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ABSTRACT

The removal of mercury from mercury cyanide complexes from the processing streams of
gold cyanidation circuits was studied by dissolved air flotation (DAF) at laboratory scale.
Selective aggregation of mercury was carried out after precipitation of the complexes with
sodium dimethyl dithiocarbamate (NaDTC), coagulation with colloidal hydroxides of La
and Fe, and flocculation with a polymer (Bufloc 606). Removal of the mercury was
achieved by dissolved air flotation of the aggregates formed. Results showed almost
complete removal (>98%) of Hg from dilute solution and the process efficiency was
dependent on system solution and interfacial chemistry, overall aggregation phenomena
and operating parameters. © 1997 Elsevier Science Ltd
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INTRODUCTION

The removal of mercury from the processing streams of gold cyanidation circuits has become increasingly
important, mainly because it creates environmental and economical problems at each stage of the gold
concentration and refining processes, i.e., leaching, carbon adsorption and desorption [1], electrowinning
or zinc precipitation, and smelting. Since mercury forms very stable complexes with cyanide ions, most of
the common removal processes cannot be applied. Currently, the only widely practiced mercury removal
process involves retorting of the electrowon cathodes in an evacuated and heated retort. The vaporized
elemental mercury is then condensed and set aside. In some instances, the mercury cyanide complexes are
precipitated using Na,S, CaS and other inorganic sulfides and polysulfides. These compounds have proven
to be noneffective in forming a stable mercury precipitate.

A recent study at University of Nevada, Reno has shown that mercury complexes from gold cyanide
solution can be efficiently precipitated using dimethyl dithiocarbamate (DTC) [2]. Another interesting aspect
of this finding is that, while these dithiocarbamates react with mercury to form insoluble complexes, they
do not interfere with the processing of gold either during leaching or activated carbon absorption. DTCs
have been used for the precipitation of most heavy metal ions from aqueous solution [3, 4, 5].

The present study was undertaken in order to examine the suitability of dissolved air flotation (DAF) for
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the removal of mercury dimethyl dithiocarbamate precipitates from the aqueous solution. Mercury cyanide
complex was precipitated by sodium dimethyl thiocarbamate (NaDTC) addition and aggregated by adding
suitable coagulants and flocculants.

"Aggregates” will be used in this paper as a generic term for the agglomerates formed after the coagulation-
flocculation of the precipitates. The aggregates were then separated by applying the DAF technique and the
separation efficiency was compared with that of the conventional settling-filtration process.

EXPERIMENTAL PROCEDURE
Materials

Reagents: Sodium dimethyl dithiocarbamate, NaDTC, from Buckman Laboratories was used for precipitation
of mercury cyanide complexes; analytical grade LaCly from Unocal 76-Molycorp and FeCl; p.a. from
Spectrum Chem MFG Corp were employed as coagulating agents and Bufloc-606 from Buckman Laboratory
was used as a flocculant. Synthetic mercury complexes were prepared by using 98.7% NaCN from
Spectrum Chem MFG Corp and standard solution of mercury in 1.8% HNO; supplied by Fisher Scientific.

Aggregation Studies

Aggregation tests were carried out in a 1.2 liter beaker containing 1 L Hollister water obtained from
Newmont Mining Co. The physico-chemical properties of Hollister water are given in Table 1. The required
amounts of NaDTC from a 24% (by weight) stock solution were added to the beaker and the pH was
regulated by the addition of either NaOH or HCI. Three minutes after the precipitation had started, 2ml of
25 gpl coagulant (LaCl; or FeCl;) was added.

TABLE 1 Chemical and physicochemical parameters in the Hollister water (approximate values).

PH Alkalsmty ppm | Solids, total, pme Sol‘ids, dissolvé&,‘ ppm

9.5-9.7 53-55 1.45-1.64 1446-1511

Se | As [ CN | Cu | Co | Fe | Ca | Mg |

0.82- | 0.22- | 3.00- | 0.03- | 1.00- | 0.16- | 236- | 0.73-
0.84 | 0.25 | 370 | 0.04 | 1.20 | 0.20 | 269 | 1.22

Concentration,
ppm

The finely dispersed colloidal precipitates heterocoagulated with La or Fe hydroxide to form large
aggregates of 1-3 mm size. Finally 1 ml of Bufloc-606 polymer from a 320 ppm stock solution was slowly
added under vigorous stirring conditions for 30 s to obtain uniform flocculant distribution. The solution was
further stirred gently for another 30 s and then settling or flotation tests were carried out. By this time the
average aggregate had grown to a size larger than 10 mm. Figure 1 shows the progressive growth of the
colloidal precipitates into large size aggregates with coagulant and flocculant addition.

The effect of molar ratios of NaDTC:Hg on the aggregation process was studied by varying the molar ratios
between 1 and 4. The pH for the present study was maintained at 10.6 following the optimized process data
reported elsewhere [6].

Settling Studies

The solution containing the aggregates was allowed to settle for 30 minutes and then the semi clear decanted
liquid was filtered by using 0.2 um polymeric filters from non sterile Acro-disc, lot 2837.
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Fig.1  The schematic representation of aggregation of mercury ions from mercury cyano complexes with
NaDTC, La(OH); or Fe(OH); and Bufloc-606 addition.

Dissolved Air Flotation (DAF) Studies

In the dissolved air flotation (DAF) process, microbubbles are formed by decreasing the pressure of an air
saturated pressurized water stream. The size of the air bubbles range from 0.01 to 0.1 mm in diameter [7,
8]. DAF tests were carried out in a laboratory scale apparatus consisting of a 4 L pressure vessel used for
saturating water with air, which was connected to a 1.5 L flotation cell via a needle valve. A schematic of
the DAF apparatus is shown in Figure 2. About 980 ml of the solution, containing the aggregates, was
placed in the pressure vessel and saturated with air by passage of air under desired pressure. The solution
was then allowed to flow to the flotation cell by releasing the needle valve, thereby releasing the air
pressure. The reduction of air pressure resulted in the formation of air bubbles which floated the aggregates.
Flotation was usually carried out for 1 minute duration. After the completion of the flotation test, an aliquot
of the supernatant solution was collected through a side outlet as sample.

Air
! Pressure

Release
valve

. Floated product

Saturated water

1 ,Treated effluent

Saturation Flotation cell

Fig.2 Schematic diagram of dissolved air flotation laboratory unit.
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The following parameters were studied: the effect of coagulating agents and flocculants, initial mercury
concentration, recycle ratio and saturation pressure.

The process efficiency of each process i.e; the settling-filtration and DAF, was evaluated by analyzing the
initial and final concentration of mercury in the solution, level of turbidity and rate of displacement of
solid/liquid interface. Mercury concentration was determined by using a cold vapor atomic absorption
spectrophotometer (Varian model SpectrAA 200). The turbidity measurement was carried out by a
nephleometer from HF instruments (DRT-100B).

RESULTS AND DISCUSSION
Aggregation-Settling Studies

Most of the aggregates formed with the addition of coagulants and flocculants were very large, the average
size being 10 mm, well structured and with good settling properties. However, a small amount of fragile
and small size aggregates were also formed which did not settle after 30 min settling time and an additional
filtration stage was necessary to separate those aggregates.

Removal of mercury cyanide complexes by aggregation and settling-filtration was found to be a function
of NaDTC:Hg molar ratio as shown in Table 2. The precipitation of mercury complexes from the solution
takes place according to the following reaction:

2(CH;)NCS,Na + Hg(CN),~%/Hg(CN),~! = Hg[(CH3),NCS,], + 2CN-1/4CN-1 + 2Natl (1)

Ibrado {1,9] has identified the tetracyano complexe (Hg(CN)4“2) to be the most prevailing mercury complex
species at the operating pH of 10.6 . According to reaction (1), a minimum NaDTC:Hg molar ratio of 2 is
required for complete removal of mercury. However, the actual reagent consumption is usually higher than
the stoichiometric amount due to the presence of other cations present in Hollister water, which also react
with NaDTC [10]. A 99.7% mercury removal could be achieved at a NaDTC:Hg molar ratio of 4:1, as the
Hg concentration decreased from 6360 ppb in the original solution to 20 ppb in the supernatant solution.

TABLE 2 Effect of molar ratio NaDTC/[Hg] on the removal of Hg by aggregation-settling-filtration
processes. Solution pH = 10.6; 50 ppm LaCl; and 0.3 ppm Bufloc.

['M " [Hg] initial, ppb | [Hg] final, ppb | % Removal J
1:1 6750 3104 54.07
2:1 6620 201 96.98
3:1 6490 57 99.12
4:1 6360 20 99.67
DAF studies
Effect of Reagents

The feed for the DAF studies was prepared by maintaining an optimum NaDTC:Hg molar ratio of 4:1. The
effect of LaCl; and FeCl; as coagulants and Bufloc-606 as flocculant on the extent of mercury removai by
DAF is shown in Table 3. In the absence of a flocculant the coagulants were not efficient in removing
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mercury from the solution, as the aggregates formed were weak and offered little resistance to shearing
forces during flotation. As a result, these aggregates broke down and redispersed in the solution resulting
in a turbid supernatant solution. Mercury removal was improved, and residual turbidity was reduced, by
addition of the flocculant, Bufloc-606. Addition of flocculant consolidated these weak aggregates in to larger
ones thereby increasing the air to solid ratio and the resistance to shear. The bubble-aggregate adhesion was
also improved, due to better hydrophobicity of these aggregates [11] leading to better floatability.

TABLE 3 Dissolved air flotation (DAF) of mercury bearing aggregates: Effect of reagents. Hollister
water with NaDTC:Hg=4:1 (molar ratio); pH 10.6; saturation pressure, 4.5 atm and 30
% recycle ratio,

Test | Other conditions |  [Hg] | [Hg] fimal, | Removal, |
/ : | initial, ppb ppb %
1 50 ppm LaCl, 8050 470 94.2
2 10.3 ppm of Fe*? 8050 300 96.3 12.54
(FeCly)
3 50 ppm LaCl, + 8400 80 99.0 8.83
0.3 ppm Bufloc
606
4 10.3 ppm Fe*? 8400 130 98.4 3.22
(FeCl,) + 0.3 ppm
Bufloc 606
5 - 8400 4440 47.1 70.50

FeCl; appears to be a better coagulant than LaCls, as a lower residual turbidity value was obtained by the
addition of the former, which may be attributed to heavier aggregates formed with Fe(OH); Mercury
removal with no coagulant and flocculant addition was poor, as only 47% mercury could be removed and
the supernatant turbidity was higher than 70 NTU. This shows that the colloidal suspensions formed by
NaDTC addition do not possess good floating properties. It should be noted that the turbidity values of the
Hollister water before precipitation and the distilled water are 2.96 and 0.65 NTU, respectively.

Effect of Initial Mercury Concentration

The effect of initial mercury concentration on mercury removal, residual turbidity and flotation rate is shown
in Table 4. Figure 3 is a plot of mercury removal as a function of initial concentration. As shown in the
Figure, the extent of mercury removal is low at low initial concentrations, increasing with increasing initial
concentration and rcaches a maximum value at high concentrations. The flotation rate also followed a
similar trend, as seen in Table 4. At low initial Hg levels, little precipitation of Hg-DTC occurred, therefore
fewer floatable aggregates were formed. With increasing Hg concentration, more precipitates were formed,
which in turn grew into larger aggregates which floated easily. It should be emphasized that flocs as large
as 1 cm can be removed efficiently by DAF due to the low density of these aggregates, which is not
possible for mineral particles of identical size.
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TABLE 4 Effect of initial mercury concentration on Hg bearing aggregates removal by DAF.
Conditions: 4:1 NaDTC: Hg molar ratio, 50 ppm LaCls;, 0.3 ppm of Bufloc 606 and 30%
recycle ratio.

[ [Hg] initial, | [Hg] final, | Removal, | Turbidity, | Flotation
ppb ppb % NTU rate, cm/s
30 28 6.7 1.12 0.12
105 12 7.6 1.08 0.18
345 15 95.7 1.25 0.26
585 6,5 98.9 1.29 0.29
967 27 97.2 1.36 0.30

2165 65 97.0 - 0.27
4300 53 98.8 1.94 -
6800 96 098.6 2.08 0.28
9600 120 08.8 2.56 0.35
100 —
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Fig.3 Removal of mercury bearing aggregates as a function of the initial Hg concentration during
dissolved air flotation under experimental conditions as described in Table 4.
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Figure 4 shows that a linear relationship can be obtained by plotting the amount of mercury removed as a
function of initial mercury concentration. The relationship is given by the following equations:

(Ci, g, — Ct, ug) = 097 Ci. )
or

Cr oug=(U-097C g 3
Where

C;, ng = Initial mercury concentration
Ct, ng = Final mercury concentration

Equation (3) allows prediction of the final mercury concentration from knowledge of initial concentrate, with
an experimental error of 9.5%.

It can also be seen from Table 4 that there is a progressive increase in the residual turbidity level of the
supernatant solution as the initial mercury concentration increases, and the extent of mercury removed does
not increase beyond a maximum level of 98.6 to 98.85%. At high initial mercury concentrations, as the
amount of colloidal dispersants increases, an increasing number of small aggregates are formed which are
difficult to float.

10

[Hg]initial - [Hg] final, ppm

[Hg} initial, ppm

Fig4 Amount of Hg (in ppm) removed as a function of the initial Hg concentration during DAF under
experimental conditions as described in Table 4.

Effect of Recycle Ratio

The effect of recycle ratio on mercury removal by DAF was carried out with solutions containing a high
initial mercury concentration of 10520 ppb, in order to study the process efficiency under extreme
conditions. Tests were carried out at three recycle ratios of 17%, 25% and 30% and the results are shown
in Table 5. The results show that the extent of mercury removal increases with increasing recycle ratio. At
higher recycle rates more air bubbles are available due to the higher gas hold-up which enhances overall
capture of aggregates.
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TABLE 5 DAF of mercury bearing aggregates: effect of recycle ratio. Initial {Hg] = 10520 ppb.

Removal of Mercury from gold cyanide solution

Conditions: 4:1 NaDTC: Hg molar ratio

Recycle 1ﬁ[Hg] final, Removal, Turbidity, Flotation
ratio, % ppb % NTU rate, cm/s
17 2314 97.8 5.01 0.45
25 201.6 98.1 6.74 0.23
30 136.8 98.:/ 4.42 0.94

Effect of Saturation Pressure

Table 6 shows the effect of the saturation pressure on DAF of the mercury bearing aggregates. The
saturation pressure was varied between 3.5 and 5.5 atm and the recycle ratio was maintained at 30%. The
removal efficiency increases with increasing saturation pressure. Thus, for a constant recycle ratio, dissolved
air increases (Henry’s law), gas hold-up and the air-to-solids ratio are higher, and a larger amount of finer
bubbles are available for aggregate capture.

TABLE 6 DAF of Hg bearing aggregates: effect of saturation pressure on Hg removal, residual
turbidity and process kinetics. Conditions: 4:1 NaDTC: Hg molar ratio, 50 ppm LaCl,,
0.3 ppm of Bufloc 606 and 30% recycle ratio.

| (g1 initial, | [Hg] final, | Removal, | Turbidity, | Flotation

ppb ppb % NTU | rate, cm/s_l
10440 570.0 9.5 2.08 0.32
4.4 10520 136.8 98.7 4.42 0.94
5.5 10300 120.5 98.8 2.50 0.21

Comparison of aggregation-settling (AS) results with that of aggregation-DAF (A-DAF) shows that the latter
process often yielded cleaner solutions with higher separation rates (usually two times faster). This may be
attributed to the formation of small size aggregates which remained dispersed and contributed to high
turbidity in the supernatant solution. These small aggregates had poor settling characteristics, therefore their
separation was difficult. However, these aggregates could be readily floated by DAF, resulting in their
efficient removal. Due to advantages such as high separation rates and good clarification, DAF competes
well with other conventional separation processes.

CONCLUSIONS

Removal of mercury dimethyl dithiocarbamate (Hg-DTC) precipitates from gold cyanide leach solutions by
dissolved air flotation was studied. The colloidal dispersants were aggregated by the addition of LaCl; and
FeCl; as coagulants and Bufloc-606 as flocculant. The results indicate that FeCl, is a better coagulant than
LaCly and best aggregation was obtained by the coagulant -flocculant combination. The aggregates were
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then separated by settling and dissolved air flotation (DAF) techniques. DAF was found to be more efficient
than the settling technique for the removal of the aggregates, in terms of process kinetics, solution turbidity
and cleaner solution product. Separation of the Hg depends mainly on initial mercury concentration,
saturation pressure and recycle ratio.
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