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The effects of sample mass, particle size, and furnace heating rate were studied 

for the detection of the quadruple point in the CuS04-5Hz0 system using the 
simultaneous differential thermal analysis-electrical conductivity (DTA-EC) tech- 
nique. As the sample mass decreased, both the DTA and EC peak amplitudes 
decreased. Increasing the furnace heating rate caused an increase in the peak splitting 
for the first DTA peak. In the case of particle size, an optimum size of about 80 mesh 
was found to give a maximum in the EC curve peak. The simultaneous DTA-EC 
curves for BaCI,-2H20 are also given. 

INXRODUCTION 

Borchardt and Daniels’ first observed the quadruple point in the dehydration 

of CuSO,-5H,O and BaCI,-2H,O, as we11 as other metal salt hydrates. A quadruple 

point is present in these systems wher? the initial hydrate, the next lower hydrate, 
water (liquid) and water (gaseous) exist in equilibrium at a fixed pressure and 
temperature_ Detection of the quadrupIe point has been investigated by numerous 
thermal techniques, including DTA’, X-ray’ and electrical conductivity2. Wendlandt2 
found that the eIectrica1 conductivity (EC) technique was particularly usefui for this 
purpose and detected the quadruple points in BaBr,-2H,O, cobah saIt hydrates, 
the [Co(NH,),H,O]X, complexes, and other systems. For measurements of the 
quadruple point at elevated pressures, a high pressure EC apparatus has also been 
described3. 

The purpose of this investigation is to study the effect of various experimental 
parameters, such as sample mass, particle size, and furnace heating rate on the 
detection of the quadruple points in the CuSO,- 5H20 and BaC12-2H20 systems. 
The apparatus employed permitted concurrent DTA and EC curves to be recorded on 
each sample. 
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EXPERiMEXiAL 

The CuSO,-SH,O and &Cl, -2H,O used in this invest&ion were Baker 
Anaiyzed Reqent -grade chemicals. The DTA-EC apparatus has been described 
previousIy(_ 

The ef%ct of furnace heating rate on the DT_4 and EC curves of CuSO,_5H,O, 
in an open crucible-type of sample holder, is illustrated by the curves in Fig. 1. At a 
heating rate of 5’Cjmin, the DTA curve consisted of two distinct peaks and was 
simiIar to the curjes which have been previousIy reported by numerous investigators_ 

These two peaks represent the two-step dehydration of CuSOj - 5H,O to CuS04 - Hz0 
by the following reactions: 

CuSO, - 5Hz0 (s) --, CuSOj - 3Hz0 (s) i 2Hz0 (g) 

CuSO, - 3H,O (s) + CuSO, - H,O (s) t2H,O (g) 

EIectrical conductivity measurements obtained simultaneously with the DTA curves 
showed no response which indicates that the liquid phase was not present in large 
enough quantities to form a conducting solution_ When the heating rate was increased 
to 4O’C/min, the DTA curve peaks u-ere considerably distorted with pcor resolution 
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Fig- 1 Qeft). 33&z of heating rate on the DTA and EC auvcs of C&SO,- 5Hz0 in an open crucible- 
type sample bokicr- 

Fig- 2 (right). DTA and EC curves of CuSO,- S-lx0 in a comrcd sample holder. 
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of the peaks_ Eiectrical conductivity measurements produced a small conductivity 
peak under high amphfication which indicates that the liquid phase was present in 
larger quantities than at the lower heating rate. 

Since the shape of the DTA and EC curves is greattiy influenced by the rate of 
diffusion of water vapor from the sample surface, data were ob+tined for conditions in 
which the diffusion was severely restricted_ This was achieved by covering the sample 
crucible with a tight fitting Teflon cover. The DTA and EC curves for CuSO,-5H,O 
which were obtained under these conditions are presented in Fig_ 2. The DTA curve 
consists of three endothermic peaks due to the splitting of the first dehydration peak 
previously observed in the open crucible_ An EC curve peak, which coincides with the 
first DTA peak, was also obtained with the closed crucibie. Both of the curve peaks 
increased to a maximum value in phase with each other with the EC peak beginning 

to decrease as the second DTA peak began to form. When the second peak, w-hich is 
narrow rather than the characteristic rounded shape of a dehydration peak, reached 
a maximum, the EC signal had completely disappeared. These two peaks are 
explained by the reactions: 

CuSO, - 5Hz0 (s) --* CuSO, - 3Hz0 (s) f 2H,O (1) 

2H,O (1) ---+ 2H20(g) 

The Tef?on cover created a self-generated atmosphere within the crucibIe which led to 
the formation of a saturated solution and hence, the EC response_ Evaporation of the 
water from the saturated soIution produced the narrow endothermic peak in the DTA 
curve and Ied to a decreas e of the EC peak_ The sample conditions produced in the 
course of this experiment are responsible for the DTA pak temperatures of 102.5, 
1 IO and 13O”C, which are sIightly higher than peak temperatures previousIy reported’. 

The curves obtained in Fig. 2 show that restriction of the diffusion of water 
from the sample, in this case by covering the sample crucible with a Tefion cap, leads 
to the formation of a quadruple point. Therefore, the de_- of restriction of diffusion 
of water from the sample influences the results obtained in a DTA or EC experiruent 
and may be significant when using capillary tube or iong diffusion path e-pie 

holders. 
The efhect of sample mass on the DTA and EC curyes of CuS04-5H,O in a 

ciosed crucibIe is shown in Fig. 3. As the mass of the sample decreased, the amplitude 
of both the DTA and EC curves decreased, with the EC curve peak disappearing 
completely when a sampie mass of Iess than 10 mg was employed_ Since the diffusion 
of water vapor from the crucible was restricted by the Teflon cover, the absence of an 
EC peak was interpreted as due to the sample being too small to generate enough 
water vapor to saturate the atmosphere in the holder, which is a prerequisite for the 
formation of a quadruple point. The small sampIe size also removed the splitting of 
the first DTA peak arising from the evolution of liquid water. 

Increasing the sample mass increases the amplitude of the DTA and EC curve 
peaks as we11 as increases the peak temperature range, with the liquid phase persisting 
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to higher temperatures. The liquid phase was present into the beginning of the third 
DTA peak with the 110 mg sample, as indicated by the EC curve. Thus, the 1.5 g 

samples used by TayIor and Klug6 and the 0.2 g sampie employed by Borchart and 

DanieIs’ were advantageous to the formation of a liquid phase and hence a quadruple 

point_ 

Fik 3 (Icft). Effect of sample mass on the DTA and EC curves of 100 mesh size CuSO,- S-i20 in a 
covered crucible-type sampIe holder at a heaticg rate of S’C/min. 

Fig. 4 (right). E&ct of hesting rate on the DTA and EC curves of 80 mg sampIes of IO0 mesh size 
CuSO,- %I,0 in a covered crucibk-type sample holder_ 

The effect of the heating rate on the DTA and EC curves of &SO,-5H20 in 
a closed-type sample crucible is shown in Fig. 4_ As the heating rate increased, the 
ma_gnitude of the splitting of the firs-t dehydration peak increased in the DTA curve_ 
The EC curve peak also increased in amplitude with increasing heating rate which 
indicates the formation of a more substantial Iiquid phase within the system. At 

heating rates of 1_7”C/min or less, the liquid phase was present in quantities too smal1 

to be detected by DTA af’though a small EC curve peak was obtained. 

The amplitude of the EC peaks, as a function of the heating rate, is shown in 

Fig_ 5. When the heating rate drops beIow about 4”C/min, the EC peak decreases 

sharply. This effect occurs because the sample holder is covered but not sealed so that 

the water vapor diffuses away from the vicinity of the sample at a finite rate. If the 

heating rate is not fast enough to produce vapor at a rate greater than the rate of 

diffusion from the crucibIe, the formation of a liquid phase is retarded, as indicated 
by the smaIl EC peak observe+ 
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Fig. 5 (left). Effect of heating rate on the EC peak amplitude of 80 mg sampIes of 100 mesh size 
CuSO*- SH20 in a covered crucible-type sampIe holder. 

Fig. 6 (right)_ Eficct of partide size on 80 mg samples of CuSO,- SH,O in a covered sample holder at 
a heating rate of S”C/min. 

The efiect of sample particle size on the DTA and EC curves was investigated 
with the results presented in Fig. 6. All of the DTA curves have the same general shape 
and the maatude of the EC response did not change significantly with respec’. to 
particle size. However, with large partic!e sizes, there is some distortion of the DTA 
and EC peaks which indicates that the process leading to the formation of a liquid 

phase becomes more complex. With large particle sizes ( > 14 mesh) the EC curve 
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Fig. 7 (I&t). Effect of partictc size on the EC peak amplitude of 80 mg samples of CuSO,- 5Hz0 in a 
covered crucible-type sample hoidcr at a heating rate of S”C/min. 

Fig. 8 (right). Simultaneous DTA and EC curves of BacI,-2H,O_ 
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peaks indicate that a saturated solution exists in high concentration during the 

interval of the first DTA peak and extends, although in lower concentration, into the 

region of the second and :hird peaks. This effect is thought to be due to the formation 

of a liquid phase on the surfaces of small ctystais where the large surface area allows 
the water to evaporate rapidly at a lower temperature and hence produces a narrow 
EC peak. A large samp!e particIe size permits the iiquid phase to form inside as well as 

on the surface of the crystals which creates many microscopic inclusions of saturated 

solution within the c~stal_ This encased water will evaporate at hi&er temperatures 

causing a “tailingW effect, as shown by the EC curve for the 14 mesh particle size. 

The EC peak amphtude is shown as a function of particle size in Fig. 7. As the 
particle size decreases from the optimum vaIue of about 80 mesh, the EC peak 

decreases due to the physical shrinkage of the sample. This effect was observed 

visually during the course of the experiment_ As the particle size increased from 

80 mesh, the EC peak again decreased. This effect is probably due to the formation 

of the Iiquid phase inside the crysti, which decreases the conductivity since there is 

less conducting solution present. 

The DTA-EC curves of BaC12-X-I,0 are shown in Fig. 8_ The shoulder on the 

first endothermic peak is due to the formation of a liquid phase in the sample- 
However, it is not as well defined in this curve as was previously found using a high 

resohtion DTA irrrtrument’_ Dehydration reactions for BaCi, -2H,O are: 

BaCIz -2HzO (s) - BaClt - HZ0 (s) i HZ0 (1) 

BaCl, - HZ0 (s) --, BaCI, (s) + HZ0 (g) 

As expected, the EC curve peak appears in the same temperature range as the shoulder 
peak, indicating the formation of a saturated, conducting solution. No EC peak is 

observed during the second DTA peak. 
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