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Abstract

Fhe silver pitrote titration method is a rapid and acceprably accurate means of analyzing for cvanide in leach
solutions that contain primarily free cvanide, However. in leach solutiony containing elevated levels of copper, the
titrimetric method overestimaies the concentration of free cvanide und underestimaies the concentration of weak
and dixsociable (WA D) cvanide. The authors have developed ¢ modified porentiometric { MP) titration metfiod
for determining WAD cvanide that overcomes issues associated with high copper levels in solution. The new
MP-WAD method invelvey edditian of o chemical ligand to the sample prior 1o sifver nitrate titration 1o release
cvanide bound o copper. Once released from copper. eyanide in sofution ix no longer affected by the presence
of copper, aud titration results are quantitative rather than empirical. In multiple loboratory rials with yvatheric
solutions and compley actual leach solutions, anafytical resudts obtained with the new MP-WAD method were
Jound 1o be within ubout £53% af analyses obrained with the USEEPA O1A-1677 WA D cyanide unalytical method.
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Introduction

The stlver nitrate ttration method is widely used o
estimatethe concentration ofeyanide in leach solution
for purposes ol cyanidation process control. Cyanide
Jdetermined by silver niirate titration is commonly
refemed to as “free” cyanide, but frequently should
be referred to as “titrmtable”™ cyanide. By definition,
frec cyanide is the sum of the concentrations of
aqueous hydrogen evunide HCN,,,, and the cyanide
anion CN- (ASTM. 201, Titration will only yield
a reasonahly accurate measurement of free cyanide
when metal-cyanide complex concentrations (e.g..
cadmium. copper. mercury. nickel, silver and zinc)
in solution are low, In other words, titration will only
yield a reasonahly accurate measurement of free cva-
nide if the solunoen primarily contains free cyanide,

In cases where metats such as cadmium. copper.
mercury, nickel, sitver andfor zine are present in so-
lutton. titration will guantify ree cyanide plus some
portion of cyantde associated with the metals, The
mast prevalent metals in leach solutions are copperand
zinc. which can be present at concentrations ranging

from a few mg/L up to several hundred mg/l.. Concentrations
of cadmium. mercury. nickel and silver are often less than a
few mg/L and darc normally not of significant concern relative
to measuring cyanide concentrations in leach solutions.
Zinc-cyanide complexes are fully titrated by silver nitrate
provided the sample pH is above about 12 (Breueretal ., 20111
If a solution containing only free cyanide and zinc-cyunide
complexcs is titrated with silver nitrate. all cyanide in the sample
will be gquantibed. not just the free cyanide. Reference to the
titration resultas “free” cyanide in this case would be incorrect.
since both the free eyvanide and the zine-cyanide complexes
would have been titrated. For completeness. Lhe results should
be referred to as “titratable™ cyanide and should be reported
along with the analyzed concentration of zinc.
Copper-cyanide complexes are partially titrated by silver
nitrate {Mudderetal., 2001 Dai et al., 2005: Breuer and Rum-
ball, 2007). Titration of a solution containing free cyanide and
copper-cyanide complexes will resultin complete quantification
of frec cyanide. plus a variable portion of cvanide associated
withcopper. Titration of solutions containing ele vated levels of
copper will not yield accurate results for {tee cyanide nor will
all cyanide associated with copper be quantified. Conventional
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titrution of solutions containing clevated levels of copper is not
a recommended technique for quantilication of cyanide. due to
the variable and partial titration of copper-cyanide complexes
that oceurs. Lu et al. {2002y provides a thorough review of
copper-cyanide chemisiry, while Breuer et al. (2011) further
discuss issues related to silver nitrate titration for quantifica-
tion of cyanide.

Asan example totllustrate the issue with copper. the authors
analyzed a synthetic free ¢yanide solution and a synthetic
copper-cyanide solution using a varicty of analytical methods.
The synthetic tree cyanide solution was prepared with deionized
water and reagent-grade NaCN to a caleulated concentration of
82 mg/LLCN. Conventional colorimetric { visual) tivrmbon of the
free cyanide solution with silver nitrate vielded an analytical
result of 83 mg/LL. Conventional potentiometric titration of the
free cyanide solution with silver nitrate yiclded a result of 84
mg/L.. while analysis using the USEPA OIA-1677 (USEPA.
1999) cyanide analytical method yiclded a result of 82 mg/L.
These results are all in agreement and were nol unexpecied.
siuce the solution contained only free cyanide,

The synthetic copper-cyanide solution was prepared with
deionized water and reagent-grade NaCN and CuCN to calcu-
lated concentrations of 125 mg/LCN and 100 mg/L.Cu (CN:Cu
molar ratioof 3.05: 1 ). Conventional colorimetrie (visual) titra-
tion of the copper-cyanide solution with silver nitrate yielded an
analytical result of 41 mg/LL CN. Conventional potentiometrie
titration of the copper-cyanide solution with silver nitrate
yiclded a result of 44 mg/L, while analysis using the USEPA
O1A-1677 cyamide analytical method yiclded a result of 125
mg/L. These results vary widely but were not unexpected.
given the known interference of copper to conventional sii-
ver nitrate titrations. Calculation of the specialion of copper
and cyanide in this solution using thermodynamic equilibria
relations indicated the actual free cyanide concentration was
approximately 3 mg/L. Use of conventional titration results
in this case would have indicated a free cyanide concentration
substantially higher than actually present.

The primary challenge with analylical results obtaincd by
conventional silver niteate titration is their imerpretation when
copper is presentin solution. Asitlustrated above, conventional
titrations do not yield results reflecting the free cyanide concen-
tration when copper is present at an appreciable level. Forthis
reason, resuils obtained by conventional silver nitrate titration
are best termed “titratable™ cyanide and should be understood
to be empirical rather than quantitative. This is important to
consider when caleulating cyanide mass balances or leach
consumptions if only titralable cyanide analyses are available.
Process issues associated with copper in leach solution are
discussed by Adams (1999) and Botz et al. (2011).

The issuc with copper interference in the silver nitrate litra-
tion for cyanide has been known for some time (Hedley and
Tabachnick. 1958), but 15 perhaps not widely acknowledged
when interpreting anal ytical results. Breuer and Rumbali{2007)
presented a method of estimating copper coneentrations (rom
potentiomelric titrations, aithough cyanide was deterimined as
the “titratable™ concentration and not the free cyanide or WAD
cyanide concentration. Breueret al. (20 1) investigated poten-
tiometnce cyanide titrations in regard 1o the multiple endpoints
generated during silver nitrate addition. With copper-cyanide
solutions, endpoints of varying intensiy were obscrved and
a technigue for resolving cyanide concentrations from these
endpoinis was presented. lappears the ave ot this techimigue
would require evaluation of individea! ttration curves by a
traingd analyst to resolve Lhe various endpoints and extract
those relevant to determining cyanide concentrations.

November 2013 » Vol. 30 No. 4

The primary objective of the present work was (o modify
the conventional silver nitrate titration method such that cyanide
associated with copper could be tulily quantified. With a modi-
fication of this sort, titration would yicld analytical results that
include free cyanide, plus all cyanide associated with copper
and zinc. Since copper and £ine are the dominant metals in
most leach solutions, these are the metals of focus in this work,

Potentiometric silver nitrate titration method

Some basic background information on the potentiometric
silver nitrate titration method is uselul to facilitaic understand-
ing of the newly develaped cyanide analytical method. Further
information on the potentiometric titration method tor analyz-
ing ¢yanide is presented by Pohlandt etal, (1983), Bott (2000)
and Breuerctal. (20110).

When silver nitrate is added to a ¢yanide-containtng solu-
lion, silver reacts with “titraabie” cyanide to form the soluble
silver-cyanide complex:

Ag*+2CN' — Ag(CN), (0

Silver tfrom silver nitratey will react with free cyanide.

eyanide bound to zinc-cyanide complexes and a portion of

cyanide bound to copper-cyanide complexes. When all “titrat-
able” cvanide has reacted with silver, a slight excess of silver
will cevelop in solution. and this excess of silver can be used
lo signal the endpoint of titration. The titration endpoint is
commonly determined visually using the colorimetric indica-
tor *rhodanine™ (5-(4-dimethylaminobenzylidene)-rhodanine).
which changes from a vellow ¢olor to a pink-orange color in
the presence of excess silver. Potassium iodide may also be
used. which forms the insoluble yellow solid of silver iodide
when cxcess silver ix present in solution,

The endpoint of a silver nitrate titration can also be de-
1ermined polentiometrically. An advantage of potentiometric
cyanide determination is the elimination of subjectivity in
identifying color change at the titration endpaint. Potential
measurements are made using a bare silver working electrode
{Ag") that exhibhis & potential in cyanide sotution as silver is
leached fromthe electrode according to the following reaction:

Ag“ + N — Ag(CN)z' + o {2)

The potential of the bare silver working electrode is meau-
sured relative 10 u silverfsilver chloride (Ag/ApCl) reference
clectrode. As silver nitrate is added to solution according 10
Ey. (1). the potential slowly increases due to the loss of cya-
nide through complexation with sifver to form silver-cyanide.
Al the titration endpoint. there is a rapid rise in the potential
as all cyanide reactive toward the sitver electrode has been
consumed by silver, The intlection point in this rapid rise in
poiential sipnals the endpoint of the titration.

An example titralion curve obtained with a synthetic free
cyanide solution is shown on Fig. 1. As silver nitrate ix added
during a titration, the measured potential forms an 8™ curve
and the endpoint of the titration eccurs at the inflection pointin
the curve. The inflection point is readily identitied by plowing
the first derivative (slope) of the titration curve. Data on Fig. ]
correspond to a measured cyanide concentration of 102 mg/L.,
whichcompares well with the calculated ¢ yanide concentration
of 100 mg/L for the synthetic free cyanide solution.

When copper is present in solution, the reliabilities of colo-
rimetric and conventional poteptiometric titration results are
impacted. An example titration curve oblained by conventional
potentiometric Litration of a synthetic copper-cyanide solution
ix shown on Fig, 2. The shape of Lhix titration curve is signifi-
cantly ditTerent than the curve shown on Fig. 1. and multiple
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endpoints are indicated. The calculated

750 1 12000
cvanide concentration in this svnthetic 650 ] ; ]
copper-cvanide solution was 1.433 mg/L — mv .
along with LOO0O mg/L. Cu {calculation 550 1 ; ) — 1 10000
concentration based on masses of reagents 450 4 }
used to prepare the solution). The three 150 1 | I
peaks shown on Fig. 2 correspond to 156 i |
mg/L. 1.603 mg/L and 2.872 mg/l. cya- 250 4 : | 8000 o
nide, nonc of which compares well with 130 1 ! T
the calculated cyanide concentration of £ 50 ] £
1.433 mg/L. Theresultson Fig. 2 llustrate 75 50 5
thedifficulty of analyzing copper-cyanide  § E
solutions using the conventional silver  § 130 5
nitratc method. -250 a

-350
Explanation of WAD cyanide 450 ]
The newly developed cyanide anatyti- ]
cal method is referred to as the modilied -530 4
potentiometric (MP}weak and dissociahle -650
(WAD)method. or MP-WAD method. The 750 e

term “WAD cvanide™ can be used in refer-
ence to cither “weak acid dissociable™ or
“weak and dissociable™ cyanide (APHA
et al.. 1995; ASTM. 2010). This might
appear to intraduce some ambiguity into

Titrant, mL

Figure 1 Conventional potentiometrictitration of synthetic free cyanide solution.

the term “WAD cyanide.” In practice. 750 7 ) 4000
however. WAD cyanide analyses us- 650 1 ‘

ing either the “weak acid dissociable™ 550 - m [ 3500
(APHA et al., 1995: ASTM. 2009) or the ] - dmV/dmL

“weak and dissociable™ method (USEPA. 450 9.5 ‘

1999; ASTM. 2010) have been faund 1o 350 7 | 300
vicld equivalent analytical results for 259 .
real-world samples (Milosavljevic et al.. o0 E
1995). Cyanide associated with the stable 150 9 ‘ SET
metal-cyanide complexes of cobalt. irton  E 50 3 : 000 3
and gold is not quantificd by free cyanide 2 .sp | | E
or WAD cyanide analytical methods. In ¢ ! g
this work. WAD refers to "weak and dis- & i 1 1500 B
sociable” cyanide. since the newly devel- 1250 “
oped analytical method does not involve -350 1000
acidification of samples during analysis, 450

Information about analytical mwethods 550

available to measure cyanide is listed on b 1 3%

the International Cyanide Management 650 1 L

Code wehsite (www.cyanidecode.org). 750 +— o — — ¥ )
Pohlandt et al. (1983) also provide a 0.0 02 04 06 08 16

survey of analytical methods useful for
determining cyanide in process solutions
and effluents,

With the present extent of develop-
ment. the MP-WAD method was found to
provide accurate measurements of WAD cyanide in synthetic
and actual leach solutions containing elevated levels of copper.
In view of this. the method is envisioned as a replacement only
to the conventional silver nitrate titration method in order 1o
overcome issucs associated with copper interference. As will
be shown, the method was found to provide a refarively simple
means 10 rapidly measure the concentration of WAD cvanide
in synthetic and actual leach solutions.

At present, the MP-WAD method has not been evaluated
with respect o quantifying cyanide associated with cadmium.
mereury or nickel, and this is a recognized weakness of the
method. However. these metals are tvpicafly presest in low
concentrations in teach solution and often do not appreciably
contribute tothe WAD cyanide concentration. [tisalso apparent

solution,
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Figure 2 — Conventional potentiometric titration of synthetic copper-cyanide

the method will not quantity cyanide complexed with silver.
since a silver nitrate titration has no way of further reacting
with already-formed silver-cyanide complexes, Further char-
acterizationof the MP-WAD methad would involve analysis af
cadmium-, mercury - and nickel-cyamde solutionstodetermine
its ability 10 measure the associated evanide.

Ligand selection

The conventional silyer nitrate titration method wilt continue
to be widely used to measure cyanide concentrations in leach
solutton due to its simplicity, even though its accuracy may
be questionable in many cases. To improve the accuracy of
the method in cases where solutions conkain elevated copper
concentrations, the authors propose a modilied potentiometriv

Vol. 3¢ No. 4 - Novermnber 2013



titration method, With the moditied method. a chemical ligand
15 added to solution prior to silver nitrate titration in order to
release cyanide bound to copper. I the chemical ligand is
referred to as “L”, the simplistic reaction of the higand with
copper-cyanide can be wrilten as:'

Cu(CN); 2 +L— Cut-L _  +3ICN (3

Once released from copper. cyanide in solution is no longer
affected by the presence of copper. and silver nitrate titration
results are quantitative rather than empirical. Addition of a
chemical ligand 10 leach solution samples prior to titration
would be a simple modification of the conventiona! titrimetric
method and would permit the measurement of WAD cyanide
rather than the empirical “titratable™ cyanide.

A significant amount of preparatory work was conducted
10 identify a higand exchange reagent (LER) that would react
suitably with copper-cyanide complexes but that would not be
reactive oward silver-cyanide complexes. Literature reviews
of metal-ligand stability constants identificd three promising
L.ERsandthese were evaluatedduring preparatory work (which
is not reported here):

(ay)

*  N.N'-bis(2-aminoethyl)- 1 _3-propancdiamine
* Tetracthylenepentamine pentahydrochioride
* 2.9-dimethyl-!,10-phenanthroline

Each of these organic polyamines hax highly electronega-
tive functional groups known to form chelates with transition
metals. 1t is possible that other organic polyamines. such as
tricthylenetetramine. might also react with copper-cyanide
complexes 10 release free cyanide into solution, but only the
above three ligands were investigated.

Following a large number of potentiometric titration trials,
tetracthylencpentamine pentahydrochioride was found toeffec-
lvely react with copper-cyanide complexes, while not reacting
to an observable extent with silver-cyanide complexes. The
LER usedin all subsequent work was tetracthylenepentamine
pentahydrochioride. also known as " TEPA”

For analytical work. a 10 g/L. TEPA solution was prepared
by dissolving reapent grade tetracthylencpentamine pentahy-
drochloride (Sigma Aldrich 208%) in deionized water. The
TEPA sohution pH was then adjusted to approximately 12.0
with sodium hydroxide to ensure the pH of samples being 1i-
trated rematned above 12.0. During preparatory work. a TEPA
solution (10 g/L) dosage of 2 yL per cach I mg/L of copper in
the sample per cach | mL of sample being titraied was found
suitable, and this dosage was used in MP-WAD devclopment
work. For example. a 1-mL sample aliquot containing 1.000
mg/L copper was titrated afier dosing 2,000 pl. (2 mL) of
TEPA solution (10 &/1.) into the sample aliquot.

[ncases when the sample copper concentration is unknown,
it can be bounded at an upper concentration by assuming all
cyanide is complexed with copper in the form CutCN),". This
species has the highest Cu:CN ratio of the soluble copper-
cyanide complexes and would provide a conservative estimate
of the copper concentration in solution. The niass ratio of
copper to cyanide in this specie s 1,.22:1, which mieans each
1.0 mg/l of CN is associated with au most 1.22 mg/L Cu. For
example. a solution with 5(K) mg/L. cyanide could be assumed
to contain a maximum of 610 mg/L. copper. and this estimated

copper concentration could be used to calculate the required
TEPA dosage. It is possible in some siuations that repeat
sample analyses would be required 10 ensure sufficient TEPA
is added in arder to fully relcase cyanide from copper. Over-
dosage of TEPA 10 samples being titrated did not appear (0
affectanalytical results (see section “Required LER dosage™).

The effect of mixing time following TEPA sotution addi-
tion to the sample being ttrated was not investigated: samples
were analyzed within about 1 to 10 minutes following TEPA
solution adgition. Work 10 determinc the minimuim required
TEPA dosage was conducted and is discussed later.

Description of samples utilized in testwork

Synthetic evanide solutions were used in this investigation
and the solutions were prepured using deionized water and
reagent grade chenucals. The individual effects of copper and
zinconthe MP-WAD anal ytical method were investigated, and
synthelic solutions were prepared with reagent grade NaCN
(Sigma Aldrich 297%). CuCN (Sigma Aldrich 2949%:) and
Zn{CN), {Sigma Aldrich 9%8%).

In addition to the synthetic solulions, six samples of actual
leach solutions collected from [aboratory heap leach columns
were used. The actual leach sulutions were peneraled from
sullidic high-copper orex and the sampie matrices were rela-
tively complex in that clevated metal levels and a variety of
dissolved sulfur species (e.g.. thiocvanate, thiosulfate, thion-
ates, etc.) were likely present. Concentrations of ¢yanide and
metals in the actual leach solutions are listed in Table 1. Zine
analysex for the samples were not available, These relatively
complex solutions were selected to evaluate performance of
the MP-WAD method in “real-world™ sample matrices in an
effort to determine the industrial wtility of the method.

Analytical equipment

Titration equipment. A Schott TitroLine Alpha Plus
programmable automatic titration instrumem was used for
this work. The titrator was controlled from a laptop computer
using Schon TitnSoft 2.73 interface software. The titrator was
operated with silver nitrate titrant (0.1 M AgNO, 1 a Schott
combination Ap" working electrode and a Ag/AgCl reference
clectrode. Analytical data from the titrator were exported as
tabtes of mL. titrant addition versus mV potential measured
between the working and reference clectrodes. Titration end-
points were ideniihied from the inflection point on the curve
of mL titrant addition versus 1V potential.

Flow injection analytical equipment, WAD cyanide was
analyzed using the flow injection ligand exchange analytical
method USEPAOIA-1677 (Milosavljevicetal., 1995, USEPA.
1999). The instrument is owned by one of the authors and was
one of the first flow injection ligand exchange instruments
constructed inthe United States. The instrument was calibrated
in the range of | 1o 10 mg/L using three free cyanide slandards
and samiples were diluted (if necessary) prior w analysis 10
ensure results were determined wihn the calibration range.
All analyses with the instrumient were conducted in duplicate
with the average value reported.

Analytical results
A variety of synthetic solutions were analyzed with the

! The dominani copper-cyanide complex in mosi leach solutions is Cu(CN) <, though the CufCNI, and CutCN), - complexes can also
be present at appreciable concentrations. In copper-cyanide solutions. all three of these complexes are simuliuncously present, though some

complexes may have only minor concentciations.

November 2013 - Vol. 30 No. 4 200
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MP-WALY method to c"alu‘;tc_lhT i"di‘!'idugl clﬁccfﬁ Tahle 1 — Chemistry of actual leach solution samples.
of copper and zine on analytical results. Synthetic

. . . z
solutions were prepared by diluting smal! aliguots of Sample CN . Ag Cu FGL nL
concentrated metal-cyanide stock solutions (1 g, of No.  Img/Li img/L}  img/l)  {mg/L} {mg/L)
copper or zine) and concentrated cyanide stock solu- 1 640 0.02 236 7.85 No analysis
tion (| g/L CN) to yield the finsl desired chemistry 2 260 0.05 602 8.15 No anatysis
fur cach of the synthetic solutions. The concentrated .

. 3 400 0.06 1,254 123 No analysis
stock solutions were analyzed by the MP-WAD method . Y _
and the USEPA O1A-1677 method w determine WAD a 770 0.1 77 855  Noanaiysis
cvanide prior to preparing synthetic solutions. Results 5 720 0.18 260 10.6 No analysis
of the fmalyses of the concentrated stock solutions are 6 160 0.01 598 168 No analysis
listed in Table 2. Anu]ylwul results shown in Table 2 . An'al ?ed-l;---con _u-e-u'o 1-al-cororlirr;e| ic silver nitrate tliration by a commercial
. . T r ] v
for the MP-WAD and O1A-1677 methods are in good || mRFET Py €Omvent Y
agreement for the free eyanide, copper-cyunide and
zinc-cyanide stock solutions. Ana- : )
lyzed WAD cyanide concentrations Table 2 — Analysis of concentrated stock solutions.
forthe solutions are all within £6% of Stock Calculated® Calculatad® Calculated® OlA-1677 MP-WAD
the calculated cyanide concentration. solution copper zinc CN-WAD CN-WAD CN-WAD

{mg/L} (mg/L] (mg/L} (mglLl (mg/L)
Analysis of free cyanide | .,  anide 0 0 1.000 1.060 999
solutions. Two synthetic freccyanide . 000 0 1433 1378 1 441
solutions were analyzed wilh the | CoPpereyanide 1, : ‘ '
MP-WAD mcthod, and the results Zinc-tyanide 0 1,000 1,990 2,080 1,931
are listed in Tabie 3. With both of the * Calculated based on mass of reagent chemicals used 10 prepare slock solutions.
free cyanide solutions, differences y
between calculuted and analyzed cyanide 750 J 9000
concentrations are less thun 4% These results 650 ] 1 i
were expected. since the synthetic solutions ‘ . — mv . 8000
did not contain copper as an interference 550 3 creeeee W/t
and silver nitrale titration is known to be an 450 4 1 2000
accurate means of meusuring the concentration 350 1 =
of free cyanide. The results also demonstrate 250 ] | 6000 o
that LER addition does not affect analytical ] £
. . . . 150 A -
results by reacting with silver added during & 5000 B
titration. If the LER were to react with silver, & 3¢ 3 ; =
it would not be p(.)ssible 10 obtuin reliable 2 50 [ " ; 4000 E
analytical results using the MP-WADmcthod.  § 150 1 ' : i
b4 :
. ] 250 § : | 3000 <
Analysis of copper-cyanide solutions. :
Foursynthete copper-cyanide solutions were 350 4 L 2000
analyzed with the MP-WAD mcthod and 450
results are listed in Table 4. The synthetic -550 e 1000
solutions cach contained 200 mg/L cyanide. 650 1 - '
but with copper concentrations ranging 150 { rde . o
from 10 m‘g/!- o 139.6 mg/l.. With all of the o0 0.2 04 as 08 o
samples. differences between calculated and
Titrant, mL

analyzed cyanide concentrations are less than
3%. These results demonstrate the ubility of
the MP-WAD methed to accurately measure
the concentrationof WA D cyanide in samples
containing a range of copper concentrations.

To illustrate the effect ol LER uddition
on the potentiometric litration of cvanide.
the same synthelic copper-cyunide solution
analyzed by conventional potentiometric titra-
tion (Fig. 2) was unalyzed by the MP-WAD
analytical method. This sample contuined
1,433 mg/L cyunide and 1.000 mg/L copper
and was found 1o yield inaccurate results
when analyzed with the conventional silver

nitrate titrstion method (Fig. 21 In contrast, when this same
sample was analyzed by the MP-WAD method. asingle clearly
discernible titration endpoint was generated, which is shown
on Fig. 3. The titration endpoint corresponds 1o a cyanide
concentration of 1 488 mg/[.. This compares favorably with

MINERALS & METALLURGICAL PROCESSING

Figure 3 — MP-WAD potentiometric titration of synthatic copper-cyanide
solution.

Table 3 — Analysis of synthetic free cyanide solutions.

Sample Calculated® cyanide MP-WAD/ CN-WAD Difference {%])
{mg/L) {mg/L}
1 10.0 9.67 3.4%
2 200.0 200.7

0.3%
* Calculated based on mass of reagent chemicals used 10 prapare synthetic
solutions.

the caleulated cyanide comeemration of {433 mg/l., the dif-
ference being aboul 3.84% . Analysis of this copper-cyamide
solution by 1he OIA-1677 method yielded a result of 1,379
mg/L. also a difference of abow 3.8% from the calculaled
cyanide concentration of 1,433 mg/L..
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Table 4 — Analysis of synihetic copper-cyanide solutions.

* Calculated based on mass of reagent chemicals usad to prapare
synthetic solutions.

Sample Calculated® Calculated® MP-WAD  Difference
Copper Cyanide CN-WAD (%)
B (mg/L) (mg/L) (mg/L)
1 00 2000 194.8 2.7%
2 50.0 200.0 195.0 2.6%
3 100.0 200.0 195.0 2.6%
4 139.6 200.0 201.0 0.5%

titration yielded results ranging from 160 mg/l. to
770 mg/L. for “titratable™ cvanide.

Cyanide analyucal resulis lisied in Table 7 show
consistency between results obtained with the MP-
WAD and OlA-1677 methods, the differences being
about 1.8% 10 5%. Data in Table 7 demonstrate the
ability of the MP-WAD method to analyzc for WAD
cyanide, even in complex actual leach solutions. In
comparison to the well-developed USEPAOLA- 1677
method, the MP-WAD method yields analytical
results that appear. at least Tor practical purposes. to
be sufficiently accuratc al cyanide concenirations of

importance in leach solutions.

Table 5 — Analysis of synthetic zinc-cyanide solutions.,

" Caiculated based on mass of reagent chemicals used to prepare synthetic
solutions.

Sample Calculated*® Cslculated* MP-WAD Difference
zine cyanide CN-WAD {%)
{mg/L) {mg/L) {mg /L) )

1 10.0 200.0 1939 3%

2 50.0 200.0 194.3 2.9%

3 105:9 ) 290.0 193.9 3.1%

Of particular note regarding data in Table 7 are the
cyanide concentrations determined by conventional
silver nitrate titration. Differences in results obtained
by conventional colorimetric titration versus the MP-
WAD and Ol A-1677 methods range trom about 12%
(sampte number 4) 1o 82% (sample number 6). This
finding highlights the drawback of using conventional
silver nitrate titrattons when analyzing solutions con-
taining elevated levels of copper. Conventional silver
nitrate titration results reported in Tables 2 and 7 do

not reflect the actual free cyanide or WAD cyanide

Table 6 — Analysis of synthetic zinc-cyanide solutiaons,

* Calculated basad on mass of reagent chemigels used (o prepare synithatic
solutions.

concentrations in the samples and have little utility
in yuantifying cyanide available for leaching or for

MP-WAD - . .
. . calculating cyanide consumptions.
Calct.l‘lated Calcutated CN-WAD (ma/L} Difference gcy P
e cyanide With %) Requi R
(mg/L) {mpg/L) With LER out egunred LER dosage _
LER For MP-WAD cyanide titration results presented in
1060 2000 1943 190.8 189, "] the preceding sections. LER addition 10 the samples

being titrated was generally 2 pb (10 ¢/L TEPA solu-
tion) per ecach | mg/L copper in the sample, percach |
mL of sample being titrmed. Toyuantify the minimum

Analysis of zinc-cyanide selutions. Threc synthetic zine-
cyanide solutions were analyzed with the MP-WAD method
and results are summarized in Table 5. The synthetic solations
eachcontained 200 mg/L cyanide, but with zine concentrations
ranging from 10 mg/L 1o 105 mg/L. With all of the samples,
differcnces between calculated and analyzed cyanide con-
centrations are less than 4%. These results demonstrate the
ability of the MP-WAD method 0 accurately measure Lhe
coneentration of WAD cyanide in samples containing a range
of zinc concentrations.

It is known zinc-cyanide complexes are fully titrmable by
silver nitrate without LER addition. provided the sample pH is
above about 12.0. To confirm this with the MP-WAD method,
an additional potentiometric titration was conducted with a
synthetic zinc-cyanide sample but without LER addition. The
result from this titration without LER addition is compared in
Table 6 against the result where LER was used. As indicated,
analytical results differ by less than 2% between the samples
with and without LER addition. These data confirm zine-cyanide
complexes are titrated by silver nitraie with or without LER
addition, but also the data confirm the [LER dogs not react with
ninc-cyanide complexes such that anadytical results ure aftected.

Analysis of actual leach solutions. The six wtual leach
solution samples listed in Table 2 were analyzed by the MP-
WAD method and the O1A-1677 method and results are listed
in Table 7. The actual leach solution samples comained 177 10
1,254 mg/L of copper along with varying levels of silver and
iron (zinc was pot analyzed in the samples). As listed in Table
7. cyanide analyscs conducted by conventional silver nitrate
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amount of LER required to fully release copper from
its cyanide complexes. a serics of tilrations was conducted
with increasing dosages of LER 16 individual 1-mL aliquots
ot a sample. The concentrated copper-cvanide stock solution
was selected for this work (1,433 mg/L CN and 1,000 mg/L
Cu). Results from the MP-WAD titralions are listed in Table
8 and shown in Fig. 4. Data in Table 8 and Fig. 4 indicate that
at a dosage between (.86 and [.28 mole LER permole copper.
the difference between caleulated and analyzed WAD cyanide
concentrations decreases to about 5% or less. Interpolating
from Fig. 4. it appears the minimum stoichiomelry for LER
addition is about 1.0 mole of TEPA (hydrochloride form) per
male of Cu. As indicated in Fig. 4, overdosing LER up to about
1.5 moles TEPA per mole of Cu does not appear 1o adversely
affect anadytical results.

Estimated detection limit

To gauge the approximate detection and quantitation limits
for the MP-WAD cyanide analytical method. 2 portion of the
procedure published by the USEPA was followed (USEPA,
1986). The detection limit is the minimum concentration that
can be reliably reported. while the quantitation limit is the
minimum concentration that can be reliably quantified. The
USEPA procedure was not followed in 1ts entirely. since the
objective was to conduct only a preliminary evaluation of the
approximate detection and quantitation Yimits. Itis not intended
that the MP-WAD method serve 1o measure very low levels of
cyanide, but rather it is intended the method be used to measure
cyanide at concentrations of impontance in jeach solutions.

Derivation of detection and quantitation limits involves
conducting scveral replicate analyses of the same solution and

MINERALS & METALLURGICAL PROCESSING

v e R A

b e U TS e e cedin

J T

S e 4wl T L s s e e,

TR g et e ), LS by

A e ] e

e

o A N T b PP



calculating the standard deviation (500 of the results,
The detection limit (DL) und gquantitation limit (QL)
arc then calculated as fellows Tor the case where seven
replicate analyses are conducted:

D= 5D x 3.143 (di

OL=SDx 10 (5)

The significance of the above calculations is discussed
in USEPA {19861, Actual leach solution sample No. 3
(see Table 2) was analyzed ftor this work 1o provide
a real-world matrix. as opposcd o analyzing a high-
purity reference standard where commaon interferences
are absent. The actual leach solution sample was first
dituted 500:1 with deionized water to yvield a diluted

Table 7 — Analysis of actual leach solutions,

MP.WAD  DIA-1677 . Titratable®
Sample CN-WAD  CN.WAD  Dieremce o ide
{mg/LI (mg/L} (%) img/L)
1 783 824 5.0% 640
2 1,100 1,129 1.8% 260
3 2,024 1,944 41% 400
4 905 879 3.0% 770
5 1,018 987 3.1% 720
6 852 968 1.8% 160

* Conventional colorimetric stiver nitrate titration performed by a
commercial laborataory.

sample with a cyanide concentration

of about 4 mg/L. The concentration
of about 4 mg/L. was within the guan-
titation limil range of ahbout 1o 5
mg/L. estimated by the authors prior
10 conducting the work. A 0.025-M

LER addition
{mole/mole Cu)

0.00

silver nitrate titranl solution was

used o increase the sensitivity of 0.43
the potentiometric Litration. Results 0.86
from the seven replicate analvses 1.28
are listed in Table 9. This work in

no way represetts an exhauostive LM
evaluation of the MP-WAD mcthod 257
detection or quantitation limits, but 3.42

was intended 10 serve as a derivation

Table 8 — Effect of varying LER addition to copper-cyanide stock solution.

Calculated® Calculated® MP-WAD
cyanide copper CN-WAD Difference (%}
{mg/L) img/L) {mg/L)
1,433 1.000 689 51.9%
1,433 1,000 947 33.9%
1,433 1.000 1,296 9.6%
1,433 1,000 1.509 5.3%
1.433 1,000 1.462 2.0%
1,433 1,000 1,478 31%
1,833 1,000 1.503 4.9%

* Calculated based on mass of reagent chemicails used to prepare stock solution.

of preliminary values. Further work
would be required (oestablish

firm detection and quantita- 1.600
tion limits for the analviical

method (see USEPA, 1986

M — —0
o—

for details), 1,400 1

The preliminary detection
limit calculated Tor the MP-
WAD method s about 0.5
my/L.. while the preliminary
quantitation limitis about 1.7
mg/L.. This is consistent with
the experience of the authors,
who consider the silver ni-
trate litration method 10 be
gencrally valid for cyanide
concentrations above about |
mg/L. [tis possible the detec-
tion limitand the guantitation
limit could be lowered by
using a more dilute silver 200 1
nitrate titram sofution and/or
by using a lower concentra-

1,200 A
1.000 -

800 -

Cyanide (mgf1)

600

PRI W o W

400 |

= = Analyzed Conceniration

m— (alcutated Concentration

tion of cvantide inthe solution G
being analy zed. 0.0 0.5

Summary
and conclusions

The newly developed MP-
WAD cyanide analyticat method hus been demonstrated in the
laboratory 10 provide accurate measurements of WAD cvanide
in samples containing elevated levels of copper and vinc. This
has been done using o varicty of synthetic evanide solutions

and complex actualleach solutions. The key wdevelopment of

the MP-WAD mcthod was identification ot the lipand eachange
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Figure 4 — Effect of varying LER addition to copper-cyanide stock solution.

reagent letracthyienepentamine pentahydrochlonide (TEPA),
which was found 10 reict with copper-cyatiide complexes bul
not with silver-cyanide complexes. Analytical results obtained
with the MP-WAD method were found o be within about +5%
ol analyses obtained with the low injection ligand exchange
method USEPAOIA-1677. The MP-WAD niethakd providesan
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accurate, rapid and inexpensive measurement of WAD cyanide
at concentrations of importance in leach solutions,

It shouid be recognized the MP-WAD method will not
report cyanide bound to silver. since silver nitrate addition
10 a stlver-cyanide solution would not have any eHect on the
already-formed silver-cyanide complex. Additional investiga-
tion of the MP-WAD method with cadmium-. mercury- and
nickel-cyanide complexes is needed 1o evaluate the ability to
mcasure cyanide assaciated with these complexes,

The MP-WAD methad is not-likely suitable far accurately
measuriig cyanide at concentrations less than about | mg/Land
is nat envisioned as a replacement for the OIA-1677 method.
The OlA-1677 method is suitable for measuring very low
cyanide concentrations and is widely used for environmental
invnitoring purposes. The MP-WAD method does provide a
lower-cost allernative to measuring WAD cyanide in leach
solution at levels above about | mg/L using relatively simpie
¢yquipment that could be readily used and understood at indus-
trial operations. The lime required forconducting an MP-WAD
analysisis comparable o the O!A-1677 method. which is about
three to five minutes per sample. The recommended applica-
tion of the MP-WAD method is for leach solutions containing
elevated levels of copper and with ¢yanide concentrations
above about | mg/L.
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