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Abstract The suitability of pivalic acid was confirmed as a secondary temperature standard
material. Triple-point cells of pivalic acid were obtained by using combined process of vacuum
distillation with zone refining. A detailed description of the purification process was given. The
melting curves were used as criteria for determination of purities of pivalic acid. Triple points
of these cells with purity of 99.9997 % were measured to be 35.956 +0.003°C by using the
melting plateau curves. Thus the triple point cells of pivalic acid appear to be able to use for the

calibration of thermistor thermometers with moderate precision.
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1. Introduction

Thermometry, the field of measurement of
temperature, is divided into primary and sec-
ondary thermometry. Primary thermometry
1s defined as thermometry carried out using
a thermometer for which the equation of
state can be written down explicitly without
having to introduce unknown, tempera-
ture - dependent constants. The gas thermom-
eter 1s a good example of this type. Secon-
dary thermometers are all those that are not
primary. An obvious example is a platinum
resistance thermometer, the electrical resis-
tance-temperature relationship of which,
contains unknown, temperature-dependent
terms that cannot, at present, be calculated
from first principles. In order to calibrate
such a thermometer, it must be compared
with a primary thermometer, either directly
or indirectly, at as many temperatures as
necessary to determine the form of the un-
known temperature -dependent terms. McG-
ee [1] gives a detailed account of this and
related topics.

Direct measurements of thermodynamic
temperatures are very difficult to make and
are imprecise. Therefore, a practical temper-
ature scale is constructed in such a way that
any temperature measurement on it is a
close approximation to the numerically cor-
responding thermodynamic temperature. The
temperature scale consists of a set of defin-
ing fixed points (DFPs) together with speci-
fied instruments with specified equations for
interpolating between them. The fixed points

are based on the temperature variation of

the physical properties of substances. This
variation may be continuous or discontinu-
ous, as when a substance undergoes a
first-order change of state.

The International Practical Temperature
Scale (IPTS) [2,3] names thirteen defining
fixed points and the collective role of which
1s to define the scale between 13.81 K (-259.
34°C) and 133758 K (1064.43°C). Of the
defining fixed points, four are triple points,
four are freezing points, and five are tem-
peratures at which a chosen pressure is ex-
erted by the saturated vapor of the working
substance. IPTS also mentions 33 secondary
reference points (SRPgs) ranging form 13.
956 to 3695 K. Cox and Vaughan [4] have
stated the purpose of the secondary refer-
ence points as ( i ) the calibration of ther-
mistors, wherever this cannot conveniently
be done by use of the defining fixed points
and interpolation procedures, and (ii) the
calibration-checking of thermometers that
have already been calibrated.

Out of the 33 secondary reference points,
only two are based on the equilibrium states
of organic materials (triple point of pheno-
xybenzene, 26.871°C and the triple point of
benzoic acid, 122.37°C). Glicksman et al [5].
have provided a reason for the abundance of
metals and the scarcity of organic materials
as standard temperature reference materi-
als. According to them, a close approxima-
tion to a reversible equilibrium state can be
easily achieved in metals which crystallize in
simple centro-symmetric crystal structures,
in contrast to organic materials. The diff icul-

ty in obtaining and maintaining sufficiently



Purification of pivalic acid : its evaluation as a temperature standard reference material 153

pure organic materials has been stated as
one of the reasons for this behavior. Howev-
er, with the advent of purification tech-
niques such as zone melting, organic materi-
als can be purified to very high levels of pur-
ity. It is for these reasons that we consider
here the development of pivalic acid (PVA;
(CH3){LCCOOH) as a temperature standard
reference material,

It can be easily seen that among the DFPs
and SRPs there are only 5 points in the
range of -10°C to 100°C, in which a consider-
able amount of precision thermometry work
is conducted. Out of these, the freezing point
of sodium and the boiling point of water are
difficult to realize in practice, leaving essen-
tially three different temperatures, the triple
point of water, triple point of phenoxyben-
zene and the triple point of gallium, at 0.01,
26.871 and 29.772°C, respectively. It is fairly
easy to obtain triple point of water cells but
cells of phenoxybenzene are not easily ob-
tainable. Though gallium cells are readily
available, they have their own disadvantag-
es. They are cumbersome and relatively ex-
pensive. The cells must be made of a flexible
material to allow for the expansion of galli-
um on melting in order to avoid the danger
of breakage.

Mangum [ 6] and Mangum and El-Sabban
[7] have thoroughly verified the suitability
of succinonitrile (SCN) as a temperature
reference standard near 58.08°C. Since at
least three points are required for the cali-
bration of any thermistor thermometers, pi-
valic acid with a melting point of around 36

C can be used in conjunction with SCN and

triple point of water cells to provide a fairly
evenly spaced range for the calibration of
thermistors. It 1s also remarkable that the
melting point of PVA is very close to the
temperature at which most biochemical reac-
tions are carried out and also to the human
body temperature. This makes PVA as ideal
candidate for the calibration-checking of
thermistors used in bio-chemical and bio-
medical research, since fixed points at tem-
perature values close to which specific tests
are conducted are more convenient and ac-
curate than arbitrary fixed points.

PVA has already been purified to high
and consistent levels of purities in our labo-
ratory [8-10]. Its thermo-physical quanti-
ties are also measured with reasonable accu-
racy to permit relating melting behavior
with purity of the sample [10]. In addition,
it 1s relatively cheap and non-toxic. The pur-
pose of present study is to prepare pivalic
acid triple-point cells with different purities
by using vacuum distillation and zone refin-
ing. Consequently, its suitability as a stan-
dard temperature reference material is in-
vestigated by means of the melting plateau

tests.

2. Determination of purity of the material

The majority of triple-point cells used
have highly purified working substances
within them. The equilibrium temperature of
a particular sample must be close to the
melting point of pure material in order to

have good inter-cell reproducibility of tem-
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perature and also to reduce the dependence
of the equilibrium temperature on the frac-
tion frozen.

Smit [11] gives the equation relating the
concentration of the impurities and the de-

pression of the solid -liquid equilibrium as :

-7 . X
Te=T - pa (1)

where T: is the equilibrium temperature of
the actual sample when the mass fraction of
the charge that is liquid is F ; T" 1s the
melting point of a completely pure sample ;
X 1s the mole fraction of all liquid soluble im-
purities in the batch of working substance ;
A is known as the cryoscopic constant and
1s given by WA’[% , where AH is the latent
heat of fusion and R is the gas constant.
The assumptions made in the derivation of
the above equation are . ( i ) the concentra-
tion of impurities is very small ie., it is a di-
lute solution, (ii) the liquidus and solidus
are straight lines, (iii) thermodynamic equi-
librium exists during the freezing and melt-
ing processes, and (iv) the contaminants
are totally miscible in the hquid phase and
totally immiscible in the solid phase.

An important criterion of the quality of a
triple-point cell is the change in equilibrium
temperature when F varies between certain
limits. Cox and Vaughan [4] have suggested
F=0.75 and F=0.25 as realistic limits with-
in which thermodynamic equilibrium ought
to be attainable for all working substances.
They also assumed that the equilibrium tem-
perature of a triple-point cell should not fall
by more than 1 mK when changes from 0.75
to 0.25. Using Eq. (1) they arrived at a qual-

ity criterion which gives the maximum per-
missible value for X as a function of the cry-
oscopic constant X=3.75x10"*A. Therefore
it is possible to estimate the maximum per-
missible impurity content for any working
substance the cryoscopic constant for which
is known.

A modified form of Eq. (1) can be used to
obtain more realistic estimates of X, where
the assumption that the impurities are insol-
uble in the solid phase is not used. This equa-
tion has been given by Cox and Vaughan
[4] as :

T - o= |

el 2)
F+(ﬂ)

Here k is the distribution coefficient, and for
non-zero values of k, this equation admits
the possibility that impurities may dissolve
in the solid phase.

The calculated values of X, the maximum
permissible impurity content for various sub-
stances, using both equations has been listed
in Table 1. It is evident from the Table 1
that the impurity content must be in the
ppm range in order to ensure the | mK crite-
rion. The purity requirement is more strin-
gent for metals than for organic materials.
However, SCN and PVA show a significant
deviation from organic materials like n-
Icosane. This is due to the anormalously low
values for AH for SCN and PVA compared
to most organic compounds.

Equation (1) can be modified to eliminate
the equilibrium temperature of the pure sub-
stance T’. The resulting equation can be

written as :
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Table 1

The calculated values of X using equations (1) and (2)

Working A Maximum possible value of X(10°)
substance (K™ Using Eq.(1) Using Eq.(2)
Argon 0.0294 11 29

Carbon dioxide 0.0222 8.3 22

Water 0.00972 3.7 9.7

Mercury 0.00503 1.9 5.0

Gallium 0.0073 2.7 7.3

Indium 0.00212 0.79 2.1

Zinc 0.00184 0.69 1.9
Cyclopentane 0.0023 0.86 2.3
Methylcyclopentane 0.0488 18 49

Benzene 0.0152 5.7 15
Phenoxybenzene 0.0230 8.6 23
1,3-Dioxlan-2-one 0.0165 6.2 16
n-Butanol 0.0331 12 33
n-Icosane 0.081 30 81
Succinonitrile 0.00432 1.62 4.3

Pivalic Acid 0.0028 1.05 2.8

¥ = ATy - Te) 3) perfactly flat but has a small slope. One can

- [FL ] FL obtain a flat tempersture profile only if the
2 1

Since 1t is difficult to measure the solid or
liquid fractions at any point during a melt-
ing process, Mangum and E1-Sabban [7]
have modified Eq. (3) to include the ratio of
time elapsed to the total time taken for melt-
ing instead of fraction frozen. The time frac-
tions can be calculaed by knowing roughly
when the plateu starts and when it ends.
The assumption is that, for the melting ex-
periment, the material starts to melt at the
beginning of the plateu and all of it melted
at the end of the plateu. When one refers to
the plateu, one should know that it is not

material is perfactly pure. Therefore, Man-
gum and El-Sabban [7] justified that the
temperature difference between the bath
and the working material is essentially con-
stant during the progression of a melting
plateau and hence the rate absorption of
heat by the sample is relatively constant
during melting. Consequently, the fraction of
sample melted can be considersed to be di-
rectly proportional to the time elapsed dur-
ing the melting. Hence Eq. (3) becomes
modified to

_ A(TY - Tty

1

X
[ 1)

(4)
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where F, and F, have been replaced by the
ratios of time elapsed to total time taken for
melting t, and t,, respectively. The purity of

the PVA samples prepared in the present
experiments is calculated by using Eq. (4).

Time fractions of 0.1 and 0.5 for calculation
because Mangum established that this range

gives the most accurate purity estimates.

3. Experimental

3.1. Purification of the material

Pivalic acid of 99.9 % purity (Sigma
Chemical Co.) was further purified by series
of three successive vacuum distillations fol-
lowed by a variable number of zone refining
stages. Zone refining requires that feed ma-
terial be sufficiently pure for maximum effi-
ciency. Since most organic materials are not
stable at high temperature and may decom-
pose before the normal boiling point is reach,
vacuum distillation was performed which re-
duces the operating temperature to safe lev-

els.

3.1.1. Vacuum distillation

Vacuum distillation system used is com-
mercially available reflux type (Reliance
Glass Works Co., Model R3005). It consists
mainly of a reboiler, packed column, reflux
controller, condenser and a vacuum pump
with two cold traps. The column is equipped
with a silvered vacuum-jacket to prevents
heat loss. Packing material used is spring

type stainless steel of size 3 X3 X 1.5 mm.

The reboiler (three-neck round flask,
5000m!i) with 600 W heating mantle was
filled with about 3500 m! of as-received pi-
valic acid. Another flask of the same type
served as a receiver. The temperature con-
troller of the heating mentle was set to
around 75~80°C. Cooling water at tempera-
ture of 30~33°C was circulated through the
cooling coil of the condenser by using a ther-
mostat. A complete distillation run takes
about 14 hours and about 70 % of the origi-
nal material is distilled over.

After the first distillation, the PVA left in
the reboiler is discarded and the material in
the receiving flask acts as the feed for the
second distillation. Once the second distilla-
tion was completed, the cleaned manifold as
shown in Fig. 1 was connected to the nozzle
of the distilled column. This acts as the re-
ceiver for the third and final distillation. The
manifold offers the convenience of holding
the materials under vacuum during the purt-
fication step. The manifold was assembled
using the individual components : a 500 ml
flask with two necks, 28 mm tubing of suffi-
cient length, three triple point-cells and a
vacuum port.

About 450 ml of matenal is collected in
the flask of the manifold. Then, the manifold

Vacuum Pump

Vacuum Distillation Unit

N

Material : Pyrex Glass
( 0.D.: 28mm )

Fig. 1. Schematic diagram of the manifold

with triple- point cells
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is sealed off constriction A under vacuum.
Note that the whole system remains under
vacuum through this process. A series of
melting and freezing steps are applied to the
manifold as a degassing process and then
most of the PVA is transferred from the
flask into the zone refining tube, not directly
but by means of evaporation and condensa-
tion. This might be considered as a fourth
distillation. The manifold is then sealed off
constriction B hermetically, allowing zone

refining tube with the triple point cells at
one end to be separated from the flask and

the vacuum port. The material in the tube is
then ready to undergo subsequently zone re-

fining.

3.1.2. Zone refining

The tubes filled with PVA are placed in-
side the columns of heaters and connected to
the lifting chains by means of pre-fabricat-
ed hooks. The triple-point cells are now at
the top and there is empty space needed to
allow the expansion of PVA upon melting
and to facilitate subsequent rinsing of the
triple-point cells. The currents of heaters
provide the optimum heat necessary to melt
the PVA and to maintain the least possible
zone length. In this experiment, a zone
length of about 2 c¢cm and an inter-zone
spacing of about 8 cm was realized. Detailed
description on zone refining system is given
elsewhere [12].

The timer of the pulling motors in the
zone refining system was adjusted so that it
takes approximately 24 hours for the tubes
to be pulled up to the top and stop the

motor. This period is referred to as one
stage of zone refining. After the end of each
stage, the tubes are lowered manually, and
the next zone refining stage is started. After
5 stages, a small amount of PVA at the top
of the tubes was molten, and the triple - point
cells were rinsed. The purpose of the rinsing
with PVA is to remove the trace impurities,
if any and permit them to pass through the
zone refining process. After a few days, a
growing cloudiness was found as the impuri-
ties concentrated at the bottom of the tubes.

After the desired level of purification (de-
sired number of stages) was achieved (5,
10, 15 or 20 stages), the tubes were re-
moved, and the PVA was molten and the
triple - point cells filled. The filling was done
sequentially, one cell receiving the top most
matérial and, hence, the purest PVA, and
the next cell receiving the middle material,
and so on. In any case, not more than the
top 60 % of PVA was transferred. Each cell
holds approximately 60 grams of pivalic
acid.

The triple -point cell of PVA is a cylindri-
cal Pyrex glass container with are-entrant
tube which serves as a thermometer well.
The outside diameter and the length of the
outer glass shell are 35 mm and 120 mm,
respectively. Thermometer well is construct-
ed of uniform bore tubing of 5 mm inside di-

ameter and 190 mm length.

3.2. Realization of the triple-point of the
PVA cells

A thermostat used is filled with an 80-20
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mixture of ethylene glycol and water and in-
sulated on all sides and the top using 2-inch
Styrofoam sheets. The bath has both a
heating and a cooling system, and the tem-
perature is controlled by their combined ef-
fect. The cooling was obtained by passing
water through the cooling coil placed inside
the bath using a constant temperature circu-
lator (Haake, Model D8-L). The heating
was obtained by an immersion type electric
heater which is controlled by a Proportion-
al-Integral precision temperature controller
(Tronac, Model PTC-41). The controller
uses a Tronac thermistor probe, placed close
to the triple-point cell, to sense the bath
temperature. A stirrer is used in order to
achieve uniformity of temperature within
the bath. From this assembly, the tempera-
ture of the bath can be maintained stable
within + 0.2 mK for long periods of time.

The temperature of the bath was mea-
sured using a standard platinum resistance
thermometer (SPRT;Chino Works, No.RS53
A-5) in conjunction with a automatic A.C.
precision resistance thermometer bridge
(Tinsley Co.). Its temperature repeatability
is less than +1 mK, and the drift rate when
used at temperatures less than 630°C is
circa 1 mK/year. The Tinsley bridge is self
balancing and reads directly in ohms with a
maximum reading of 159.999,99 ohm, a
resolution of 10 micro-ohms, and a maxi-
mum deviation from linearity of +1 ppm.
The current through the thermometer is 1
mA at 435 Hz. A built-in IEEE-488 inter-
face makes it easy to transmit the resistance

reading to a computer of rapid calculation

of temperature and for storage and analysis
of data.

The thermometer used for measurement
of the temperature of the triple-point cell
was a standard platinum RTD, which was
inserted into the thermo-well of the tri-
ple-point cell. The resistance of the RTD
can be read using the same bridge, and the
computer program modified to record both
the temperature and the cell temperature at
pre-set constant intervals of time. This ar-
rangement has the advantage of using a
platinum RTD instead of a thermistor the
resistance of which would be much higher
(in the kQ range) and hence could not have
been measured using the A.C. bridge.

Typical experimental procedure was illus-
trated in Fig. 2. The PVA in the cell was
completely melted by placing the cell in a
water bath at about 40°C. Then the cell was

removed and a cold copper rod inserted into

SPRT(CHINO)

STIRRER

[ 1

TEMPERATURE
CONTROLLER

{TRONEC)
o O
—3 0O
O O =
PRECISION TINSLEY BRIDGE PERSONAL
THERMOSTAT & TEEE-488 BUS COMPUTER
COTROLLER
3) MEASURE THE TRIPLE POINT
1l
@
T>Tm
2) FORM MANTLE 1) MELT

Fig. 2. Schematic diagram of typical experi-

mental procedure
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the thermometer well of the cell. The rod
was removed when a layer of solid PVA had
formed around the wall of the thermo-well.
Melting experiments were performed by
placing the PVA cell, containing the plati-
num RTD in the thermometer well in the
constant temperature bath. Then the temper-
atures were recorded as the PVA melted
until there was no more solid left in the cell.
A light mineral oil was used as the heat

transfer medium inside the thermo- well.

4, Results and discussion

All of the melting experiments were per-
formed with the bath at 36.25°C or 36.5C.
There was no appreciable difference in the
quality of the melting plateau recorded, ex-
cept for the shorter duration of the plateau
at higher bath temperatures. Hence, the
value of the bath temperature is trivial, as
long as a plateau lasting a considerable du-
ration of time is produced at that tempera-
ture.

Figure 3 represents typical melting curves
with different levels of purity (See Table 2).
The increase in the range of temperatures
over which the material melts (or the de-
crease in sharpness of the plateau)is rather
obvious as we look at the melting behavior
of the samples that have undergone fewer
and fewer stages of purification. Figure 3
(A) shows the variation of solid/liquid equi-
librium temperature of PVA, which was pur-
ified with one stage of vacuum distillation.

However, it can not be found any plateau in

36.500,

r(A)—Code: V1

36.000

35.500" B e

Temperature("C)

35.000F

120 180
Time(min)
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k(B) Code:V3Z5--- - | :
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36.000~

Temperate("C)

35.950- £

e e
35’90%0 60 90 120 150

Time(min)
Fig. 3. Melting curves of pivalic acid at vari-

ous levels of purity

melting temperature that may indicate rep-
resentative equilibrium state of solid/liquid
at the given level of purity. It only shows
that melting point increases monotonously in
the range of temperature 35.4 to 35.8°C as
PVA is melted continuously. As portion of
melt of PVA increases, impurities are incor-

porated continuously and equilibrium tem-
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perature also changes subsequently. There-
fore it is difficult to define the equilibrium
temperature of the PVA with the purity of
about 99.98 %.

Figure 3(B) represents a equilibrium tem-
perature of PVA that was vacuum-distilled
three times followed by zone refining five
times. In this Figdre, equilibrium tempera-
ture 1s shown to be at about 35.940°C, which
suggests the level of purity is much im-
proved. Indeed, the purity of this sample
was approximated to be 99.9993 %. Finally,
it was obtained that triple point cells of
PVA with its purity level of 99.9997 %, as
shown in Fig. 3(C). Here material used is
even for the purest material, the melting pla-
teaus were not perfect and a curvature was
found usually at the beginning of the run.
This might be due to the low thermal con-
ductivity of pivalic acid. The equilibrium tri-

ple point of the purest PVA samples studied

Table 2

was obtained to be 35.958+0.003 K. This
uncertainty in the value of the triple point is
acceptable if the cell is going to be used for
the calibration of thermistors of moderate
precision.

The impurity content of the samples was
estimated by application of Eq.(4) to the
melting (temperature vs. time) data. These
time fractions used in the calculation were
typically 0.1 and 0.5 as recommended by
Mangum and El-Sabban [7]. It must be
noted that the purities calculated are just es-
timates and are not absolute. There is a cer-
tain amount of uncertainty involved in delin-
eating the start and end of the melting pla-
teaus, especially so at relatively low purities.
There 1s also an uncertainty in the value of
the cryoscopic constant used. This can how-
ever be eliminated by considering the ratio
of the impurity contents of two samples

rather than their absolute values. The resu-

Estimates of the purity of triple-point cells of pivalic acid

Level of Code’ of No. of applied Purification process Estimate of
purification cell Vac. distillation  zone refining purity (%)
0~ V0Z0 0 0 99.900

1 V170 1 0 99.980

2 V270 2 0 99.989

3 V3Z0 3 0 99.997

4 V3Z5 3 5 99.9993

5 V3Z10 3 10 99.9996

6 V3Z15 3 15 99.9997

7 V3720 3 20 99.9997

*VxZxx : V and Z indicate Vacuum distillation and Zone refining and numbers indicate number

of stage of vacuum distillation and zone refining applied, respectively.

**As-Purchased.
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Its are tabulated in Table 2.

The same results are shown in a semi-log-
arithmic plot of the impurity content in frac-
tion against the level of purification if Fig.
4. A curve passing through the points would
have two distinct region : a initial region of
steadily declining impurity content and a
final region of almost constant impurity con-
tent. It can easily be seen that there is no
appreciable amount of purification after 10-
15 stages of zone refining, which is equiva-
lent to approximately 30-45 passes. This
strongly suggests that a practical ultimate
distribution has already been achieved after

only ten stages of zone refining.

B. Conclusions

Triple point cells of pivalic acid as a tem-

perature standard reference material were

developed. Their level of purity were approx-

imated to be 99.9997 % and triple point of
pivalic acid cells was measured to be 35.956
+0.003°C. In this level of temperature sta-
bility, the cells can be used for the calibra-
tion of thermistors of moderate precision.

For confirmation in the performance and
standardization of the triple point cells of pi-
valic acid, improvement in purity level of 99.
9999 % or higher is required as succinonitr-
ile triple-point cells which have been devel-
oped previously in our laboratory. However,
for improvement in the purity of pivalic
acid, more sophisticated techniques seem to
be required prior to zone refining. The obvi-
ous way to increase the purity of the final
product is to have a purer material as feed
for the zone refining process. It is known
that there i1s a substantial amount of water
present in the pivalic acid raw material
[13]. This water may be removed by azeo-
tropic distillation of the raw material with
benzene, as described by Brissaud et al [14].
Any residual benzene may subsequently be
removed by the usual series of vacuum dis-
tillations. This procedure might ensure a bet-
ter feed for the zone refining step and hence
a better final product.
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