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ABSTRACT

This article describes some studies of dicyanoaurate anion elution
from vinylbenzyl chloride resins containing guanidine ligands.
The elution of gold (I) cyanide anions from loaded guanidine resin
(resin with guanidine ligands) using sodium hydroxide eluent and
modified caustic eluent: mixture of sodium hydroxide and sodium
benzoate were studied. Full elution of gold cyanide using dynamic
method of elution was achieved.
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3514 JERMAKOWICZ-BARTKOWIAK AND KOLARZ
INTRODUCTION

It has now been discovered that an ion-exchange resin carrying guanidyl
functionality (containing different guanidine ligands) and which has a pK, about
12 may be employed in the process of precious metals extraction such as gold and
silver from aqueous alkaline, cyanide solutions.'' ! In our previous papers,
extraction of dicyanoaurate anions, Au(CN), , on vinylbenzyl chloride (VBC)
copolymers from alkaline solution has been studied.!*~®!

The gold-loaded resins were stripped using many reagents and methods. The
effects of such variables as eluent concentration and contact time were
examined./**"~'% Attempts to modify the caustic sodium hydroxide eluent to
improve elution included the use of alcoholic (ethanol or methanol) sodium
hydroxide solutions. While such addition of alcohol provided some improvement in
the elution of gold, it also caused potential fire hazard in the electrowinning cells
employed in the subsequent recovery of the gold. Virnig"! preferred a modified
eluent: a mixture of sodium hydroxide and sodium benzoate, preferably mixture of
0.5 M sodium hydroxide and sodium benzoate.'*! He!""! stripped gold (I) cyanide
complexes from newly developed AuRIX® resin produced by Cognis Corporation.
This resin (volume capacity 0.25-0.35eq/L) is made from styrene and
divinylbenzene (DVB) macroreticular resin bead functionalized with trialkylgua-
nidine. Virnig used this mixture along with 100 ppm of free cyanide, at a temperature
of 60°C. Lin, Mattison, and Virnig!"*' used aqueous solutions containing 10%
NaOH and solution of 1% NaOH with 0.5% NaCN at different guanidine resin/
aqueous ratios. Gold recovery was successful and 98— 100% was achieved. The gold
sorption from cyanide solution may occur by different mechanisms according to the
basicity, pK,, of the ion-exchange resin.''*! Gold may be loaded on a weak base resin
as aresult of sorption mechanism of dicyanoaurate anions Au(CN), (reactions 1 and
2), sorption of ion pairs,’®!%!¥ and sorption of AuCN or metallic gold Au(0).""*! All
of these mechanisms were proved by x-ray photoelectron spectroscopy (XPS) in
Vernon’s study on polydiallylamine weak base resin (PDAA).!'*!4!

The sorption processes of dicyanoaurate anions on a weak base resin
require the primary, secondary, and tertiary amino groups to be first protonated:™!

P—NR, + HX & P—N*R,HX " (1

where P is a matrix of polymer, R any alkyl group, and X, an anion
electrostatically bound to the resin. Gold cyanide is extracted to the resin phase
by ion-exchange reaction, shown below:

P—N*R,HX™ + Au(CN); & P—N*R,HAu(CN); + X~ 2)

Gold can be desorbed (eluted) from weak base resin by simple base hydrolysis.
The elution of gold cyanide from a weak base resin by increasing the solution pH
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GOLD RECOVERY FROM GUANIDINE RESINS 3515
is illustrated in reaction (3):1%"]
P—N*R,HAu(CN); + OH™ < P—NR; + Au(CN); + H,0 3)

The aim of this work is to develop the conditions of dicyanoaurate anions
removal from loaded expanded gel guanidine resins. Sodium hydroxide and its
mixture with sodium benzoate were used as eluents.

EXPERIMENTAL
Materials

The starting expanded gel copolymers of VBC, methyl methacrylate (MM),
DVB (2%), and VBC, DVB (2%) were obtained by suspension polymerization in
the presence of toluene and synthesis details are presented elsewhere.!'>1¢]

Guanidylation with aminoguanidine bicarbonate, resulting in Resins 1 and 2
bearing aminoguanidine ligands were carried out using aminoguanidine
bicarbonate solutions in dioxane.">! Resin 3 having longer guanidyl ligands was
obtained in a different way. First, polymer has been modified with
ethylenediamine in order to introduce primary and secondary amino groups into
its structure. Next, amino groups attached to polymeric matrix were transformed in
the reaction with dimethylcyanamide resulting in a long-arm guanidine ligand."”!

Methods

Water regain is measured using a centrifugation technique. Nitrogen
content is measured using Kjeldahl’s method. Anion exchange capacity is
determined according to Hecker’s method!”! and used to calculate ligand
concentration. Approximately 1g of swollen polymer was placed in an ion-
exchange column and washed in 250 mL of 1 M HCI, about 200 mL of 0.001 M
HCI until the final filtrate concentration reaches 0.001 M HCI. Then, 500 mL of
4% sodium sulfate in 0.05M NH,OH was passed through the ion-exchange
column and the eluate was collected in a 500 mL volumetric flask and analyzed
for its chloride concentration.

Affinity of Resins 1 and 2 towards Au(CN), anions was determined by
contacting the resins in swollen form with 50 ppm solutions formulated with
0.05 N KCN (pH of this solution has been adjusted to 9.6), whereas Resin 3 was
loaded using 500 ppm solution of gold cyanide at pH 9.6. After 48 hr, the
polymers were separated by filtration and Au concentration was determined by
atomic absorption spectrophotometry (AAS) method with wavelength set at
242.8 nm. Gold concentration in eluents was also determined by AAS method.
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Mixed Method of Gold Recovery from Resin 1

Resin 1 in swollen form (0.543 g) loaded with 9.39 mg of gold was placed
in an Erlenmeyer flask together with 50 cm® 0.1 M NaOH. During 11 days, the
flask was shaken at room temperature. Later, the solution was removed and Au
concentration was determined. The same sample of Resin 1 was quantitatively
placed in an ion-exchange column and the next portion of 0.1 M NaOH eluent
was passed through the column. The eluent was collected in a measuring flask
and its Au concentration was determined. This procedure was repeated for 5 days
and subsequently 0.5 M NaOH was used in the same way. The process of elution
was carried out for 21 days.

Batch Method of Gold Recovery from Resin 2

The appropriate portions of Resin 2, called Resin U BIS in Ref. [18],
(188 mg wet resin, each sample loaded with 2.36 mg of gold) was placed in six
Erlenmeyer flasks and stripped with 50 cm® of aqueous solution containing 0.5 M
NaOH. The flasks were shaken for 1-49 hr. After 1, 2, 5, 10, 24, and 49 hr loaded
resin was filtered and gold concentration was determined in aqueous solution.

Batch Method of Gold Recovery from Resin 3

Swollen Resin 3 (3.47 g) was contacted with 200 cm? of solution containing
500 mg/cm® gold and 50 mg/cm? cyanide at 9.6 pH. Gold sorption was 44.1 mg/g.
Next, the samples of Resin 3 were divided and stripped with given portions of 1 M
NaOH solution and with a mixture of 0.5M solution (NaOH and sodium
benzoate) at room temperature and at 60°C.

Dynamic Method of Gold Recovery from Resin 3

A polypropylene (PP) small calibrated syringe with an internal diameter of 4
and 70 mm length was adapted for column experiment at ambient temperature. The
outlet of the column was blocked with a small piece of glass wool. Then 153 mg of
water-swollen Resin 3 (after centrifugation) loaded with 4.32 mg of Au was placed
into the column. The top of the column was again blocked with a small piece of
glass wool. The bottom of the column was connected via pump tubing to a liquid-
processor working as a peristaltic pump and simulating continuous flow of liquid.
The eluent was quantitatively collected in glass vessels and the gathered fractions
were analyzed for gold concentrations. Afterwards, 0.5 M solution of NaOH and
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sodium benzoate was used as an eluent. They were pumped through the column
with 5 uwL/min speed.

RESULTS AND DISCUSSION

Characteristics of three guanidine resins investigated in this article are
presented in Table 1. These resins were developed in the cause of our previous
work and studied for possible applications in the sorption of gold. Resins 1 and 2
are the same as the resin mentioned as Resin U BIS in Ref. [18]. They differ in
ligand concentration only. Resin 3 is the same as presented in Ref. [5]. All of
them are gel-expanded resins with 2% content of DVB. Resin 3, having long
guanidine ligand was modified in a two-stage process: first, with ethylenediamine
and subsequently by dimethylcyanamide. Such modification gave 2 mmol/g
ligand concentrations and 0.56 g/g of water regain. Resins were gold loaded using
batch method by contacting wet resins for 48 hr with gold cyanide solution at pH
9.6. After sorption, each portion of loaded resin was separated from the solution
and the equilibrium gold concentration was measured. Gold sorption was
calculated from differences between initial and final gold concentration in
solution. Sorption was 23, 19, and 44.1 mg of gold per 1 g of dry Resins 1, 2, and
3, respectively.

The effects of different extractants and methods of gold elution from Au-
loaded guanidine resins are presented. Batch desorption studies were carried out
by loading samples of the resins with dicyanoaurate anions Au(CN), at pH 9.6
followed by a treatment with excess of the eluent reagent.

Two kinds of extractants were used: (1) sodium hydroxide of various
concentrations and (2) equimolar mixture of sodium hydroxide and sodium
benzoate. Table 2 shows the effects of stripping reagents (eluents) and their
concentrations, the effect of temperature on elution efficiency, and the amount of
used sodium hydroxide (presented as ratio to gold loaded on resin). Figures 1-4
present the influence of these factors for gold desorption.

The gold-loaded Resin 1 was eluted using mixed method: batch and
dynamic. In the first stage of the experiment when the excess of NaOH over gold
loaded on Resin 1 was only 100 mmol/mmol, desorption was low and reached
only 22%. Figure 1 shows the correlation between time, NaOH/Au ratio, and gold
desorption. During elution tests, desorption of gold was 78% after 21 days and the
total amount of used sodium hydroxide was about 160 mmol. These results agree
with those obtained previously.!*

The results of gold desorption from Resin 2 are shown in Fig. 2. The elution
efficiency of gold was plotted as a function of time. Elution was only 70% in this
experiment and extension of elution time was not necessary. The maximum
desorption was achieved in 6 hr. The rates of sorption and desorption are similar
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Table 2. Desorption of Gold from Loaded Resin

Temperature NaOH/Au Desorption
Resin Eluent °C) (mmol/mmol) (%)
1 (0.1 M + 0.5M) NaOH 20 3260 78
2 0.5 M NaOH 20 1900 70
3 1 M NaOH 20 2286 34
3 1M NaOH 60 2313 40
3 0.5M (NaOH + SB) 20 3453 73
3 0.5M (NaOH + SB) 60 3433 79
3 0.5M (NaOH + SB) 20 9600 100

SB—sodium benzoate.

when the maximum of gold sorption was achieved in 6 hr."*! This result supports
the assumptions that incomplete desorption of Au(CN), anions is caused by
insufficient amount of sodium hydroxide. In Table 2, it can be seen that molar
NaOH/Au ratio was 1900. Lin et al. achieved the similar effect on different
substituted guanidine resin.’*! Desorption achieved was 30-60% only. In
addition, elution of gold from Aurix Resin was 60%.""!

time, day
11 14 1 g 18 19 20 21

(]
o

-

Gold desorption, %
w 2 O O =N @
c o o © o o

1]
o

—-—h
o

0 500 1000 1500 2000 2500 3000 3500
Tl e s R i e 34
NaOH/Au, mmol/mmol

S

Figure 1. The influence of time and NaOH/Au ratio, (mmol/mmol), on gold desorption
from Resin 1.
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ﬂ MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE « NEW YORK, NY 10016
™

10: 27 25 January 2011

Downl oaded At:

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

GOLD RECOVERY FROM GUANIDINE RESINS 3521

NaOH/Au, mmol/mmol

1500 2300 9600

<__

Gold desorption ,%

) NS S S U S S
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Part of eluent, volume bed (VB)

Figure 4. Dynamic method of gold desorption from Resin 3.

As shown earlier, the crucial factor that may affect gold desorption from
guanidine resins is the significant excess of eluent over loaded gold. Increasing
the ratio of NaOH/Au to 1900 for Resin 1, to 3200 for Resin 2, and to 2300 for
Resin 3 caused partial, about 70%, gold desorption.

It has been observed that an increase in desorption temperature to 60°C, for
Resin 3 eluted with 1 M NaOH was unsuccessful and did not cause an increase in
elution efficiency (see Fig. 3 and Table 2).

The yield of elution increased significantly when 0.5 M mixture of sodium
hydroxide and sodium benzoate solutions were used. As shown in Fig. 3, an
application of this eluent makes it possible to elute 70% of gold at room
temperature and 80% at 60°C. Complete desorption was possible (Fig. 4). It
indicates that dicyanoaurate anions were sorbed on guanidine resin via ion-
exchange mechanism according to the reaction 2. The mass balance of the gold
desorbed from Resin 3 is shown in Table 3. The data shows that average
concentration of gold in first three fractions reaches the level of 42.4 mg/dm”.
This concentration is a dozen times higher than common gold concentration in
rough solution. Due to incomplete data available in literature, mostly presented in
patents or conference proceedings,!'~*'>?°! it is difficult to compare the
efficiency of our resins in gold recovery. We believe that the presentation of our
preliminary studies in the synthesis of resins with guanidine ligands will show the
way to obtain an effective sorbent for gold hydrometallurgy.
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Table 3. Mass Balance of Gold Eluted from Resin 3

0.5M Gold Total Amount Fraction of
Fraction (NaOH + SB) Concentration of Gold Desorbed Gold Eluted
Number Volume (cm?) (mg/dm3) (mg) (%)
1 25 65.40 1.64 37.8
2 54 36.06 3.58 45.0
3 11 21.24 3.82 5.4
4 330.5 1.54 4.32 11.8

SB—sodium benzoate.
Bead volume, 0.23 cm3; 153 mg of swollen Resin 3.

CONCLUSIONS

This article discloses some information about resins with guanidine ligands
and possibilities of gold desorption as aurocyanide anions. Using mixed sodium
hydroxide and sodium benzoate solutions of gold elution resulted in 100% of
gold desorption. Higher temperature does not increase gold desorption
significantly. The most important factor influencing the efficiency of gold
elution is NaOH/Au ratio. An excess of sodium hydroxide was needed in order to
achieve full gold recovery.

ACKNOWLEDGMENTS

This work was done with financial support from the State Committee for
Scientific Research through grant 3TO9B 067 16. The authors are grateful to Dr.
Andrzej W. Trochimczuk for copolymer preparation.

REFERENCES

1. Lin, W.L.; Mattison, P.L.; Virnig, M.J. Recovery of Precious Metals. US
Patent 4,992,20, February 12, 1992.

2. Lin, W.L.; Mattison, P.L.; Virnig, M.J. Recovery of Precious Metals. US
Patent 5,028,259, June 2, 1991.

3. Virnig, M.J. Recovery of Precious Metals. US Patent 5,198,021, March 30,
1993.

4. Jermakowicz-Bartkowiak, D. Guanidyl Resins Towards Gold Sorption.
Ph.D. Thesis, Wroctaw University of Technology, Wroctaw.



10: 27 25 January 2011

Downl oaded At:

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

Mﬁil MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE « NEW YORK, NY 10016

GOLD RECOVERY FROM GUANIDINE RESINS 3523

10.

11.

12.

13.

14.

15.

16.

17.

18.

Kolarz, B.N.; Jermakowicz-Bartkowiak, D.; Jezierska, J.; Apostoluk, W.
Anion Exchangers with Alkyl Substituted Guanidyl Groups. Gold Sorption
and Cu(II) Coordination. React. Funct. Polym. 2001, 48, 169—-179.
Kolarz, B.N.; Trochimczuk, A.W.; Jermakowicz-Bartkowiak, D.;
Jezierska, J. Synthesis and Some Sorption Properties of the Resins with
Biguanidyl Groups. React. Funct. Polym. 2002, 52, 53-60.

Hainey, P.; Sherrington, D.C. Oligoamine-functionalised Poly(Glicidyl
Methacrylate-ethyleneglycol Dimethacrylate) Resins as Moderate Base
Extractants for Gold from Cyanide Solutions. React. Funct. Polym. 2000,
43, 195-210.

Warshawsky, A.; Kahana, N.; Kampel, V.; Rogachev, I.; Meinhardt, E.;
Kautzmann, R.; Cortina, J.L.; Sampaio, C. Ion Exchange Resins for Gold
Cyanide Extraction Containing a Piperazine Functionality. 1. Synthesis and
Physico-Chemical Properties. Macromol. Mater. Eng. 2000, 283, 103—-114.
Fleming, C.A.; Cromberge, G. The Elution of Dicyanoaurate from Strong
and Weak Base Resins. J. S. Afr. Inst. Min. Metall. 1984, 84 (9), 269-280.
Fleming, C.A. The Potential Role of Anion Exchange Resins in the Gold
Industry. TMS Paper, 1998.

Virnig, M.J.; Mackenzie, JM.W. Extractants for Recovery of Gold. 111
International Gold Symposium, Lima, Peru, May 5-8, 1998.

Fawell, P.D.; Vernon, C.F.; Klauber, C. XPS Investigation of the States of
Adsorption of Dicyanoaurate onto Crosslinked Polydiallylamine and
Commercial Anion-Exchange Resins. React. Polym. 1992, /8, 35-45.
Green, B.R.; Schwellnus, A.H.; Kotze, M.H. Recent Developments in
Resins for the Extraction of Gold. In Proceedings of the International
Conference on Gold, Vol. 2: Extractive Metallurgy of Gold, SAIMM:
Johannesburg, 1986; 321-333.

Fawell, P.D.; Vernon, C.F.; Klauber, C.; Linge, H.G. A Study of the
Extraction of Gold by Crosslinked Polydiallylamine. React. Polym. 1992,
18, 47-55.

Kolarz, B.N.; Bartkowiak, D.; Trochimczuk, A.W.; Apostoluk, W.;
Pawlow, B. New Selective Resins with Guanidyl Groups. React. Funct.
Polym. 1998, 36, 185-195.

Kolarz, B.N.; Jermakowicz-Bartkowiak, D.; Trochimczuk, A.W.; Aposto-
luk, W. Influence of the Structure of Chelating Resins with Guanidyl
Groups on Gold Sorption. React. Funct. Polym. 1999, 42, 213-222.
Hecker, H. Beitrag zur Basizititsprufung von Stark Basischen Anione-
naustaschern. J. Chromatogr. 1974, 102, 135-141.
Jermakowicz-Bartkowiak, D.; Kolarz, B.N.; Trochimczuk, A.W.; Aposto-
luk, W. Selectivity of Resins with Guanidyl Groups Towards Dicyanoau-
rate Anions. Solvent Extr. Ion Exch. 1999, /7, 613—-633.



10: 27 25 January 2011

Downl oaded At:

ﬂ MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE « NEW YORK, NY 10016
™

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

3524 JERMAKOWICZ-BARTKOWIAK AND KOLARZ

19. Virnig, M.J. Recovery of Precious Metals. US Patent 5,340,380, September
23, 1994.

20. Kordosky, G.A.; Kotze, M.H.; Mackenzie, JM.W.; Virnig, M.J. New Solid
and Liquid Ion Exchange Extractants for Gold. XVIII International Mineral
Processing Congress, Sydney, Australia, May 23-28, 1993.

Received October 2001
Revised January 2002



