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Samuel Kiprono Arapkoske and Jan Robert Selman 

1. Introduction 

Inorganic Materials Research Divison, 
Lawrence Radiation Laboratory, and 
Department of Chemical Engineering, 
University of California, Berkeley 

March 1971 

UCRL-20510 

This is a report of the determination of the density, kinematic 

viscosity and refractive index of copper sulfate - sulfuric acid solutions 

in water at 25°C. The concentration of the solutions was in the range 0 

to 0.5 M copper sulfate, 0 to 2.0 M sulfuric acid. The physical proper-

ties of water at 25°C were used for calibration. 

The three physical properties were determined using samples of 

solutions kept at temperatures very close to 25°C, usually within O.l°C. 

From tabulated data it was estimated that in the neighborhood of 25°C 

the change in the density per degree increase of temperature is -

0.00025 g/ml, the change in kinematic viscosity is -0.02 est, the change 

in refractive index is -0.0001. A correction for the deviation of sample 

temperature from 25°C was made only for the kinematic viscosity. 

The density and kinematic viscosity values are prerequisites for 

the determination of the integral diffusivity of copper ion in the solu-

tion by means of limiting current measurements at a rotating disk cathode. 

These measurements are reported in detail eliewhere. Here only th~ results 

are given, in section 5. 
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The refractive index measurement, since it is the easiest to make 

of all phy~ical property measurements, can serve as a convenient check 

on whether the composition of a solution has changed in the course of 

other determinations or experiments. 

The values obtained in this work should be close to those predicted 

by correlations based on previous work in this laboratory1 and on what-

ever data are available from the literature. 

' . i 
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2. Experimental. 

2.1. Density. 

The density of a solution was determined by means of a pyknometer. 

The volumes of the several pyknometers in use were found by calibrating 

with redistilled water at 25.00°C. The density of water at this tempera-

ture is 0.99707 g/ml. The volumes are given in Table I. 

The pyknometers, prior to use, were thoroughly cleaned with chromic 

acid solution and dried in an oven at 100°C. After cooling to room 

temperature the empty weight was noted. The pyknometers were then filled 

with the solution, which had previously been brought to, and kept at, 

25.0°C.. The filled pyknometers were kept in a water bath at 25.0°C for 

more than fifteen minutes to acquire the bath temperature. If the solu-

tion level in the capillary of the pyknometer had fallen, more solution· 

was added with a syringe. Care was taken to prevent air bubbles or 

pockets in the capillary. The excess solution at the tip of the capillary 

was removed by scraping the flat surface of the tip with a knife edge. 

The pyknometers were then removed from the bath and cooled by quickly 

evaporating acetone on the surface of the pyknometer bulb. They were 

dried with absorbing tissue and allowed to stand in the weighing room 

for approximately four minutes before weighing. The density was calculated 

by dividi~~ the solution weight into the volume as determined by calibration 

with water. 

Note: One can prevent the need to re-fill the capillary of the pykno-

meter by slightly cooling the sample solution when filling the pyknometer, 

e.g., by evaporating acetone on the bulb of the pyknometer while filling 
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it. It will then expand once it is in the bath, and the solution will 

overfJow. An alternative which appears t.o be safer, is to keep the 

pyknometer at a temperature slightly higher than 25.0°C before filling 

it with the solution at exactly 25.0°C. In both cases the deviatiori of 

solution (or glass) temperature from 25.0°C should be small, otherwise a 

longer stay in the constant temperature bath is necessary. 

2.2. Kinematic viscosity. 

The viscosity of the solution was determined using an Ubbelohde-

type viscometer. The kinematic viscosity v is found by multiplying the 

outflow time t by the calibration constant C. The constant was determined 

by calibrating with re-distilled water ~t 25.00°C. The kinematic viscosity 

of water at 25.00°C.is 0.8929 est. The calibration constants are given 

in Table 1. 

Before calibration and frequently between measurements the visco

meters were cleaned with chromic acid cleaning solution, rinsed thoroughly 

with distilled water, and dried in an oven at 100°C. The viscometers 

were theri cooled to room temperature and filled with the solution, which 

had previously been brought to, and kept at, 25.0°C. The viscometers were 

suspended vertically in the bath and allowed to acquire the bath tempera

ture. After approximately five minutes the solution was then pulled into 

the bulb above the capillary by applying a vacuum to the capillary leg. 

The outflow time t was observed and the measurement was repeated with the 

same sample of solution and the same viscometer until two or three t 

values had been obtained which were within 1 sec, for an outflow time of 

approximately 1000 sec. The kinematic viscosity was then calculated from 

the average time for each viscometer. 

• 

.... 
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Note: When a viscometer was used for some time without much more than 

rinsing ~nd drying between the various measurements, it would iend to 

give erratic results. Reproducibility could be restored in almost all 

cases by cleaning for approximately half an hour with hot chromic acid 

solution, followed by copious rinsing with distilled water. It appears, 

therefore, that it is desirable, although laborious and not always 

necessary, to clean the viscometers with hot cleaning solution in between the 

series of measurements. When viscometers are dried without having been 

rinsed thoroughly, after measurements or after cleaning with chromic acid 

solution, specks of dust or other solid obstacles lodged in the capillary 

·may become very hard to remove except by etching with hydrofluoric acid 

(which makes a new calibration necessary) or by mechanical means, which 

may damage the capillary. 

2.3. Refractive index. 

The refractive index was measured by means of a Bausch and Lomb 

Abbe-type (reflection) refr~ctometer (AEC 149881). The refractometer 

was kept at the bath·temperature, 25.0°C, by re-circulating bath water 

around the prisms. The sample solution was previously brought to 25.0°C 

by keeping it immersed in thebath. The calibration of the refractometer, 

which had a movable scale, was checked with redistilled water, using 

sodium light. The refractive index of water for sodium light at 25.0°C 

is 1.33251. The scale of the refractometer read values for sodium light, 

irrespective of the actual light source used. 

2.4. Analysis for copper sulfate. 

Copper concentration was determined for each solution by a standard 

electrogravimetric method, using platinum gauze electrodes. Three samples 
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of each solution, enough to give approximately 100 mg of copper each, 

were carefully weighed and transferred to 700 ml beakers. A current of • 
between 0.3 and 0.5 amp was then passed through the three solutions, 

shunted in parallel. Before the electrolysis approximately 5 ml of nitric 

acid is added to each solution, to make the deposit better adherent and 

smoother, so that mechanical loss is avoided. The concentration of copper 

sulfate is found from the formula 

c = (W xpxl000)/(63.54xW) 
c s 

(1) 

in which W is the weight of the copper deposited on the cathode, W is c . . s 

the weight of the solution sample, the p the density of the solution. 

2.5. Analysis for sulfuric acid. 

The acid concentration of the solution was determined by potentiometric 

titration. Three samples of each solution, enough to require approximately 

100 ml of 0.1 N sodium hydroxide solution each, were carefully weighed, 

transferred to 400 ml beakers, and diluted with 200-300 ml water. The 

solutions were then titrated with freshly prepared 0.1 N sodium hydroxide 

solution, which was kept in a tightly stoppered polyethylene bottle. The 

solution was stirred with 'a magnetic stirrer throughout the titration. 

A Beckman pH-meter (Model 6) was used to monitor the pH. Prior to the 

titration the pH-meter was calibrated with a standard buffer solution 

(pH 4.00). The end-point of the acid titration is at approximately pH 

5.0 and was found for each titration by plotting and interpolating for 

the inflection point in the titration curve. The concentration of 
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sulfuric acid follows from the formula 

c = (VxNxpxl000)/(2xW) 
s 

(2) 

in which W is the weight of the sample, V is the titration volume and N 
s 

the normality of the sodium hydroxide solution, and p the density of 

the sample solution. 

I 

An example of a titration curve is shown in Figure 4. Several 

interesting aspects of the titration of acid in the presence of copper 

ion are discussed in Section 4.4. 

Note: An automatic titrator was used with a number of solutions, but 

its titration volume was limited to 10 ml, and the results obtained 

particularly for dilute solutions were not reliable. In the manual 

titrations care was taken to have samples which would require no less 

than 100 ml of 0.1 N sodium hydroxide solution. 
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Table 1. Calibration of pyknometers and viscometers. 

pyknometer volume (ml) reproducibility(ml) note-book 

4* 50.0985 0.001 AR-9 

12 so. 3004 0.002 AR-9 

9 49.6578 0.0004 AR-9 

4 49.7273 0.0003 PR-92 

*brok.en during this work 

viscometer 
. 3 

constant x 10 reproducibility note-book 

(est/sec) (est/sec) 

A:..7o* 1.0284 0.0015 AR-ll 

A-ll6 1.0983 0.001 AR-ll 

A-ll7 1.2419 0.001 AR-ll 

A-83 0.9739 0.0002 AR-107 

A-ll6** 1.1174 0.0001 AR-109 

A-ll7** 1. 2631 0.0002 AR-109 

*broken during this work 

**capillary rinsed with HF, annealed. 

Note: The accuracy of the pyknometer volumes is estimated to be + .001 ml 

(0.002 %); that of the viscometer constants + 0.001 x 10-3 centistokes/ 

second (0.1%); 

• 
-~ 
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3. Results. 

The value~ of density, viscosity, refractive ind~x, copper sulfate 

concentration and sulfuric acid concentration for 20 solutions are listed 

in Table 2. Every value is the average of three independent measurements. 

The uncertainty of the values in Table 2 is: 

p 

\) 

no 

(Cuso4) 

(H2so4 ) 

0.0002 

0.002 

0.0001 

0.0005 

0.005 

g/ml 

est 

mole/! 

mole/! 

Figures 1-3 give plots of the three physical properties as a function of 

copper sulfate concentration and of sulfuric acid concentration. The 

values have been corrected to correspond to round parameter concentrations. 

These corrections were small so that use could be made of correlations, to 

be discussed in the next section, which by themselves are probably not 

adequate. The solid lines in the figures are based on these correlations: 

in Figure 1 correlation 2, in Figure 2 correlation 4, in Figure 3 correla

tion 5 of Table 3 . 
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Table 2. Physical properties of Cuso4~H2so4 -H20 solutions at 25 6 C. 

p v ).l no • # (CuS04) (H2so4) (g/ml) (est) (cp) 

00 0.0616 1. 088 1. 0742 1. 043 1.120 1.3456 _, 

01 0.0494 0.983 1. 0659 1.028 1.096 1. 3442 

02 0.2970 0.979 1.1034 1.131 1.248 1.3506 

02A 0.3158 1.011 1.1062 1.141 1. 262 1.3509 

03 0.0095 0.996 1.0600 1.017 1.078 1. 3437 

03B 0.0099 0. 994 1. 0597 1.008 1.068 1. 3433 

04 0.2005 0.992 1.0882 1.091 1.187 1. 3481 

OS 0.1017 1.008 1.0744 1.052 1.130 1. 3457 . 

06 0.1993 0.495 1. 0588 1.024 1.084 1.3431 

06A 0.2043 0.495 1. 0594 1.022 1.083 1.3432 

07 0.2998 0.494 1. 0737 1.064 1.142 1.3455 

08 0.0992 0.496 1. 0435 0.988 1.031 1. 3404 

09 0.5001 0.997 1.1320 1. 235 1.398 1.3550 

10 0.2956 0.295 1. 0619 1.041 1.105 1.3435 

11 0.0500 0.492 1.0358 0.968 1.003 1.3391 

12 0.0502 2.013 1.1261 1.171 1.319 1.3543 

13 o. 0499 1. 493 1. 0957 1.095 1.200 1.3492 

14 0.2950 1.492 1.1318 1.204 1.363 1. 3549 

15 0.2990 - 2.020 1.1625 1.299 1.510 1.3599 

16 0.4002 0.991 1.1178 1.177 1. 316 1.3527 
• 

17 0.00985 0.535 1. 0321 0.956 0.987 1.3386 

18 0.0499 0.987 1. 0651 1.024 1. 091 1. 3443 

19 0.0478 0 1.0053 0.916 0.921 1.3339 

20 0 0.984 1.0580 1. 3433 
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Figure 1. Density of the solutions compared with prediction by correlation 
2 of table 3 (solid lines). Values corrected to correspond to 
round concentrations of Cuso4 and H2so4 . 
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Figure 2. Dynamic viscosity of the solutions compared with prediction by 
correlation 4 of table 3 (solid lines). Values corrected to 
correspond to round concentrations of Cuso4 and H2so4 . 
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XBL 711-64 74 

Figure 3. Refractive index of the solutions compared with prediction by 
correlation 5 of table 3 (solid lines). Values corrected to 
correspond to round concentrations of Cuso

4 
and H

2
so

4
. 
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Table 3. Correlation coefficients for physical properties of Cuso4-H2so4-H2o. 

2 
P = a

0 
+ a1 (Cuso

4
) + a 2 (H2so4) + a 11 (CuS04) 

* p 

a 
0 

S.E. 

* 

2 
+ a22 (H2so4 ) + a 12 (CuS04)(H2so4) 

2 3 

p p )1 

0.9990 0.99837 0.89864 

0.14219 0.1502 0.45948 

0.061374 0.0624 0.14068 

0 0;002276 

-0.000372 -0.000789 0.027576 

-0.005536 -0.006921 0.092374 

0.05-0.10 0. 01-sat. 0. 05-0.10 

0-2.5 0.01-3 0.,.2.5 

0.0001 0.0016 0.002 

4 

0.90445 

0.42999 

0.133930 

0.26385 

0.030696 

0.103080 

0.01-sat. 

0.01-3 

0.007 

** 5 

no 

1.33263 

0.02795 

0.010861 

-0.0002211 

-0.003474 

0.05-0.10 

0-2.5 

0.0001 

p in g/ml, J1 in cp. 

** 0.0005 has been subtracted from a as given in Ref. 2, 
0 

. 1 
pp. 134-135 (miscalibration refractometer in early data ) 

•• 
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4. Discussion 

4.1. Existing correlations. 

To judge the internal consistency of the observed data, one would 

ideally subject them to a regression analysis. Independent variables would 

be (CuS04) and (H2so4). A linear or second-order polynomial would be suf

ficient to obtain a good fit. 

To avoid the computational labor involved in this, existing correla

tions1'2 were used.· The correlation equations are of the form: 

(3) 

i.e., P, the physical property value in question, in related to the concentra-

tion of Cuso4 and of H2so4 by a quadratic polynomial. The coefficients a0 , 

a1 ~ etc., have been obtained from a set of data by the method of least squares, 

i.e., by minimizing the quantity L:(P -P ) 2 
obs pred The form of the expres-

sion is purely empirical. For very dilute solutions (up to 0.001 M) a 

dependence on the square root of the concentrations, or the ionic strength, 

would be better in agreement with the theory of ionic solutions. No adequate 

theory is availab~e for concentrated solutions containing three or more ions. 

The above correlations were developed from data for solutions in the con-

centrated range, i.e., of concentration > 0.01 M in Cuso4 or H2so4 , or both . 

The data on which these correlations are based were obtained earlier 

in this laboratory1 or taken from the literature. The correlations have not 

been critically checked yet for mutual consistency and have not been tested 
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against more recent data. The present work represents an effort in that 

direction. 

Table 3 gives the values of the coefficients a0 ,a1 , etc. for 5 cor

relations. The range of validity is indicated for each, and corresponds 

to the range of the data on which that correlation is based. Correia-

tions 1, 3 and 5 are based completely on data taken earlier in this 

laboratory. Correlations 2 and 4 are valid for a wider range of concentra-

tions and have a larger uncertainty. They are based on literature·data 

as well as earlier data taken in this laboratory. The margin of uncertainty 

for each correlation is indicated in Table 3 by the standard error, i.e., 

the quantity (p p )2 
obs- pred 

It should be realized that the standard error is a measure only of 

the fit based on the original data, which implies that the independent 

variables are known without uncertainty. Errors in the measurement of 

the concentrations add to the error in the predicted value. ·Using the 

values + 0.0005 M for the uncertainty in (Cuso4) and + 0.005 M for that 

in (H
2
so

4
), one can estimate this additional error to be: 

in p + 0.0004 g/ml 

in J1 + 0.001 cp 

in n0 : + 0.0001 

Note that this same uncertainty in the concentrations exist in the 

data on which the correlations of table 3 are based. Its direct effect on 

the coefficients (and therefore, indirectly, on the predicted values) is 

much smaller than the uncertainty estimated above for a single predicted 

value. This is so because the regressi9n technique applied to many data 

• 
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reduces the uncertainty if the errors in the independent variable are 

randomly distributed. 

No.te also that the error due to uncertainty in the independent 

variable is larger than the standard error of correlation 1. It appears 

that one could estimate (H2so
4

) more accurately from p, than p from 

(H2so4). Two conditions have to be fulfilled for this to be true. 

· (CuS04) has to be known exactly; and the experimental error in p has to be 

smaller than + 0.0003, which is the case. One could also imagine that 

another, accurate measurement (e.g., of the conductivity) would yield 

an independent equation relating (Cuso4) and (H2so4). 

4.2. Comparison of observed and predicted values. 

This comparison can be made by means of figures 1-3, which show 

observations (points)and predictions (lines) for round values of the 

concentrations. The predictions shown are those according to correlations 

2, 4 and 5 of table 3. A comparison with all five correlations is made 

in table 4, which lists the deviations of the original observations from 

the prediction corresponding to the original, unrounded concentrations. 

Values between pa~enthesis indicate that the correlation in question 

makes no claim to validity at that composition. 

Indicated in table 4 is the average of the deviations from a 

particular correlation, 7S , and the standard deviation of these deviations, 

a. The latter quantity can be used as a criterion for rejecting certain 

data. Here the criterion chosen for rejecting is: 

I L\·7SI > 2a ( 4) 
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Table 4. Deviation of observed values from predicted values. 

# (Cusd4) (H2so4) L'll L'l2 L'l3 L'l4 L'ls 

00 0.0616 1.088 +.0005 +.001 +.001 -. 001 -.0001 
(j 

01 0.0494 0.983 +. 0002. -.0001 +.004 +.002 -.0001 , 
-'·' ' 

02 0.2970 0.979 (+.0041) +.0013 (+.022) +.002 (+.0003) 

02A 0.3158 1.011 ( +. 0024) +.0001 (+.018) -.004 ,(-.0001) 

03 o. 0095 0.996 (-. 0011) -. 0011 (+.007) +.005 (+.0002) 

03B 0.0099 0. 994 (-:.0013) -.0013 (-. 003) -.005 (-. 0001) 

04 0. 2005 0.992 (-.0013) -.0001 (+. 011) +.002 (. 0000) 

OS 0.1017 1. 008 +.0000 -.0007 +.005 +.002 -.0001 

06 0.1993 0.495 (+. 0015) +.0002 ( +. 008) -.001 (-. 0001) 

06B 0.2043 0.495 (+.0023) +.0003 ( +. 005) -.005 (-.0001) 

07 0.2998 0.494 ( +. 0027) +.0005 (+.016) -.004 (-. 0003) 

08 0.0992 0.496 +.0003 -.0002 +.006 +.002 -.0002 

09 0.5001 0.997 (+.0038) .. 0000 (+. 056) -.003 (-.0005) 

10 0.2956 0.295 ( +. 0033) +.0012 (+.020) . 000 (-.0003) 

11 0.0500 0.492 -.0003 -.0004 .+.003 +.001 -.0001 

12 0.0502 2.013 -.0015 -.0015 +.007 -. 012 -.0003 

13 0.0499 1.493 -.0008 -. 0011 . 000 -.003 -.0003 

14 0.2950 1.492 (+.0025) +.0006 (+.016) -.006 (-.0002) 

15 0.2990 2.020 (+.0019) +.0004 (+.021) -.005 (. 0000) 

16 0.4002 0.991 (+.0036) +.0006 (+.030) -.007 (-. 0002) 

17 0.00985 0.535 (-.0010) -.0009 (.000) -.003 (. 0000) .: 
18 0.0499 0.987 -.0009 -. 0013 -.001 -.003 -.0001 

19 0.0478 0 -.0005 -.0003 .000 -.005 -.0001 

20 0 0.984 (-.0010) -.0010 (+. 0002) 

X (average deviation) -. 0003 -;0002 +.003 -.002 -.00015 
(J (S.D. of deviations ) +.0006 +. 0008 +.003 +.0035 +.0001 -
Total estimation error +0.0005 +0.002 +0.003 +0.008 
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First consider the broad-range correlations 2 and 4. 

A. Density: correlation 2. 

Note that 2cr corresponds roughly to the total estimation ~rror, 

which is: 

0~0016 + 0.0003.~ 0.002 

Solution 2 has to be rejected. Solution 10 is high, solutions 3B, 

12, 13 and 18 are low. 

B. Viscosity: correlation 4. 

Again, 20 corresponds roughly to the total estimation error: 

0.007 + 0.001 = 0.008 

Solution 12 has to be rejected. Solution 3 is high, solutions 14 

and 16 are low. 

The correlations 1 and 3 provide a check on those solutions which 

are low in (CuS04). This does not lead to any further rejections. 

The correlation 5 likewise is applicable to dilute Cuso4 solutions 

only. The criterion (4) yields no solutions to be rejected, amqng those 

dilute in Cuso4 . Note, however, from figure 3 that solution 2 is very 

likely too high, so that it better be rejected. 

4.3. Compatibility of the various correlations 

One can get some idea of the mutual consistency of the various 

correlations by comparing the deviations with respect to the same set 

of data. 

The average deviations of correlations 1 and 2 are well within the 

total estimation errors (0.0005, resp., 0.0020) so that we find no 

significance to them. Correlation 1 has a total estimation error small 

enough to be approximately equal to a, while correlation 2 has a total 
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error approximately equal to 2a • This means that the spread of the 

present data is larger than that of the data ori which correlation 1 is 

based, and. approximately equal to that of the data underlying correlation 

2. No doubt is thrown on the validity of correlation 1 or 2. 

The average deviations of correlations 3 and 4 are also within 

the total estimation errors (0.003, resp. 0.008). The spread of the 

data is again larger than that of the original data for correlation 3, 

and approximately equal to that of the original data for correlation 

4. However, now there appears to be a significant difference between 

average deviations of the two correlations: 0.005, i.e., approximately 

1.5 a. This means that correlation 4 estimates significantly higher 

than correlation 3; From the present data it is not possible to conclude 

which one of them is less accurate. Since correlation 4 is based on 97 

data from various sources, while correlation 3 is based on 29 data from 

one source, it appears that there is less chance of systematic error in 

correlation 4. 

Note from figure 2 that at high Cuso4 concentrations the correla

tion 4 consistently over-estimates the viscosity by about 0.005 cp. 

An improved correlation might have a coefficient a 1 of about 0.44, which 

is closer to that of correlation 3. 

By calculations, X and a of correlations 1,3 and 5 including the 

d~t~ PlJt of rej.nge (parentheses in Table 4), one can see that the 

validity of these correlations is indeed limited: 

1 

X + o.ooo8 

a + 0.0019 

3 

+ 0. 011 

+ 0.013 

5 

- 0.0001 

+ 0.00017 
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Both K and cr are now significantly different from those of the data inside 

the range of validity, and from the K and a of correlations 2 and 4. 

Figure 3 shows that correlation 5 overestimates n
0 

at high (CuS0
4

). 

This is due to the absence of a second-order term in (CuS04). An improved 

correlation might include a negative a 11 . 

Fin~lly, how well do correlations 1, 3 and 5 estimate solutions 3, 

3B, 17, and 20, which have less than 0.05 M CuS04? Correlation 1 over-

estimates p significantly, but so does correlation 2. Correlation 3, as 

well as 4, have no significant deviation in this range. Correlation 5 

has two outliers, solutions 3 and 20, which probably have to be rejected. 

4.2. Titration of sulfuric acid in the presence of copper ions. 

Figure 4 presents an exemplary titration curve for solution 0, which was 

0. OS M CuSO 4 and 1. 0 M H
2

so
4 . The first endpoint is at 107. 8 ml, pH 5. 25 

and corresponds to the neutralization of sulfuric acid, which is a strong 

acid. The second endpoint, at 114 ml, pH 8.4, is apparently due to the 

reaction 

++ 
Cu + 2 OH -+ Cu(OH) 2 

(5) 

since the amount of OH consumed between the first and the second endpoint 

agrees with the amount of Cu++ ions in the solution. Moreover a gelatinous 

blue precipitate is formed between the first and the second endpoint. 

Unfortunately the second endpoint cannot be used for the determination 

of copper, except possibly for a rough preliminary estimate of the copper 

concentration in a solution of unknown strength. The reaction is 

apparently not stoichiometric. This can be seen from table 5, which lists 
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SOLUTION 0 
0.062 M Cu S04, 1.09 M H2 S04 

25°C 

--8.40-

--5.25-

100 105 

I 
107.9 

I 
I 

110 
ml 0.1 N NoOH 

I 
114.0 

I 
I 

XBL 711-64 70 

Figure 4. Typical potentiometric titration curve of a solution of H2so4 . 

(The beginning of the curve has been omitted.) 

,,j 
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CONCENTRATION ENDPOINT 

4 CuS04 H 2S04 pH ml --
I 0 1.00 7.0 98.7 
2 0.025 0.50 5.5 98.6 

3 3 0.040 0.20 5.0 98.3 
4 0.045 0.11 4.8 98.0 
5 0.047 0.06 4.4 99.0 

90 95 100 105 110 115 120 
miO.INNaOH 

XBL 711-6471 

Potentiometric titration curves of a fixed amount of H2so4 to 
which varying amounts of CuS04 solution have been addea. 
(The beginning of curves 3, 4 and 5 coincide approximately 
with 1 or 2). 
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the first and the second endpoints of five titrations 

in which known amounts of Cuso4 had been added to a fixed 

amount of H2so4 (5 ml 1.0 M). The titration curves are shown in Figure 

5, which also lists concentrations and endpoint pHvalues. The stoichiom-

etry of the titration reaction apparently becomes more nearly that of 

(5) as the amount of H
2
so

4 
decreases and the titration becomes purely one 

of Cuso
4

. 

Conversely a small influence of the Cuso4 strength on the first 

endpoint seems to exist, but it is not consistent and may be due to 

experimental error or variation in strength of the H
2
so

4 
stock solution. 

The error in the H
2
so

4 
determination, therefore, was estimated to be 

+ 0.005 M. 

Table 6 shows the pH~ at the endpoint of the first titration, of all 

solutions analyzed in the course of this work. The values are averages 

of three, wifh deviations of+ 0.2, or + 0.3 in cases with low (CuS04)/ 

(H2so4) ratio. 

Cu++ ions hydrolyze according to: 

C (H 0) OH+ + H+ 
u 2 3 (5) 

Figure 6 shows the pH of cuso4 solutions at 25°C5 .· According to the same 
. -11 

reference the hydrolysis constant is on the order of 10 . The degree 

of hydrolysis i.e., (H+)/2c, increases with increasing dilution, as 

expected. Addition of neutral salts, other than sulfates, increases the 

acidity, probably due to a primary salt effect; addition of sulfates 

decreases the acidity.$ It is suggested that a recombination of H+ and 

3 
SO~ is responsible for this anomaly. 

('j 

_I; 

\J .. 
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*titration of Cuso4 with NaOH (corresponding to second endpoint of other 

titrations). 
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For a fixed H
2
so

4 
concentration Table 6 shows a decrease in pH as 

the Cuso
4 

concentration increases and, .consequently, more H+ ions are 

produced by hydrolysis. There is a minimum and a slight increase of pH 

as the solutions become very concentrated in Cuso4. This increase, however, 

is uncertain Qecause of the experimental error. 

For a fixed Cuso4 concentration Table 6 shows that the endpoint pH 

is indeed decreased by addition of acid. (Note that the titration volume 

is 10 to 20 times the sample volume, so that comparison should be made with 

comparably dilute Cuso4 solutions in Figure 6). There appears to be a 

minimum and a slight increase as the H
2
so

4 
becomes more concentrated. This 

is to be expected since the pH should become 7 in the limit of (Cuso4)/ 

(H
2
so

4
) going to zero. 

The pH, however, is not a simple function of this ratio. This is 

clear when one compares three solutions having the same ratio but different 

ionic strengths 

#8 

4 

14: 

(CuS04) = 0.10 

0.20 

0.30 1.5 

pH= 5.5 

4.9 

4.8 

With decreasing ionic strength the tendency of SO~ ions to form HSO~ 

increases, since the second dissociation constant of H2so4 increases 

4 strongly with the ionic strength. 

At the first endpoint, or slightly beyond, a gelatinous blue 

precipitate forms. It turns brown to black when left to stand. To 

determine the composition of this precipitate and gain some understanding 

of the nature of the second endpoint, precipitates were collected after 

titrating with stoichiometric, less than stoichiometric, and more than 

··"" 
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BELOW c=Q.I: pH=3.~20-0.67171og C 

0 H. HAGISAWA, Abstr. RIKWAGAKU
KEN KYO -JO IHO 18, 17-18 (1939) 

0.4 0.6 0.8 
c (M) 

1.0 

XBL?II-6472 

Figure 6. The pH of Cuso4 solutions according to Ref. 6. 
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Table 7. Analysis of precipitate (present work). 

Ratio Time of 

(NaOH) I 2 (CuSO 4) collection color % Cu • 
< 1 imlilediately white-blue 51.66, 

52.47 

after 2 h brown 51.43 

1 immediately blue-green 57.20 

after 2 h brown-black 67.96 

> 1 immediately brown-black 73.63 

after 2 h black 73.82 

Table 8. Analysis of precipitate (Ref. 6). 

Ratio 

(NaOH) I 2 (CuSO 4) color composition % Cu 

0~ 715 green 4Cu0-S03 ·3H20 58.3 

0. 77 blue-green 4Cuo.so
3

.3H2o 58.3 

* 0.833 blue scuo.so
3

.xH
2
o 59.6 

ISCuQ. so3 • xH20 59.6-65.1 
0.909 blue 

Cu(OH) 2 I Cu{OH) 2 
. 65.1-79.9 

1.000 light brown 
CuO I Cu{OH) 2 

65.1-79.9 
l.lll dark brown 

CuO 

* X = 4 



!) 

-29-

stoichiometric amounts of NaOH, assuming the stoichiometry OH/Cu = 2, 

according to (5). The precipitates were then washed with distilled water, 

acetone and petroleum ether, vacuum dried, and analyzed for copper. The 

results are shown in Table 7. 

It is possible that the samples were not completely dried. Samples 

dried in an oven at 120°C all turned brown-black. This is in agreement 

6 with early research on the instability of Cu(OH) 2. The stability of 

Cu(OH) 2 depends very much on the method of preparation. Preparations from 

ammonia.and, preferably, cupric chloride are stable at 85°C for a con-

siderable time, and can also be heated in contact with H20 at 100°C with

out turning black. The brown-black coloration is due to very disperse CuO. 

Decomposition of the hydroxide is rapid at 105°C. 

Whereas NH3 stabilizes, alkali is known to have a destabilizing 

effect on the hydroxide. 7 Weiser, Milligan and Cook6 report an experiment 

similar to the one conducted in this work, in which various amounts of 

Cuso
4 

and NaOH solutions were reacted together. The precipitates were 

analyzed by X-ray diffraction. Table 8 shows some results. The per-

centages Cu calculated from the compositions are also given. 

If the drying of precipitates in the present work is complete (but 

without dehydration), then the stoichiometric neutralization according to 

(5) yields in reality a precipitate 4 CuO. S0
3

• 3H2o, plus free OH 
onry 

ion, since the precipitate formation requires/6 NaOH for 4 Cuso4 . In 

deed, th'e pH at this point turns out to be approximately 12. That the 

precipitate composition is not that of Table 8, i.e., a mixture of 

Cu(OH) 2 and CuO, is due to the excess of Na
2
so

4 
in the solution. The 
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ratio 6NaOH/4Cuso4 is not far removed from that of #2 in table 5, where 

the excess of H2so4 is large. 

With quantities less than the stoichiometric amount, e.g., titrating 

to the second end (inflection) point, one obtains a precipitate that 

apparently consists of 

percentage to agree with the value (52%) of table 7, x would have to be 

7 or 8. 

The possibility7 that the second endpoint is actually obscured by 

the neutralization of C02 ~issolved in the solution (which has a 

titration endpoint at pH 6,5) has not been tested. 

5. Rotating disk·integral diffusivities 

Of most solutions analyzed in this work the rotating disk integral 

diffusivity was calculated from measurements of limiting currents at a 

rotating disk cathode, the rotation speed being varied between 60 and 

1500 rpm. These measurements, using potentiostatic current control, are 

described in detail elsewhere. 8 The results agree satisfactorily with 

2 earlier, galvanostatic measurements, except for the solutions 3, 3B and 

17. Table 9 gives the diffusivities and the products ]JA'/T (Stokes-

Einstein product). 

( 
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Table 9. Rotat~ng disk i~tegral idffusivities of Cuso4-H2so4-H20 
solut1ons at 25 C. · 

.<'• 
# Cuso4 H2so

4 ~x106 JJffxl0
10 

/T 

(M) (M) 
2 (dyne;oK) 

I) - (em /sec) 

11 0.0500 0.492 6.71 2.259 

18 0.0498 0.987 5.57 2.040 

13 0.0499 1.493 4.74 1.907 

12 0.0502 2.013 4.61 2.038 

8 0.0992 . 0.496 6.98 2.413 

5 0.1017 1.008 6.07 2.300 

6B 0.2043 0.498 7.32 2.657 

4 0.2005 0.992 5.67 2.256 

10 0.2956 0.295 7.33 2.715 

7 0.2998 0.494 8.01 3.068 

2A 0.3158 1. 011 6.10 2.581 

14 0. 2950 1.492 6.66 3.044 

15 0.2990 2.020 6.02 3.048 

16 0.4002 0.991 6. 71 ' 2. 961 

9 0.5001 0.997 7.25 3.398 

• 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
inforrnation, apparatus, product or process disclosed, or represents 
that its use would not infring~ privately owned rights . 
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