186.80 18.21 279.67 24.15 
10.50 190.05 18.42 282.74 24.38 
10.75 193.05 18.64 285.99 24.53 
11.04 196.24 18.86 289.02 24.76 
11.31 197.82 18.99 292.24 24.91 
11.60 201.00 19.19 295.24 25.15 
11.85 204.06 19.40 298.43 25.32 
12.12 207.36 19.61 300.90 25.45 
12.39 210.37 19.83 301.38 25.55 
12.66 213.62 20.02 303.95 25.61 
12.91 216.60 20.23 307.00 25.83 
13.18 219.80 20.44 310.17 26.00 
13.41 222.74 20.64 313.18 26.20 
13.68 225.90 20.82 316.45 26.37 
13.93 228.95 21.04 319.42 26.58 
14.18 232.08 21.23 
14.42 235.25 21.47 

acM was attributed to its partial hydration during handling. 
Another sample was weighed periodically while standing in the 
laboratory, and this sample showed a weight gain of 1.5 % in 
1 h. Petrographic examination of the material showed the 
material to be essentially homogeneous a-form anhydrous ox- 
alic add. Both welbvelopd crystals and a minor component 
as pseudomg>hs after oxalic acid dihydrate were present, with 
a very minor to trace component of oxalic acM dihydrate as a 
coating on some anhydrous oxalic acM crystals. 

A 2% solution of biuret was prepared by dissolving reag- 
entgrade biuret in distilled water. The solution was concen- 
trated to 4% b e t  by boiling and then aibwed to cod gadually 
to room temperature. The crystals that developed on cooling 
were filtered on fritted glass and aibwed to come to constant 
weight in the laboratory atmosphere. Large agglomerates of 
the aystals were crushed lightly during the wing process. The 
airdried material was ground lightly to pass a 2(knesh screen. 
This material was kept at 110 OC for 2 days with occasional 
stirring and then allowed to cool to room temperature in a 
desiccator over magneslum perchlorate. The container holding 
the material then was capped and Installed in a gbvebag along 
with the empty calorimeter, two weighing bottles, and a rubber 
stopper, ail of which had been weighed previously. The glo- 
vebag was continuously flushed with nitrogen that had passed 
through an &in. column of Drlerite and an &in. d u m  of P205. 
The calorimeter was filled with the material and stoppered, and 
portions of the materials were transferred to the weighing 
bottles. Approximately 1 h was required for the filling operation. 
The calorimeter and the weighing bottles then were removed 
from the giovebag and immediately weighed. The rubber 
stopper was removed from the Calorimeter and the evacuator 
tube was joined to the Calorimeter as quickly as possible. The 
opening was sealed with a tared stopper for the final weighings 
and Wood's metal adjustment. Chemical analysis of the ma- 
terial in the sample bottles showed the material to contain 40.76 
f 0.04% N (stoichiometric = 40.76% N). 

The calorimeter was charged with 56.8409 g (in vacuo) or 
0.551 419 mol of biuret. The gram formula weight was taken 

Table 11. O b m e d  Heat Capacity of NH,CONHCONH,, 
cal deg-' mol-' 

T,K C, T,K C, T,K C, T,K C, 

8.16 
8.18 
8.96 
9.06 
9.92 

10.04 
11.06 
11.17 
12.38 
12.44 
13.67 
14.14 
15.11 
16.05 
16.81 
18.35 
18.69 
20.94 
21.21 
23.72 
24.18 
26.86 
27.22 
30.27 
30.36 
33.55 
33.89 
37.01 
37.77 
41.07 
41.99 
45.70 
46.49 
50.50 

0.1229 
0.1858 
0.2349 
0.2599 
0.3172 
0.3362 
0.4226 
0.4270 
0.5433 
0.5619 
0.7213 
0.7837 
0.9201 
1.062 
1.169 
1.424 
1.479 
1.866 
1.910 
2.388 
2.476 
3.004 
3.076 
3.691 
3.711 
4.376 
4.441 
5.090 
5.247 
5.887 
6.062 
6.771 
6.916 
7.635 

51.19 
55.42 
55.87 
56.04 
57.23 
59.34 
61.72 
64.01 
66.87 
69.28 
72.27 
75.09 
77.88 
79.18 
80.66 
83.79 
86.81 
90.03 
93.12 
96.19 
99.37 

102.55 
105.58 
108.88 
111.80 
114.97 
118.00 
121.08 
124.20 
127.19 
130.23 
133.33 
136.28 
139.50 

7.759 142.56 17.56 245.95 26.85 
8.446 145.69 17.84 249.00 27.10 
8.484 148.86 18.15 252.00 27.34 
8.543 151.92 18.39 255.14 27.65 
8.718 155.02 18.68 258.11 27.90 
9.041 158.18 18.96 261.22 28.21 
9.414 161.21 19.24 264.28 28.45 
9.744 164.48 19.52 267.34 28.71 

10.15 167.45 19.79 269.08 28.88 
10.44 170.64 20.08 270.36 28.97 
10.79 173.72 20.35 273.38 29.26 
11.13 176.85 20.65 274.78 29.31 
11.47 180.05 20.92 275.10 29.40 
11.63 183.11 21.21 276.20 29.47 
11.82 186.25 21.48 277.96 29.64 
12.17 189.41 21.77 279.30 29.73 
12.48 192.49 22.04 282.12 29.99 
12.83 195.76 22.35 284.02 30.19 
13.09 196.90 22.45 285.19 30.25 
13.39 200.00 22.69 288.10 30.50 
13.69 203.11 23.02 290.13 30.72 
13.98 206.16 23.24 291.13 30.76 
14.26 209.23 23.57 294.26 31.06 
14.56 212.23 23.78 296.17 31.24 
14.83 215.39 24.13 297.26 31.30 
15.11 218.34 24.34 299.14 31.48 
15.39 221.25 24.63 300.47 31.60 
15.66 224.52 24.92 302.20 31.74 
15.94 227.38 25.16 305.31 32.00 
16.20 230.59 25.45 308.34 32.26 
16.47 23357 25.73 311.41 32.54 
16.75 236.72 26.01 314.41 32.77 
17.01 239.81 26.29 317.55 33.06 
17.30 242.91 26.57 320.52 33.27 

I I I I I I 1 1 
50 I00 IS0  200 a0 300 

TEMPERATURE, K 

Flguro 1. Deviations of observed heat capacities from smoothed 
values of (COOHh. 

as 103.081 05. The density of the airdried material was 
meawed by a sink-fkat procedure in a mixture of acetone and 
bromoform and found to be 1.506 g cmJ. Chemical analysis 
showed this material to contain 35.98% N. Straight-line ex- 
trapolation of the density of water and that of the airdried 
material to 40.76% N glves 1.573 g cmJ for the density of 
anhydrous biuret. The air in the calorimeter was replaced with 
helium in the manner described previously. 

Chemical analysis of the material removed from the calo- 
rimeter after completion of the measurements showed the 
material to contain 40.69 f 0.03% N, but drying of 0.94 g of 
the material for 1.5 h at 110 OC showed less than 0.01% 
weight loss. 
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Table 111. Molal Thermodynamic Roperties of (COOH), Table IV. Molal Thermodynamic Roperties of NH,CONHCONH, 

5 
10 
15 
20 
2.5 
30 
35 
40 
45 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
15 0 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
3 10 

0.0084 
0.0720 
0.2593 
0.6490 
1.239 
1.988 
2.842 
3.735 
4.613 
5.465 
7.078 
8.420 
9.550 
10.57 
11.46 
12.32 
13.14 
13.95 
14.74 
15.52 
16.26 
17 .OO 
17.73 
18.43 
19.13 
19.79 
20.45 
21.10 
21.77 
22.39 
23.01 
23.60 
24.19 
24.80 
25.42 
25.95 

, 320 26.61 
273.15 23.78 
298.15 25.31 

0.0026 
0.0230 
0.0821 
0.2049 
0.4098 
0.6998 
1.069 
1.507 
1.998 
2.528 
3.670 
4.866 
6.065 
7.250 
8.411 
9.543 
10.65 
11.73 
12.80 
13.84 
14.87 
15.87 
16.87 
17.84 
18.81 
19.76 
20.69 
21.62 
22.53 
23.43 
24.32 
25.20 
26.07 
26.93 
27.78 
28.62 
29.46 
25.47 
27.62 

0.0102 
0.1749 
0.9358 
3.116 
7.761 
15.77 
27.81 
44.25 
65.14 
90.34 
153.2 
230.9 
320.9 
421.6 
531.8 
650.7 
778.0 
913.5 
1057 
1208 
1367 
1534 
1707 
1888 
2076 
2270 
2472 
2679 
2894 
3114 
3341 
3575 
3813 
405 8 
4309 
4566 
4829 
3649 
4263 

0.0006 
0.0055 
0.0197 
0.049 1 
0.0994 
0.1741 
0.2147 
0.4008 
0.5505 
0.7215 
1.117 
1.566 
2.054 
2.566 
3.092 
3.628 
4.167 
4.707 
5.247 
5.786 
6.321 
6.854 
7.382 
7.907 
8.428 
8.945 
9.458 
9.966 
10.47 
10.97 
11.47 
11.96 
12.45 
12.93 
13.41 
13.89 
14.36 
12.11 
13.32 

I ~ -1 
1 

a -0.03 -0.04 t \ O 
0 4 

I I I I I 1 I 
x) loo 150 m Ix) 300 

TEMPERATURE, K 

Flgure 2. Deviations of observed heat capacities from smoothed 
values of NH,CONHCONH2. 

and the method of operatlon have been described prevlousiy 
(Z) ,  and the overall accuracy of our technique has been re- 
ported (3). The defined calorie was taken as 4.1840 absolute 

LOW-TW- nest -.  he adiabatic cawmeter 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
273.15 
298.15 

9, - H o e ,  -(e -Hao)/ 
T, cal K-* 

0.0445 0.0147 0.0555 0.0036 
C a l  

CP 
T,K ca lK" ~ 4 K - l  

0.3166 
0.9030 
1.699 
2.632 
3.644 
4.672 
5.681 
6.640 
7.540 
9.149 
10.53 
11.73 
12.81 
13.75 
14.66 
15.57 
16.45 
17.34 
18.23 
19.12 
20.02 
20.92 
21.82 
22.71 
23.61 
24.52 
25.40 
26.31 
27.19 
28.08 
28.94 
29.81 
30.68 
31.55 
32.41 
33.24 
29.21 
31.39 

0.1133 
0.3442 
0.7090 
1.186 
1.755 
2.394 
3.084 
3.809 
4.556 
6.077 
7.593 
9.079 
10.52 
11.92 
13.28 
14.59 
15.87 
17.12 
18.35 
19.55 
20.74 
21.91 
23.07 
24.21 
25.34 
26.46 
27.57 
28.67 
29.83 
30.84 
31.92 
32.99 
34.05 
35.10 
36.15 
37.19 
32.26 
34.91 

0.8435 
3.788 
10.22 
21.01 
36.68 
57.47 
83.37 
114.2 
149.7 
233.3 
331.9 
443.2 
566.1 
698.9 
840.9 
992.1 
1152 
1321 
1499 
1686 
1881 
2086 
2300 
2523 
2754 
2995 
3244 
3503 
3770 
4047 
4332 
4626 
4928 
5239 
5559 
5887 
4424 
5181 

0.0290 
0.0917 
0.1978 
0.3462 
0.5324 
0.7521 
1.000 
1.272 
1.563 
2.188 
2.852 
3.538 
4.234 
4.934 
5.631 
6.323 
7.008 
7.686 
8.356 
9.019 
9.673 
10.32 
10.96 
11.60 
12.22 
12.84 
13.46 
14.07 
14.74 
15.28 
15.87 
16.47 
17.05 
17.64 
18.22 
18.80 
16.06 
17.53 

J and the ice point as 273.15 K. 
The measured heat capaclties were corrected for curvature 

and for small differences in the amount of eutectic sokler and 
copper relative to the empty calorimeter. The heat capacities 
below 10 K were read from a large-scale plot of C, / T against 
T 2  that extrapolated smoothly to 0 K. Observed molal heat 
capacities of oxalic acid and biuret are shown in Tables I and 
11, respectively. Smoothed heat capacitles and derived func- 
tions at round values of temperature are shown in Tables I11 
and IV. The deviations of the observed heat capacity values 
from the smoothed curve are shown in Figures 1 and 2. The 
heat capacity curves had the normal sigmate shape and 
showed no thermal anomolles. 
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