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SYNOPSIS 

An on-line analyser to monitor the gold in solutions from the carbon-in-pulp process is described. 
The automatic system is based on the delivery of filtered samples of the solutions to a distribution valve 
for measurement by flameless atomic-absorption spectrophotometry. The sample is introduced by the aerosol-
deposition method. 

Operation of the analyser on a pilot plant and on a full-scale carbon-in-pulp plant has shown that 
the system is economically feasible and capable of providing a continuous indication of the efficiency of 
the extraction process. 

SAMEVATTING 

Die verslag beskryf 'n gekoppelde oruleder om die goud in oplossings afkomstig van die koolstof-in-
pulpproses te moniteer. Die outomatiese stelsel is gebaseer op die Iewering van gefiltreerde monsters van 
die oplossings aan 'n verdeelklep vir meting deur vlamlose atoomabsorpsiespektrofotometrie. Die monsters 
word ingevoer volgens die aërosol-afsetmetode. 

Die ,>ebruik van die ontleder by 'n proefaanleg en by 'n volskaalse koolstof-in-pulpaanleg het getoon 
dat die stelsel ekonomies uitvoerbaar is en 'n deurlopende aanduiding van die doeltreffendheid van die 
ekstraksieproses kan gee. 
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1. INTRODUCTION 
Research work on the carbon-in-pulp (CIP) process for the recovery of gold continues to be the subject 

of investigations at the laboratories of the Council for Mineral Technology (Mintek). In addition, pilot 
and full-scale CIP plants are operating at several gold mines. The successful operation of a CIP plant requires 
regular analytical information to ensure that the adsorption process is proceeding satisfactorily and that 
the solutions finally discarded are indeed barren. It was considered that measurement of the gold in sample 
solutions taken simultaneously from two or three of the five extraction vessels would permit a reliable 
prediction of the adsorption process, and that an automatic on-line analyser would provide this information 
and warn the operator of any malfunction on the plant. 

An on-line gold analyser, the 'Tell-tale', which is basjd on solvent extraction and flame atomization' 
and has a lower limit of determination of 0,005 mg/l, is in use on a number of gold mines to monitor the 
gold content of barren solutions from Merrill filters. However, this analyser has certain disadvantages when 
use.4 on a CIP plant. The extraction procedure is time-consuming, each determination taking about 11 
minutes, so that the analysis of three streams and two calibration standards would require nearly 1 hour, 
a clearly unsatisfactory rate if more frequent monitoring were desirable. In addition, this analyser requires 
comparatively large volumes of filtered sample solution (up to 300 ml per extraction), which are obtained 
with more difficulty from a CIP plant than smaller quantities are. 

In an earlier investigation2, Mintek developed and tested a procedure involving atomic-absorption 
spectrophotometry (AAS) with electrothermal atomization (ETA) by use of the carbon-rod atomizer (CRA). 
This procedure permits the measurement of gold in solution at concentrations as low as 0,002 mg/l. The 
method is rapid (2,5 minutes per determination), and requires only about 3 ml of solution per measurement. 

Mintek therefore decided to develop a rapid, automatic system of analysis, which would be done in 
steps, as follows: 

(1) the design and manufacture of an automatic sampling system, 
(2) the design and manufacture of a logic controller for automatic control of the AAS-ETA 

measurements, 
(3) the testing of the automated equipment, first in the laboratory, then at a pilot plant, and finally 

at a full-scale CIP plant, and 
(4) the consideration (and, if possible, the testing) of various modern instruments for their suitability 

for on-line monitoring. (The atomic-absorption instrument available for the initial experiments 
wis outdated and is no longer commercially obtainable.) 

2. EXPERIMENTAL METHOD 
2.1. Outline of the Analytical Method 

The conventional off-line method for the determination of gold in cyanide solutions2 4 is as follows. 
The filtered alkaline cyanide solution is mixed with a solution containing nickel chloride (250 mg/l) 

and sodium cyanide (250mg/l). The nickel-gold compound that forms has a significantly higher volatilization 
temperature than the gold that has not formed complexes, and does not volatilize at 900 °C, the temperature 
necessary for the volatilization of interfering elements, such as calcium. This mixture, as an aerosol'4, is 
sprayed for a fixed period into the graphite tube of the electrothermal atomizer, where it is dried, ashed 
at 900 °C, and then atomized at 2400 °C. Absorbance due to the gold atoms is measured and recorded 
as a peak on a chart recorder, the height of this peak being compared with those of standard gold solutions 
measured in a sirr.ilar way. 

2.2. Apparatus and Equipment 
2.2.1. Sample Probes 

The sample probes are immersed in the pulps of CIP vessels used for sequential extraction. Figure 
1 shows one of these probes in use on the pilot plant. The solution is filtered through a porous 10 |u.m 
polythene filter candle, and the filtrate is air-lifted to the analysis room. The construction and operation 
of the sample probes are described elsewhere5. They sample the filtrate, which contains solids smaller than 
10 fj.m, at a rate of about 40ml/min. The probes go through a self-cleansing operation once an hour. 

2.2.2. Transport System for Samples 
Compressed air is used to propel the filtrates through plastic tubing from the sample probes to the 

analysis room. The ratio of the air to the sample solution is about 100:1, so that the delay time for the 
sample is reduced to a minimum. The measuring system, which includes the atomic-absorption 
spectrophotometer and the automatic sampling equipment, is housed some distance from the CIP vessels 
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(Sections 2.3.2 and 2.3.3). In the analysis room, the filtrates pass through traps (Figure 2) that remove 
crystals of calcium carbonate (referred to later) and a de-aeration stage (Figure 3). 

The filtrates then enter the sample weirs (Figures 2 and 3) and overflow to waste, approximately 12 ml 
of each nitrate being retained in the weir cups. 

The ports on the undersides of the weirs are connected to the rotary valve (showi. in detail in Figure 
4); so, when the valve rotor is in the appropriate position, :he weir is drained via a sieve into the constant-
head sample reservoir (Figure 5). The reservoir allows the sample to overflow to waste, about 4 ml of sample 
being retained in its cup. A socket at the base of the reservoir enables the reservoir to be connected to 
a T-piece via a capillary tube. An arm of the T-piece is connected to a second constant-head reservoir through 
which the reagent solution is pun ped in a closed circuit. Both reservoirs are mounted at the same level. 
This allows equal volumes of sample and reagent solutions to be fed, via the T-piece, to the nebulizer. 
The rotary valve and the reservoirs for the sample and reagent solutions are shown in Figure 6. 

2.2.3. Modification of the Controller 
During testing on the pilot plant, difficulty was experienced in the feeding of equal volumes of the 

sample and reagent solutions to the nebulizer (Section 2.3.2). A peristaltic pump was therefore added to 
the equipment before tests were done on a full-scale plant. This modification ensures that equal volumes 
of the two solutions reach the nebulizer, the peristaltic pump being switched on when the electrothermal 
unit is initiated and switched off when the aspiration period ends. 

2.2.4. The Logic-control Unit 
The shaft of the rotary valve (Figure 4) carries two cams, the first having six projections and the second, 

one. The first cam operates a microswitch that dictates the port positions of the valve, whereas the second 
cam and its associated microswitch control the rest position of the valve and the operation of an interva. 
timer. During an interval, most facilities to the spectrophotometer (e.g., those for nitrogen gas, chart recorder, 
reagent, and cooling pumps) are switched off, and the control unit for the electrothermal atomizer is also 
switched off; the vent from the droplet separator (Figure 7) is opened. After the interval, the valve motor 
is rotated to drive the second cam, releasing its microswitch, and all the facilities of the spectrophotometer 
are restored. The unit for the electrothermal atomizer operates automatically, going through its own timing 
sequence, and the delay timer of the logic-control unit starts simultaneously. In the meantime, the First 
cam and its microswitch stop the valve motor in such a way that a valve port, which admits water to the 
sample reservoir, is located (Figures 3 and 6). 

At the end of the delay time (about IS seconds), and when the graphite tube has reached the correct 
temperature (150 °C), a timer operates the aspiration solenoid, causing nitrogen gas to be fed to the nebulizer 
in a precisely controlled manner. (The reason for the use of nitrogen for aspiration is given in Section 2.3.2.) 
This allows the nebulizer to aspirate the sample solution (in this case, water) with the reagent solution, 
the mixture being deposited as an aerosol into the graphite tube. The aspiration stops when the timer cuts 
off the solenoid, but the drying stage of the cycle continues for a further 5 seconds before the ashing and 
atomizing stages begin. Once the logic controller has initiated the drying stage, the drying, ashing, and 
atomization stages are controlled by the unit that supplies power to the electrothermal atomizer. After the 
atomization stage is complete, the logic controller receives a signal that starts the valve motor 15 seconds 
later. For the start of the next cycle, the delay timer sends a signal that initiates the logic controller. 

While the valve motor is rotating, the drain valve on the sample reservoir opens and drains the solution 
in the cup. The valve motor stops, and the drain valve closes when port 2 is located. This port admits the 
standard solution (which has a low gold concentration) to the sample reservoir. Two sensor electrodes near 
the top of the port operate a solenoid valve in the delivery line, which ensures that this standard solution, 
and any other standard solutions, do not overflow to waste. The remainder of the measuring sequence 
follows as before. 

Port 3 of the rotary valve admits the sample with the lowest gold concentration to the sample reservoir 
until it overflows to waste. Similarly, ports 4, S, and 6 admit samples or standards with successively higher 
concentrations of gold. After the standard solution containing the highest concentration of gold (from port 
6) has been measured, the valve rotates to the mid-point between ports 6 and 1, where the second cam 
and microsv/itch activate the interval timer. 

The circuit diagram for the automatic logic controller, incorporating the circuit for operation of the 
peristaltic pump, is given in Figure 8. The detailed sequence of the operation of the controller is given in 
Figure 9. 
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2.2.5. Aerosol Depositor and Droplet Separator 
The aerosol depositor and droplet separator used to spray the aerosol into the graphite tube were 

described fully in earlier publications'4 and so only a brief description is given here. 
The aerosol depositor consists of a quartz tube (Figure 7) drawn to an exit diameter of 3,5 mm, its 

tapered erd being fitted with a tip made of 0,2 mm platinum sheeting. Tygon tubing connects the depositor 
tube to the outer tube of the droplet separator, which has an outlet for draining the condensed spray. The 
inner tube is fitted with a standard Varian neb'ilizer. During the spraying sequence, the vent is closed by 
a valve, and the back-pressure forces the aerosol through the depositor and into the graphite tube. 

2.2.6. Atomic-absorption Spectrophciometer 
A Varian Techtron AA6 spectrophotometer fitted with a simultaneous background corrector (Model 

BC6), a CRA90 electrothermal atomizer, and a Coming chart recorder, Model 840, were used for the 
measurement and recording of the gold values. The instrumental layout of the on-line analyser is shown 
in Figure 10. 

2.3. Testing of the Automatic Analyser 
2.3.1. Laboratory Tests 

There were two main objects of the dynamic tests in the laboratory: firstly, synchronization of the 
logic controller with the sampling valve and the atomic-absorption spectrophotometer, and testing of the 
automatic operation of the various components, and secondly, optimization of the analytical parameters 
and the selection of suitable standard concentrations for use on a pilot plant operating at the Grootvlei 
Gold Mine. 

Samples of cyanide solution from vessels 2, 3, and 4 of the pilot plant were analysed in the laboratory 
and found to contain gold etneentrations of approximately 0,14mg/l, 0,04 mg/l, and 0,01 mg/l, respectively. 
When these solutions were measured with the on-line analyser at a spraying time of 30 seconds and a scale 
expansion of 2 on the chart recorder, peak heights of about 134, 39, and 11 mm, respectively, were recorded. 
Although the dynamic range of the measurements for these three sample solutions was too great for accurate 
measurement of the gold content when only two calibration standards were used (the curvature of the graph 
is shown in Figure 11), it was considered satisfactory for monitoring purposes, and standard solutions with 
gold concentrations of 0,01 mg/l and 0,15 mg/l were selected for this purpose. The instrumental parameters 
used in the laboratory and on the pilot plant are given in Table 1. 

TABLE 1 

Instrumental parameters 

Wavelength 242,8 nm 
Lamp current 4 mA 
Spectral bandwidth 0,60 nm 
Drying temperature )50°C 
Drying time 85 s 
Ashing temperature 900°C 
Ashing time 50 s 
Atomizing temperature 2400°C 
Atomizing time Is 
Ramp rate 800°C/s 
Spraying time 60s 
Scale-expansion factor 2 

2.3.2. Pilot-plant Tests 
During the period of its operation on the mine (4 weeks), the analyser was allowed to run from Monday 

mornings to Friday afternoons on 2-hourly cycles, i.e., 6 measurements (water, the standard solution with 
a low gold concentration, 3 samples, and the standard with a high gold concentration) taking about 15 
minutes, with a 2-hour time lapse between cycles. Daily maintenance involved changing of the graphite 
tube, setting of the instrumental parameters, and removal of the accumulated crystals. The entire sampling 
and spraying system was acid-washed once a week. 

.i 
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An atomic-absorption spectrophotometer, being a sophisticated electronic instrument, needs to be 
protected from the environment usually encountered in an extraction plant. In an attempt to achieve this 
protection, a prefabricated shed, 2 m square, was .-rected adjacent to the building housing the CIP pilot 
plant. Although this shed afforded some protection, it also gave rise to a new problem, namely, an extremely 
wide variation of temperature within the shed (10 °C over a 24-hour period), resulting in a drift in the 
wavelength of the monochromator with subsequent base-line shift and loss of sensitivity. However, when 
the measurement parameters were set correctly and maintained constant as the temperature varied, the results 
obtained in the laboratory could be reproduced. 

Because of the location of the analyser and the lack of facilities, the following installations were 
necessary: 

(1) a small electric pump to circulate cooling water in a dosed circuit to the workhead of the atomizer, 
and 

(2) a T-piece on the nitrogen cylinder so that the nitrogen could be used to provide the inert atmosphere 
necessary to protect the graphite tube and to nebulize the solutions. (The nebulization is usually 
carried out with compressed air, but on this occasion nitrogen was used instead because the supply 
and quality of the air and water at the mine could not be relied upon.) 

Another problem encountered during testing on the pilot plant was that crystals of calcium carbonate 
precipitated in the sample solutions after they had passed through the filter probes. These crystals not only 
tended to block the tubing and rotary-valve ports, but also could completely block the nebulizer and prevent 
deposition of the aerosol on the graphite tube. The crystals are formed by the reaction of carbon dioxide 
in the air used for transporting the sample solutions with the calcium present in the alkaline solutions. This 
problem was overcome by the design and installation of another set of receiving weirs (Section 2.2.2) fitted 
with screw plugs that facilitate the removal of accumulated crystals, and by the installation of screens in 
the original receiving vessels and after the outlet of the rotary valve. 

It was found that the high concentration of calcium in the sample solutions also resulted in a white 
deposit (probably calcium carbonate) collecting on the glass parts of the aerosol depositor and the impact 
bead of the nebulizer. This deposit was removed readily by the aspiration of SO per cent hydrochloric acid 
through the nebulizer. This procedure of cleaning with acid was extended to the filter probes and to the 
sample weirs and vessels on a weekly basis. 

Difficulty was sometimes encountered in the simultaneous transfer of the sample and the reagent 
solutions through the T-piece (Section 2.2.2). This was caused by a bubble of air becoming lodged in one 
arm of the T-piece, causing an air-lock and preferential aspiration through the other arm. Such bubbles 
can be dislodged by blowing back through the tubing. 

The gold values obtained during the pilot-plant testing (Table 2) were not very accurate or precise. 
This was due mainly to the curvature (Figure 11) in the calibration graph necessary to cover the wide 
concentration range of the three sample solutions (gold concentrations of 0 to 0,15 mg/l). This curvature 
could not be corrected with the use of only two calibration standards. 

2.3.3. Full-scale Plant Tests 
The tests carried out on the pilot plant at the Grootvlei Gold Mine revealed several problems, which 

were solved when the analyser was installed on a full-size plant at Western Areas Gold Mine. 
The first was the provision cl a «uitable analysis room, but the plant chosen for testing had a modern 

brick building available to house the anaiyser. This building is situated above the level of the CIP extraction 
vessels, is comparatively dust-free, and is air-conditioned, thus eliminating the problems encountered 
previously. However, because of the height of the analysis room above the sampling points (about 10 m), 
it was necessary to install a small two-channel diaphragm pump at the sampling point at No. 2 vessel to 
pump the solutions to the analysis room. Solutions from any lower vessels can be air-lifted to the pump. 
The problem of the unequal transfer of the sample and reagent solutions through the T-piece was solved 
by the installation of a twin-channel peristaltic pump between the T-piece and the constant-head reservoirs 
for the sample and reagent solutions (Section 2.2.2). This pump is activated by the same signal that initiates 
the measurement cycle, thus allowing sufficient time for the old solution to be pumped out of the capillary 
tubing before tie start of the aerosol-spray period. The peristaltic pump is switched off at the end of the 
spray period, and ensures that equal volumes of the two solutions are fed to the nebulizer. Each channel 
pumps at the rate of 1,23 ml/min, yielding a total feed volume of 2,5 ml/min. In laboratory testing, this 
innovation improved the precision of measurement considerably, and a relative standard deviation of 0,08 
«.as obtained for 21 measurements at a gold concentration of 0,02mg/l. 

The precipitation of crystals of calcium carbonate was prevented most effectively when the carbon 

4 



AN ON-LINE ANALYSER 

TABLE 2 

Comparison of results of on-line ETA method (2-point calibration) with 
an alternative method 

CIP vessel 
no. 

Date 
Oct. 1980 

On-line analysis - ETA 
Au concn, mg/l 

Solvent extraction -
AAS flame 

Au concn, mg/l 
2 
3 
4 

8 
8 
8 

0.183 
0.023 
0.020 

0.090 
0.012 
0,005 

2 
3 
4 

9 
9 
9 

0.136 
0.024 
0.016 

0,100 
0,027 
0.007 

2 
3 
4 

10 
10 
10 

0.110 
0.021 
0,017 

0.098 
0.019 
0.011 

2 
3 
4 

>5 
15 
15 

0.098 
0,024 
0,019 

0.144 
0.029 
0.012 

2 
3 
4 

20 
20 
20 

0,199 
0.039 
0.025 

0,133 
0,038 
0.016 

ETA = electrothermal atomization 
Concn = concentration 

dioxide in the compressed air was eliminated before it reached the sample probe. A specially designed 2-litre 
polythene container (Figure 12) was fitted into each of the air lines feeding compressed air to the sample 
probes. Thes» containers were filled to approximately half of their capacities with a solution of potassium 
hydroxide (500g/1). When the compressed air was bubbled through the solution, the carbon dioxide was 
effectively removed and no crystals precipitated during the plant tests. The potassium hydroxide solution 
was renewed every two weeks. 

Because of the poor accuracy obtained in the pilot-plant tests, the solutions from only 2 of the 5 CIP 
vessels were sampled and measured, and 3 calibration solutions were used in place of the 2 used previously. 
At the start of the tests, the plant operated on low-grade material (tailings), vessels 1 and 2 having gold 
values of about 1,0 and 0,4mg/I respectively. At a later stage, the plant was switched to a high-grade feed 
and the sampling probes were moved to vessels 3 and 5 (with gold values of about 0,05 and 0,015 mg/l 
respectively). 

2.3.4. Experiences with Full-scale-plant Operation 
When possible during the period of testing on the full-scale plant, the analyser was left operating from 

Tuesdays to Fridays, and no major problems were encountered. However, the testing was not as 
comprehensive as had been hoped for because of the inconsistent operation of the extraction plant. 
Continuous operation of the plant for longer than a week was rare, and even then the concentration levels 
of gold in the various vessels was variable, making the selection of the appropriate calibration standards 
extremely difficult. 

Another problem was blockage of the filter candles by oil or organic material that appeared to come 
from the pulp or the compressed air. This necessitated removal of the filters weekly for cleaning with acetone. 

3. RESULTS OF TESTS ON THE PILOT PLANT AND ON FULL-SCALE PLANTS 
Figure I', shows typical sets of recorder tracings for the pilot-plant test, where only two calibration 

standards were used, and Figure 14 shows the full-scale-plant tests, where three calibration standards were 
used. 

It can be seen that gold adsorbs onto the carbon satisfactorily from vessels 2 to 4 and 3 to 5. The 
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comparatively high peak recorded for the water measurement was due to condensation of tfte aerosol of 
the previously analysed standard solution that contained a high concentration of gold. This condensation 
occurred in the aerosol-depositor tube, because that tube cools during the 2-hour dormant period. Some 
of this condensed solution is carried to the graphite tube with the aerosol spray oi the first solution of 
the next cycle, i.e., the wash-water cycle. This washing cycle cleans out the system so that gold is removed 
completely before the subsequent measurements. 

Such a set of recorder tracings is not always reproduced exactly for replicate cycles because of the 
variation in the optimum conditions for measurement already mentioned (sensitivity drift due to temperature 
changes). However, such changes are compensated for by the inclusion of the standard solutions with each 
cycle. The use of two calibration standards was considered originally to be adequate for the monitoring 
of the performance of the CIP process, but would not necessarily give accurate values for the gold 
concentration of the various solutions. A comparison of the values obtained by on-line analysis (two-point 
calibration system on the pilot-plant) with those obtained by solvent extraction and AAS is given in Table 
2. With this system of calibration, where the calibration graph is assumed to be a straight line, the agreement 
is not always good, particularly at the higher concentrations, e.g., sample 2. The calibration line (Figure 
10) is curved above 0,075 mg/1. 

The average precision of measurement (based on three measurements per solution) obtained with the 
on-line analyser on the pilot plant showed a relative standard deviation of 0,102 for a 95 per cent confidence 
limit. 

The difficulties encountered during tests on the full-scale plant (Section 2.3.4) prevented a comparison 
between the on-line values and values obtained by an alternative procedure. However, tests were carried 
out in the laboratory to establish the validity of the proposed three-point calibration. It was found that 
the use of a three-point calibration with a smaller calibration range, as used on the full-scale plant, resulted 
in a straight-line graph giving values that compare well with the values obtained by the accepted laboratory 
method for six-point calibration2 (Table 3). 

TABLE 3 

Comparison of ETA results obtained by 
3-point and 6-point calibrations 

-

Sample No. 

Au concentration, mg/I -

Sample No. 
3-point 

calibration 
6-point 

calibration 
4 
3 
4 
3 

0,009 
0,025 
0.009 
0,024 

0,010 
0,27 
0,010 
0,025 

Over a period of 5 weeks of tests on the full-scale plant, the average relative standard deviations for 
the 3 calibration standards with gold concentrations of 0,2mg/I, 0,4 mg/I, and 0,6mg/1 were 0,09, 0,05, 
and 0,06, respectively. 

4. DISCUSSION 
At the CIP plant on the Western Areas Gold Mine, the on-line analyser operated satisfactorily and 

without malfunction for about 3 months, during which time it produced recorder tracings that monitored 
the adsorption of gold. Although daily maintenance and adjustment are necessary if reproducible and accurate 
measurements are to be made, it is estimated that a mere half hour of technician time per day would be 
needed to maintain the analyser. 

The operating costs of the on-line analyser were extremely low, the only consumable parts being the 
graphite tubes (I per day) costing R2.50 each, the graphite electrodes (2 per 5 days) costing R2.00 each, 
nitrogen (I cylinder per 3 days) costing R8.00, and the standard and reagent solutions that are consumed 
at the rate of 1 litre per 10 and 5 days, respectively. 

Because the feed to a CIP plant contains varying amounts of sodium and calcium, and because 'hese 
elements are incompletely removed during ashing, they make a variable contribution to the background 

ft 



AN ON-LINE ANAl YSLR 

measurement. !t is therefore considered essential that simultaneous background measurements should be 
made, and this was done in all the tests in the laboratory and on the plants. 

The operation of the analyser on the plants provided peaks on the chart recorder whose heights were 
related to the concentrations of gold in the solutions being analysed. It must be emphasized that, by the 
comparison of the peak heights for the samples with those obtained for the standard solutions, only an 
approximate concentration could be calculated. This information is adequate for the monitoring of the 
gold adsorption in the CIP process. If required it wou!d be possible, by the use of a computer-com rolled 
instrument, for more accurate values to be obtained for the samples, which could be recorded as 
concentrations direct onto a print-out. 

The diaphragm pump used for the transportation of the sample solutions to the analysis room w v 
not entirely satisfactory and required frequent maintenance. This was mainly because of air entering the 
system when the pump was switched off, but a pe. istaltic pump was tes'ed briefly, and proved to be capable 
of lifting the solutions to the analysis room. This pump is not affected by air in the system and should 
require less maintenance. 

It is the opinion of the investigators that, for on-line application, the eiectrothermal-atomizalion 
technique has several advantages over the alternative atomization technique using solvent extraction and 
flame. These arc as follows. 

(1) Simplicity. The sample solutions are measured direct without pretreatment. i.e., no preconcentration 
step is necessary. 

(2) Low operating costs. The only consumables are the graphite furnace parts, nitrogen, and the 
calibration solutions. 

(3) Small sample volume. Only 4 ml of sample solution is sufficient for measurement. To attain similar 
sensitivity ( I mg/t) the flame method requires up to 200ml of solution. In tin. CIP process, large 
volumes of filtered solution are not readily available. 

(4) Safe for unattended operation. There are no flammable gases to be stored or open flames as there 
are with the alternative technique. 

5. CONCLUSIONS 
The on-line operation of an atomic-absorption spectrophotometer has been shown to be feasible, and 

during the period of testing, both on a pilot plant and on a full-scale plant, the analyser provided an indication 
of the adsorption process at a very low operating cost. Daily skilled supervision of the instrument is necessary, 
but omy for a short period (i.e., about 30 minutes). 

During the testing, several points ^n the operation were manifest, and the following observations arc 
made. 

(1) Ideally the analysis room should be situated below the sampling points, so that no pumping is 
required. 

(2) Oil or organic matter should be excluded from the pulp and the compressed air so that the filter 
probes, are not fouled. 

(3) Carbon dioxide should be removed from the compressed air supplied to the filter probes so that 
the precipitation of calcium carbonate in the system is avoided. 

(4) Better precision is obtained if the reagent and sample «olutions are fed to the nebulizer by a peristaltic 
pump rather than by a conc,ant-head supply and aspiration. 

(5 ) Because of calibration curve* ire, three-point calibration is required for accurate results. 
(6) The analyser room must be reasonably dust-free, and the temperature must be controlled. 

6. RECOMMENDATIONS 
It is recommended that a new on-line analyser, incorporatsig a modern atomic-absorption 

spectrophotometer, should be developed and tested. S.A. Philips have agreed to provide an instrument 
for this purpose, and at the successful conclusion of the project would manufacture the complete analyser 
if requested by industry. The management of the Crown Sands ( I P extraction plant is willing to allow 
further resting of such a new analyser to be conducted on their extraction plant. 
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FIGURE 1. A photograph of the sampling probe 
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FIGURE 2. A photograph of the weirs for sample solutions on the pilot plant 
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FIGURE 3. The automatic sampling system and sample reservoirs 
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Key: 
(1) Drive shaft 
(2) Distributor 
(3) Top part of rotary valve 
(4) Bottom part of rotary valve 
(5) Gusket 
(6) Disc 
(7) Compression spring 
(8) Coupling screw 

FIGURE 4. The rotary valve 
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FIGURE 5. The constant-head sample reservoir 
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FIGURE 6. A photograph of the rotary valve 
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FIGURE 7. Aerosol depositor and droplet separator 
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FIGURE 8. Circuit diagram for the automatic logic controller 
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Legend for Figure S: 

Code Function Terminals 
A Aspirate solenoid valve 8 ,9 
D Drain solenoid valve 14, 13 
N Nitrogen solenoid valve 10,9 
V Vent solenoid valve 7 9 
SI Standard solution 1; solenoid valve 21,22 
S2 Standard solution 2; solenoid valve 21,22 
LCI Level control 19,20 
P1.P2 Reagent and drain pumps 3 ,4 

Pen-drop (spectrophotometer, SKT-2 pins 1 and 3) 1,2 
Operate (spectrophotometer, CRA90, SKT-2 pins 4 and 5) 5 ,6 
Disable (spectrophotometer, CRA90, special connection) 11, 12 
Recorder supply 10,9 
Ground 18 

L Live -
N Neutral -
PT Pulse timer -
RL1 Relay 1 -
RL2 Relay 2 -
MS Microswitch -
LP1 Mains signal light -
LP2 Aspirate signal light -
PBS-1 Push-button switch (operating rotary valve) -
PBS-2 Push-button switch (manually aspirate) -
PP Peristaltic pump -
S Mains switch -
TMS Time switch 

Rotary valve connection 
-

black 13 
green 14 
orange 15 
red 16 
white 17 
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Loop I End ot" previous cycle of the atomic-absorption spectrophotometer. 
Delay* of 15 s. 
Pen-drop contact operated on spectrophotometer. 

Pulse timer PTI is activated, switching relay Rl . 
Contact R!-i operates r;i*y R2. 
Contact RI-2 starts rot;iry-valve motor (M) and operates solenoid (D), opening 

reservoir drain. 
Contact Rl-3 starts spectrophotometer cycle. 
Contact RI-4 starts peristaltic pump. 
Relay R2 is held in by its own contact R2-I . 
Contact R2-2 starts timer T2 (15 s). 

When the rutary valve is in position it is stopped by microswitch MS-I . 
Solenoid valve (D) closes. 

Time on T2 elapses, and contact T2-I energizes relay R4. 
Contact R4-I starts timer T3 (60s). 
Contact T3-I de-energizes relay R2 via contact R2-I. 
Contact T3-I energizes the aspirate solenoid valve (A) and energizes relay R5. 
Contact R2-2 resets timer T2. 

Time on T3 elapses, contact T3-1 resets, and the aspirate solenoid valve (A) c 
Relay R5 de-energizes and stops peristaltic pump. 

:loses. 

Spectrophotometer continues to end of cycle. 

Loop 2 The second cam on the rotary valve activates microswiich MS-2. 
Interval time Tl is started and relay R3 is activated. 
Contact R3-I activates vent solenoid and deactivates nitrogen solenoid (N), reagent 

pump, cooling-water pump |WP), recorder power, and timer T2. 
Contact R3-2 removes power from the timing circuit of the 

spectrophotometer, disabling it + 

X 
Time on Tl elapses, contact Tl-I powers valve motor (M), taking cam directly off 

microswiich MS-2. 
Timer Tl resets, relay R3 is deactivated. Contacts R3-I and R3-2 reverse all previous 
states. In addition, contact R3-1 activates pulse timer PT2, which causes the 
spectrophotometer to operate and the peristaltic pump to start. 

Relay R2 has been activated since the last pen-drop signal, and contact R2-2 is 
tr"\efore closed, but timer T2 cannot operate because power is removed by ccrv3ct 
R3-I. The changeover of this contact restarts timer T2, and loop I resumes. 

The valve motor (M) continues until the first cam activates microswitch MS-I to stop 
the motor and to close solenoid valve (D). 

After 6 steps in loop 1 the second cam is activated. 

* This delay is greater than the specified 5 s because of a modification to the CRA90 controller. A 6,8 n? 
capacitor is wired in parallel with Cll on the 'POWER P.W.B. ASSY 02 100466-00'. 

+ Disabling is caused by interruption of the voltage supply to relay RLC/2 'TIMER P.W.B. ASSY 
02-100-468-00'. 

FIGURE 9. The sequence of electrical operations by the automatic logic controller 
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FIGURE 11. Calibration graph of gold concentration versus peak height 

obtained with the on-line analyser 
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FIGURE 12. Potassium hydroxide reservoir 



AN OVLINt ANALYStR 

Pen position during time ta£*e 
Au (0.15 mg/I) 

Vessel 2 

Vessel 3 

Vessel 4 

Au (0.01 mg/I) 

H 20 

FIGURE 13. Typical recorder tracing (pilot plant) 
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FIGURE 14. Typical recorder tracing (full-scale plant) 
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APPENDIX 

A SURVEY OF AVAILABLE ATOMIC-ABSORPTION SPECTROPHOTOMETERS 

The atomic-absorption spectrophotometer used for the analyser described in the body of the Report 
is obsolete and no longer marketed. The majority of instruments now available are more sophisticated, 
and consequently more easily automated. For example, an 'auto zero' instruction that would compensate 
for any base-line shift can be programmed into the cycle. Instructions such as 'gas stop' to stop the flow 
of inert gas during the deposition of aerosol, and 'pen drop' to stop and start the chart recorder until just 
before atomization can also be programmed into the cycle, with a resultant saving of nitrogen and chart paper. 

With a view to the future development of automatic on-line monitors, a survey of available 
spectrophotometers and electrothermal atomizers was undertaken, and, where possible, tests were conducted 
in the laboratory. 

Atomic-absorption spectrophotometers manufactured by G.B.C., Instrumentation Laboratory, Perkin 
Elmer, and Pye Unicam, were obtained on loan and tested at Mintek, together with the Varian Techtron 
instrument owned by Mintek. 

Both the G.B.C. and Perkin Elmer instruments were found to be unsuitable because of their basic 
design. The phase programming of the G.B.C. furnace does not allow a set temperature to be maintained 
for a fixed period, and this is necessary for the volatilization of calcium and sodium. It was found that 
the Perkin Elmer instrument ould not be adapted to the aerosol-spray technique because of the enclosed 
design of the graphite furnace, which made it very difficult for sample solution to be sprayed into the tube. 

Initially the Instrumentation Laboratory instrument was considered very suitable for on-line 
measurement because it incorporated an aerosol-spray method of sample introduction. Although this aspect 
of the testing was satisfactory, the ashing temperature of 900 °C could not be maintained accurately for 
the necessary period of 60 seconds and increased continually to over 1000 °C with a resulting loss of gold. 
This problem might have been peculiar to the particular instrument tested. 

The furnace tube of the Pye Unicam instrument is enclosed in a housing that protects the graphite 
tube from oxidation. The door of this housing was replaced with a temporary aluminium cover that had 
a hole in it large enough to accommodate the tip of the aerosol depositor. After this modification, the 
instrument performed well. It possessed all the programmable features mentioned before and was slightly 
more sensitive than the Varian Techtron instrument (Table 1-1) when the aerosol-spray technique was used, 
presumably because of the larger surface area of the graphite tube. If the Pye Unicam instrument were 
to be used permanently for on-line analysis, the standard furnace door could possibly be modified so that 
the platinum tip of the aerosol depositor could be left in position permanently. This would mean that the 
operator would need no special expertise, and the time now required for accurate alignment would become 
unnecessary. The greatest advantage the Pye Unicam instrument has over the Varian Techtron instrument 
is the ease with which the graphite tube can be replaced. It is unfortunate that the graphite tubes used in 
the Pye Unicam instrument are considerably more expensive (Table F-l) than those for the Varian Techtron 
instrument. Although the stability of the wavelength setting could not be tested under plant-operating 
conditions, some comparison is made between the two instruments in (able I-l. 

TABLE I-l 

Comparison of operating costs and relative performance of the Varian Techtron and 
Pye Unicam instruments 

Varian Techtron Pye Unicam 
AA275 + CRA90 SP9 + SP9 furnace 

Cost of graphite tubes R2.30 R10.4 
Cost of graphite electrodes R4.00 N/a 
Expected tube life, no. of firings 100 100 
LLD of Au, mg/l 0,002 0,001 
RSD at Au concn of 0,005 mg/l 0,08 0,066 

CRA = carbon-rod atomizer 
N/a = not applicable 
LLD = lower limit of determination 
RSD = relative standard deviation 
Concn = concentration 
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Report M50: Corrigendum 

The following correction should be made to Table 3, page 6, of Report MSO: 

the second value under 6-point calibration should be 0,027. 
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