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ABSTRACT

Due to equilibrium constraints and the relatively slow kinetics of the cyanidation of gold

ores, calcium or potassium cyanide is added to the leaching stage in excess to that

required theoretically. This, in many situations, result in large concentrations of free

cyanide present in the effluent streams from gold plants. ill vie\y of the toxicity of

cyanide and the fact Lhat cyanide is fatal in small dosages, authorities have been forced to

tigl1ten up plant discharge regulations. Therefore, it is vital to remove cya..nide from

industrial effluent, not only to meet standard requiremems, bm also to recover the cyanide

as a means of reducing chemical costs. The aim of this study is to recover, rather than

destroy, free cyanide from effluent streams Y~a a metal impregnated carbon-in-column

configuration. The first part of the study focused on the mechanism of free cyanide

recovery by metal impregnated carbon and the factors influencing the kinetics of the

process in a batch reactor. The second part concentrates on the optimisation of such a

process m a column configuration, 3...'1d subsequently to recover the cyanide from the

carbon.

carbon ror free cyanide removal both from a kinetic a.Tl.d equilibrium point of \'iew.

Furthermore: the presence of other metal cyanides in solution V:iID free cyanide has a

negligible effect on the performaIlce of the metal (silver) impregnated acti\'ated carbon to

remo,;;e free cyanide. j\foreover, sca.'1ning electron lTlicrographs re\'ealed distinct

differences in appeara..Tlce of metal impregnated carbons, \\'hich ultimately responds

differently 10 the removal of free cya.njde.

"' . h l' .-. . '.. . f' b .
-,~itl1ougn t...~e DnenCS DJ.: aC1S0I}Jt~O:l h'"1 tIle C01UITL.l expenmem:s \';as _olina to e SlO\Ver

~ ._. " 1 ., 1 -,.. . • 1 1

COU.lT-uJ. COTIIlguranoI1 CQUlG De SUlLaOle ror rree cya.llce recove~.· on a large scale.

F:..;.rthermore~ 2. seIlslti\"i:v analysis. USIng t:he kinetics of adsorp~ion llild equl..u.onum
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cyanide loading as criteria, has been conducted on the column configuration.. In these- - -
studies the effects of different bed volumes, competitive adsorption with other species

present, different flow rates, different column diameters and initial cyanide concentrations

on the process have been evaluated. These results were plotted as break-through curves,

and the mass transfer zone (MTZ) was determined.

It was found that impregnation in an air atmosphere yields a product wiTh a higher

capacity than in a nitrogen atmosphere, compromising carbon through combustion.

Under a nitrogen atmosphere a more robust product is formed. As can be expected, lower

linear velocities and/or larger bed volumes as well as lower initial free cyanide

concentrations. improve. t.he fraction of cyanide removed in a column configuration.
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CHAPTERl

INTRODUCTION Al\lJ) LITERATURE

REVIEW

1.1

1.1.1

ACTIVATED CARBON

Background

Carbon occurs abundantly in nature in the free state as coal. It is also known as charcoal.

active or activated carbon, bone char and animal char. It has a highly porous structure and

the internal surface area is readily accessible [I]. Activated carbon is used widely in

indusuj" and through the acti',;ation afIne carbon. its physical propenies are enhanced and

its uses increased [1J.

..A.ctivcted carbon is prepared by the carbonization lli'1d acti\'atlon of va.nous raw

materials, including coconut shells, agricultural byproducts, lignite, \\'ood, peat and

bin.lminous coal [2, 3J. Coconut shell actl\'ated carbon yields a better overall perfoffi1a..nce

compared to other ra\\" materials ;,xitn the adsorptive capacity per volume as measure [2J.

1.1.2 ~Ianufacture of activated carbon

During actiY2.tloIl, the relati\'ely iIle:-: .:arbon. is transformed to a righly"adsorbent form. It

obtains high ac.sorpli,:e czpac:ty, TIlcc'n2.TIlcal slrength 3...:."'12 chemi:al PD.TIlY [lJ.



1.1.2.1 Carbonisation

2

Carbonisation of the raw material takes place at between 500 QC and 600 QC in the

absence of air. The raw material has a total surface area of only a couple of m2/g [5].

During this process the non-carbon elements are removed and the remaining carbon

atoms are arranged in organized elementary graphitic crystallites [5]. At this stage the

carbon still has a relatively lovv adsorptive capacIty, bur it can be improved through

activation with steam or carbon dioxide [6].

1.1.2.2 Activation

The three factors influencing the surface chemical and adsorptive properties of the carbon

are:

• The nature of the starring material

• The composition of the activ-ation aImosphere

• The duration temperature of the activated carbon. [5J

Chemical activation:

Chemical acti\"ation is carried out at lower tempera:ures tharl physical actiYation

(bet'.\'een 400 cC 3..t'1d 1000 DC) [7J. Ra\\" materials that are rich in volatiles are usually"

used in tf1is process. They are treated \vith all activation agent that causes the formation of

structure [5J. Some of the activation agents are ZnCI2• H2SO" and H3PO" [7J, as well as

OH, K2S and KC,S [5J.

Physical activation:

L'1 this methodc the trea.:T!1ent of the Ca=-DOn. tak:=s place in the presence of stea..:.'1'i, air. CO:

or a combina:iDn of these oxidising agents. Bec2.1.lse of the high temperarures at v;hich
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tr.is is done (800 QC to 1000 QC), a product \vith a larger micropore volume is created.

These sites are ideal for adsorption [8]. Activation takes place in two steps:

• The closed and clogged pores between the crystallites are freed by burning the

disorganised carbon. Burn-off is kept below 10%, but increased porosity can be

achieved through more bum-off. This is dete=ined by the mecha..TJism of carbon

removal [5].

• Further activation causes the burning of the elementary crystallites [5J and the

microporous structure of the carbon is developed [7].

1.1.3 The structure of activated carbon

Activated carbon has a microcrystalline structure that closely resembles that of graphite

[6,7]. Some investigators have showed that this structure is neceSS2.r! for 2.dsorption [9],

while others indic2.ted th2.t it is the most import2.nt factor in 2.dsorption [10].

In the acriyated carbon rhe carbon atoms are held in 2. hexagonal arrarlgement in flat

planes by covalent lin.1.:ages. Tv.'o or more of these planes stacked on top of each other

forms a cryslallite [11]. The pore structure of the carbon is Gl2c to the irregular shaped

rl 1
., •

spaces anu arge openIngs oet\":een Ine

accordiIl£ to their diaIneterS as follows [4J:

ffiIC!"ocry"stalli Ies. The pores are classified

• M2.cropores

• 1'1esopores

• Micropares

500 - 20000 nm

5 - 500 E-lU

8-100IllTI

The stn.lcnrre of the pores is determined by the source material used, as "';ell as The

activation procedure and extent ofacti\'ation [12J, The openings are .:forrned by blliuoUt of

macropores do no:.: play a majo:- pan in the adsorption, b:.:.: de enable the molecules of

adsorp:i,;e mare:ial IO reach the smaller pores in the carbon par:icle [2~14J, This is \vhere



4

the adsorption takes place, mostly in the micropores. They constitute the largest part of

the activated carbon's internal surface area. This surface area can be bet\veen 600 and

1500 m2/g [15].

The other factor determining the activated carbon's adsorptive propenies, together with

its porous structure ,md surface, is its chemical composition. The activation conditions

determine the nature of surface functional groups on the carbon [2]. These functional

groups affect the adsorption of organic compounds onto the carbon [16]. The surface

consists mostly of basal and graphitic planes, where the edges of the graphitic planes

form the sides of the microcrystallites. It is here that various functional groups can be

found to yield a more heterogeneous form [2J. No functional groups would be found on

the basal planes, as they are already relatively uniform. Only a small section of the total

surface area will have fuIlctional groups, but variations in their composition can have an

influence on the activated carbon's performance.

1.1.4 Use of activated carbon as an adsorbent

?\umerous authors ha\'e investigated the adsorption of metal cyanide onto acti\"ated

carbon [12, 17, 18, 19, 20, 21]. Different mechanisms for this reaction na\"e been

proposed, but little agreement could be reached regarding this phenomenon. The reasons

for this disagreement aTe:

• Identification of the different species is ver~./ difflcult due to the complexity of the

carbon surface.

• Different carbons have been used

• Different experimental conditions have been used in the various sn..ldies [12J
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The five main categories in wPich all published gold cyanide adsorption mechanism can

be placed are:

• Adsorption as i\C(Au(CNF)n [18,19,22,23]

• Adsorption as Mn~(Au(CNJ2-)n followed by partial reduction

• Adsorption of Au(C0<)2- followed by partial degradation to AuCN [25,26]

• Adsorption in an electrical double layer [11,27]

• Adsorption on the graphite structure [28, 29J

1.1.5 The Carbon-in-Pulp process

This process is in use since 1961 [30J for the recovery of gold and silver. In the process,

dissolved gold in a cyanide environment as \vell as cyanide in the adsorption and elution

sections, are used. This method has the following advantages [31]-.

• Decreased capital costs

• Decreased operating costs

• Lmprovement in gold recovery

• Reduced sensitivity" of reco\'ery to throug.1.put :-are

• Ability to handle shaley and clayey ore more efficiently than by filtration

U'nfortunately~ large quantities of cyanide 2re p:-esent in the effluent leaving the plant.

1.1.6 Uses of Activated carbon

....\ctivated carbon has been used siIlce 3000 years ago for the purification of \1;arer [3].

Tne Greeks also used it for medicinal pllilJoses [1 J.
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Using activated carbon for filtration is a cost effective water treatment process. 'It is used

to remove volatile organic compounds, soluble organic compounds and other materials

that can be adsorbed. This ability is due to the carbon's large surface area [3].

1.2

1.2.1

CYA..~'1DE

Background

The term cyanide, or free cyanide, is used for the C~- anion or its acidic form, HCN

(hydrogen cyanide). Cyanogen, C2K2 is formed by oxidation of cyanide ions and a simple

cyanide refers to a compound that dissociates to CK and the cation, e.g. KaCN to Na~

and CK. A nitrile is an organic compound containing cyanide, and one that liberates the

cyanide ion during metabolism, is called a cyanogen. They can be simple or complex

. [32]. The classification of cyanide and cyanide compounds in cyanidation solutions on

the basis of stability can be seen in Table 1.1.

The cylli'1ide ion can be found in nearly' all li\'ing orgac'1isms, which can tolerate or even

need small qU3-11Iities thereof. The rI-UiIS and seeds of man)' plants contain cY2.11ogens

capable of releasing free cyanide after enz:ma::lc degradation. The combustion of

materials containing caroon and nitrogen (as \veIl as some plastics \yhen burned) has the

potential to form cyanide. The different cyanides find applications in diverse fields such

as chemical synthesis, electroplating, mineral extraction, dyeing, printing. photograph;',

agriculrure and the manufacrure of paper, textiles and plastics [32J.

....' d r' I' r . , • . I' b " '"00l'illil1erOUS metno s ror L.'1e ana YSlS or cyarllQe ana ItS camp exes nave een SnlQleC L.J.J,

only a fe\v Cfui
, d ,." .prOQuce accuraTe an rell8.Dle reSUES.



The toxic cyanide solutions involve a combination of constituents such as metal cyanide

complexes and free cyanide. Knowledge of these solutions is of importance in

establishing procedures to limit the impact ofrnining operations on the environment [39].

1.2.2 The cyanidation process

This forms part of the process to extract gold from its ore. It is highly efficient and

recovery of small amounts of gold is possible [39J. Cyanide also forms complexes with

many other metals [9]. This complexity of cyanide solutions creates difficulties in

\vastewater treatment and chemical analysis, but due to its availability and the strength of

its complex with gold, it is used for ore processing.

1.2.3 Cyanide complexes

The ditlerent cyanide complexes that are formed in gold processing circuits or cyanide

solutions and effluents can be divided into five categories [40J. These include free

cyanide and the metal complexes it forms (Table !.!).

1.2.4 The environmental impact of cyanide

Cya..ll.ide ca..Tl form 1'2 different metal complexes from 28 ele:nents [41J. These complexes

vary iTl solubility a.1"J.d stability fu~d can therefore release cy3..llide into the environInent.

Ho\ve\"er, the metals that fonn a strong complex \vith the cyanide, can be used to remove

Eig.;.1.t maLTJ. mecha.TJ.isms that determine rate and toxicity of cy2..l.'1ide in the e:nsiroIlInent

• Complexation (chelation) - ma.1Y afIne tr2J.'1sitlon metals chelate or corr:plex \vitn

cyanide~ 'XlIich results in the fonnation of ITletal cyar:ide compo;lnds that are less

toxic than free cyanide.
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• Cyanide complex precipitation - some iron cyanide complexes form 'insoluble

salts with, including amongst others, iron, copper, nickel and silver. Within the

soil environment, the oxidation potential would result in the formation of ferro

cyanide precipitates. If sulphur is present withi n the soil, the iron-cyanide

complexes can react vvith thiocyanate to form an even more stable complex.

• Adsorption - This is a mechanism that attenuates cyanide in soils.

• Oxidation to cyanate - cyanide is converted to cyanate when in the presence of

strong oxidizers.

• Volatilisation - this involves the fonmation of HCN gas from cyanide and water.

• Biodegradation - once the cyanide salts move a short distance through the soil,

thev are biolocicallv converted under aerobic conditions to nitrates.
~ ~ ~

• Formation of thiocyanate - free cyanide reacts with various forms of sulphur in

the environment to fonm thiocyanate.

• The hydrolysis / saponification of HC", - HC", is hydrolysed to give formate as

either forrric acid or ammonium fonmate as the pH falls within the system.

The most imponant of these mechanisms is the volatilisation ofHC'\ [46].

1 ., -._.::l Toxicity of cyanide

le is a well-known fact that cvanide Ca..T1 produce harmful effects. The four forms of

cya.rlide that exist in mining solutions are free cyanide~ iron cyanides~ \vea...1( a....nd

dissociable c)lanides fu"1.d cyanide related compounds. Cyanide as hydrogen cy'anide Ca.T1

, 1 "b ' . ,., l' t' . 1 1 ( ,.. I . hoe aosoroec. y' rIle OOGY tnrougn Hlges Ion or 1ll...D.2.1C.l0n at a very r2.st rate. t 15 L en

c2..c...ned to the plasma 1391. It can lead to asnh\xiation and tissue death. failure of all vital
~ ~..) ... w- ,

functions a.ld finally death. Im.Inediate death is the result the acute tQxicity of cya."'1ide,

but it 2.l1d its complexes can have other long tenn effects such 2.S impaired SWL"11.:'1.J.ing

b T .. ". • ....,.. • .. .
a Llt}·~ reQuceQ reprOc.ucnoIl: aecreasea grOwln anu pnyslologlC2.l aanOnnalltles.

Less tn2D 10 I11'2: free cyar-.t.ide inzested per dav is non-toxic. \\Then eXP-Jsed to hvdro£en_. _ ..- .. ~

cyanide i~~ conceDtrmions of 1 la 300 pprrl, death C2.TI o~cur in 10 to 60 minutes. If Ibis
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is increased to 2000 ppm, death will occur within 1 minute. The LCso of free cya.!J.ide is

100 mg/kg ofbody mass [39].

The cyanide complexes can break down, releasing the free cyanide to the environment.

This is the main concern from a toxicological perspective.

The silver cyanide complex is fairly stable at pH levels that are present in mine effluents.

It is thus effective in reducing the free cyanide concentration in effluents. The silver ion

is poisonous on iIS own, bill the large quantities of free cyanide available in these

effluents, promotes the complex forming [42].

1.2.6 The recovery of cyanide and its associated problems

The following processes have been employed to recover cyanide from effluent strearns:

• The Mills Crow process used acidification, air stripping and re-adsorption [47].

• Between the 1930's and 1950's a method (pre-nmner of the AVR process)

yielding 93~o recover;' was used [48J.

• The above process \\"as improved in the 1970's. It makes use of acidification.

Yolatilization 2.:.'1d reneu!ralisation (_-\\~R) [49J. 99S,~ removal was possible.

P k d ,,.. ., \ "' ~R .' 1.-.:[" 9 -0 . . ,• ac~e to'wers y;;ere usec ror Iue _'>. \' _ process: Y1elUIIlg ) ;'-'0 recover:,,', In tne

1980's [50, 51].

~fa.T1)r studies on free cY3..:.rUde removal focused on chemical treatment, biological

treannent and natural degradation. All of these processes have either lLlliting operating

conditions: or alternatively: expensive reagents are needed.



1.3 FREE CyA.!.....UDE ADSORPTION ONTO ACTIVATED

CARBON

10

Mil'..ing plant effluents, especially the waste from gold mines, contain large amounts of

cyanide that can contaminate the eanh's water resources [52]. Pohlandt-Watson and

Jones [53J found that most of the tailLc'1g dams analysed, contained more than 20 mg-L of

cyanide. On average the amount of free cyanide in plant tailings is 60 mg/L The General

Effluent Standard limit is 0.5 mg/I..

The following methods are used in the destruction of cyarjde:

• Oxidation by alkaline chlorination [54J

• Oxidation with ozone [5 5J

• Electroly1ic decomposition [56J

• Enzymatic degradation [57J

• Detoxification by treatment with ferrous sulphate [5S, 59, 60J

..cAJl these methods ha\-e major drawbacks such as high cost, undesirable byproducts and

limited efficiency. The methods for cyanide remo~;al are:

• Reverse osmosis

• Ion exchange

• ..A..dsorption onto acri\-ared carbor:

These methods fail to reduce the cya:.Jide concentration to acceptable levels.
,

,.,.., 1 .' -,.. 'd h . T -"-'1' . ~ . , 1

1 ne aClsorpnon 01 IIee cyarne onto L o:n gr2..:.1Uiar LtH j c..:.J.G. po\vQerelo. actlvatec. carDOD
... /'".'1" 1 • • ."1"'.., . 1 • .., ,L0.:..J nas oeen lTIVeStlg2.Lea. '1\ nen tne ad.SOIpIlon occurs In &'1 oxygen atmospnere;

oxidation is detected [61J. The process is unaffected b::- the presence of nitrate: sulphate
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solutions are contacted with granular activated carbon. According to Adarns [64], wood

based carbon yielded the best results.

The efficiency of this process is low (the carbon content or agltanon needs to be

increased to impractical levels [63]. The use of a metal impregnated carbon was therefore

proposed to increase recoveries.

1.4. FREE CYAJ.,\,IDE ADSORPTION ONTO METAL

IMPREGNATED ACTIVATED CARBON

The various removal and destruction processes described earlier [65], can only reduce

cyaI1jde to ppm levels. This is not effective enough to meet the strict regulatory

requirements. Expensive reagents, which cannot be reused, are also required. Van Weert

and de Jong [66] investigated the use of silver impregnated carbon for the removal of

cyanide. It is already known that cyanide arld silver form a relatively strong complex that

is easily" adsorbed by activated carbon. 'Ibis system has the follo\ving advantages:

• Cya.'lide is rerrloyed from the solm:ion

• ~o oxidation products are left

• It is a selective process

• There are relati'{ely 10\\" costs llyolved in the process

• It is compatible \\"ith the gold and sih-er mining practices

• It could be possible to reuse bo:h the carbon and cywjde

\/an \Yeen and de Jong [66J sho\ved that silver impregnated ccti~...'2.ted carDon (SL\C)

] .4 ' - ., I '- , -r • b' - , T"CO:l~u reQliCe ITee cyanIce eT-;els ITom l)U ppJ to c2.0',-;'":-: ppD. .r.:.IS

improvemen: on activated carbon. This is also the case 2.: L1.c PPIT~ level [45].

is a vast
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The mechanism is explained via a number of theories [67]. The principle mechanism is as

follows:

• Cyanide leaches silver from the carbon and forms Ag(CN)2'

• The complex is adsorbed back onto the carbon [68J

The rate-limiting steps were found to be the charge tra.'1sfer and the diffusion of the

reagents from the solution to the carbon surface [69J. The adsorption of lfJe complex onto

the carbon can be due to electrostatic interaction with the surface [70], adsorption as al1

ion pair or neutral molecule [71J, or a multi-layer adsorption at the surface [72, 27J.

Schlenwein [45J optimized the impregnation procedure for the ma.T1Ufacture of SLAC and

achieved good results at the ppm level. A problem with this method, however, is that a

large percentage (generally in excess of 50%) of the carbon is lost due to combustion in

the furnace. Executing this method in a nitrogen atmosphere is proposed. This is funher

discussed in chapter 4.

1.5 FREE CYA.c"l,lDE A""l) SIAC SYSTDl I~ A COLC\1",,"

CO"\'FIGUR-\TI0"""

Linle \vork has been done on the perfonna..n.ce of SLA..C in 2. colLLTJl configuration. Choi

er al [73J hese found Ll-tat free cyapjde carl be reduced from 20 ppm to below 10 ppb with

residence ti..rnes of 4 ffiL.'1utes and no silver losses. For longer residence times, sli~1.t silver

losses did occur. These tests STill need to be scaled up in order to test possible

conunercialization.
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Using a column configuration has obvious advantages:

• Continuous operation is possible

• Transfer ofmaterials are limited

• Adsorption and regeneration can take place in the same unit

AlThough it is not possible to send slurries through a packed column, there are other

applications for this system, for example heap leach processes.

1.6 OBJECTIVES

The performa.T1ce of silver impregnated activated carbon in a batch configuration has been

studied previously [68, 45J and it proved to be a vas, improvement on \'irgin activated

carbon. A method for producing an optimized SL"'C has also been proposed [45J. Little

\\"ork has been done on the implementation of this technology in a COlUffi...l1 configuration.

The objectiVES of this smdy were:

• To solve the problems

due to combustion).

. .
COnCeITilI:g Tne current optlmized CCIDer. (loss of carbon

•
•

•

T 1 . r r ~~ C' 1 r'o eva uate tne penorrna.:.'1ce or ~L\ . ID a CO~UIIIn COTIIlguratlOr1.

To conduct a sensitiYily 2.J."1alysis of the systerr~ 10 V2Tious opereting parameters.



Table 1.1 The classification of cyanide and cyanide compounds in
cyanidation solutions on the basis of stability [40]

Classification Compound

Free cyanide CN', HCN

Simple compound:

a) readily soluble NaCN, KCN, Ca(CN)" Hg(CN),

b) neutral insoluble salts Zn(CN)" Cd(CN)" CuCN, Ni(CN)" AgCN

'vVeak complexes Zn(CN)/ , Cd(CN);, Cd(CN)/'

Moderately strong complexes ICU(CN),', Cu(CN),"', Ni(CN)/', Ag(CN),'

Strong complexes , Fe(CN),', Co(CNh"', Au(CN);, Fe(CN),o'

14
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CHA.PTER2

THEORETICAL CONSIDERATIONS

2.1 BATCH CO~FIGURATIO~

2.1.1 The Mechanism

The free cyanide is removed from the solution via the follo\ving four reactions:

1. Free cyfu'lide adsorbs onto the SL,,"C (silver impregnated activated carbon).

2. Silver is leached into the solution by the free cyapjde.

3. Silver cyanide complex is formed.

4. The silver cyanide complex is adsorbed back onto the carbon.

Reac,ion number (l) occurs
. -' -'

IDGeDencent to the otter three reactions. Reactions (2),

are needed to remo\"e the free C'y'anide USIng tbe

impregnated activmed carbon.

2.1.2 Reaction rate and controlling step

If the explained mech8.lJ.ism IS used as reference) the follo\vL.TJ.g explanation of the

. b .reactIon rates can e g1\-en:

free cyanide onto carbo:: is poor. (See Chapter 5). ~'1e influence of each of the other

reactions need to be deterrnined to find the o'i:erall rate-limi:ing step in the adsorption

process. A..:'1al}'sis is normally based on Ille 2.ITIOL"'1t of rree cy2.nide detected in the

s2..L'TIple solutioI':. This rr..e:hoc. does no: rr~easu.:-e the adsorptiOI1 or the silYer cyanide

co:nDlex due IO t:'le fact the! o:-Lly ITee c\'arride is detected. \\hat is physically
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measured is the "disappearance" of free cyanide either via complex forming, or direct

adsorption of the free cyanide (effects (1) and (3».

The amount of silver in solution can be detected by means of atomic

spectrophotometry. This only reveals the total amount of silver in solution and is not

all indication of the form it is in at that specific time. Only an indication of the overall

rate of adsorption can therefore be measured directly.

In this study the overall "disappearance" of free cyanide is used as a measure of the

adsorption. However, it is possible that some of the "disappeared" cyanide is actually

still present in the solution as a metal-cyanide complex. This was investigated and the

effect can be significant, especially with longer residence tlInes (see Chapter 5).

2.1.2.1 Calculation of overall reaction rate

The equation for determining the rate of cyanide adsorption (H is derived from the

material bala11ce over the batch reactor as follows:

dC

de

6xk: xm
, (C -C

P
x d x V ,cr,-, )

?

[2.1 J

Furthennore, du..ring the initial SI2.ges of adsorption the free cY2.nide concentration at

the c2.rbon surface (Cs~:-:':l:e) is \'ery small compared to the bull..: concentration, thus:

dC

dr

6xk,xm
-~-C

pxd
p

xV
:') I'L-·--.!

C 6xk .. xm
In-'=-~~-

C pxd,xV
:2.31
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The slope In C;lC is plotted against time is used in equation 2.4 to determine the

apparent rate consta.'1t of the adsorption.

slope x px d
p

x V

6xm
(wJs) [2.4J

2.1.3 Calculation of capacity

The following equation is used to determine the amount of free cya.Tlide which one

gram of carbon will adsorb from solution:

C . Ci-Ce yT ( C"T" b'apaclty = y mg "I g car on)
m

2.1.4 Silver loading

The method proposed by Bratzel er a! [75J did not yield results (as explained in

Chapter 3). Following their procedure yielded results of zero silver loading. The silver

, " ." ,,- l' ~ , b,-"lOaGIng on tne caroo=-: v;as tnereIore calCUla~eQ T

, 1 . - , fr')02.lanCe equanon (exp:-essec as mass .actIon :, .

means of the follo\\"lng mass

Toen'.:r._.,_, = Ci - C r- ( " , c , .__~ _ ---; mg SlIver: g or carDon)
111

This equanoIl calcula:es the 3.l110w.;.t of cy'amcc remalrLIlg on the caroen alter

cdsorption.



2.1.5 Isotherm
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The isotherm is an equilibrium expression Lhat should describe the system accurately.

It describes the relaiionship beiween the iOial capaciiy of the adsorbent and the

equilibrium concentration of the adsorbed subsiance in the soluiion, under specific

operating conditions. The most popular isotherms for single solute aqueous systems

are [76, 77, 78]:

1. Linear isotherm

2. Freundlich isotherm

3. Langrnuir isotherm

q, = AC, [2.7]

q, = AC; [2.8]

_ AC, [791
q,- B+C _.,

,

In the Freundlich isotherm, the constant A is an indication of the m~i:imum loading of

the adsorbing material onto the adsorbent, for those conditions of temperature, pH a11d

other operating par~rnerers.

2.2 COLUl\I:\" CO:\"FIGl.R~TIO:\"

2.2.1 The breakthrough curve and mass transfer zone

Please see Figure 2.1 for reference.

_A..s a feed solution passes through a colurr.L:.'1~ an adsorptio:c. V;a\"e is formed and no

cQnta:..Ti1'la.~t is fOU:.'1d h""1 the exit strea.ll. T";.le topmost pa.--r: of the coluIr.l.il v.."ill be

that: to t:."-le end of the coluITl.l.'1: the adso:-ber:t \yill be rela:i\"ely cOularrjnant free.

\\~ith time the mass transfer ZODe moves thIOU;'-'1 the col'.L"'Tl..'."""l to the exit. \V1J.en it sta.l:S

mOYlng thro'..!.yf.:l the exit, COi1:2.i."TIiD.2.J.lt stans to exit the coluIT.u.1.. This is called the
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breakpoint a.rtd can be seen on a breakthroug.-h curve at the point where the exit

concentration of contaminant starts to rise from zero. (The brea.1ahrough curve is a

plot of exit concentration against time or number of bed volu.tnes.) The mass transfer

zone can be calculated from these curves as a simple ratio: time from breakpoint to

saturation against total running time multiplied by the bed height. This theoretical

process is described by Treyball et al [74J. It should be remembered that in practice,

there would not be sharp boundaries between the different sections. The different

zones will merge into each other.

2.2.2 The reaction rate

The liquid phase mas~ balance yields the following equation:

de
dr

[2.1 OJ

It can be assumed L.1.a! film mass transfer determines the adsorption rate in the early

stages. It C3..:.TJ. also be assumed that the cyanide concentration on the carbon surface is

negligible compared to thm ofIhe bulk solution. Equation 2.10 \vill then simplify to:

dC

dr

6xk(xrr:
---'----xC
pxd

p
xVx£

[2.11J

C- 6xk(xl7!
1n-" = xr

C [)xd xVx£, p

r -7 0 [2.12J

SUIIICJ.e-r.t to COTIIalIl Ine concentration

\vavefror::.t~ the initial s:ages of the bre2...0.l...-rhrou~'n~ ct:r,,:e \',"111 be determl:r:ed by fil'TI

tr2.Ilsfer alone. The apparer:t rate COTIstS'1t of 2.dsorption (1:::-) cen. Ihen be deterrr1T1ed

by:



Cc
In-~xVxdC p

k. = '
J 6x(1-s)xAxH

2.3 OPERATING COl'olHTIONS

2.3.1 Linear velocity vs. volumetric flow rate

[2.13]
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In the colulnn-configuration linear velocity of the solution is used as a comrol- "

parameter raL"her than the volumetric flow rate. This is due to the fact that different

colun1I1 dia.rneters can easily be compared when the same linear velocity is used. This

is not the case when using the volumetric flow rate. The linear velocity is calculated

by dividing the vollLrnetric flo\v rate by column cross-sectional area.

2.3.2 Column diameter

\\nen the column di2IDeter is relatively small c0!11pared to the average particle

dia..rneter, \1;a11 effects \vill influence the result. The general rule of using a column

\\"ith 2. diameter of a: least 20 times that of the carbon was used for the sensitivity'

analy"sis of the sih"er impregnated carbon reduced in air (average particle dia..rneter of

1.8 IlL-m and a colurnn dia..rnerer of37 rn_..rn).

2.3.3 Carbon characteristics

Th 1 . " . , rl" ~ . T' . 'I b he CO~UITl--'-l expenments \vere COTIQuette In a pac:ceu. Dca. conIlguratlon..,-....,'.1...ltlallY·, OL_

.. , d ~ 'b' 0" 0 "b O
'-'gra\"ltanOnal an Up-IlO\\" \\"ere teslea, ut It \V2.S GeClGeC to conC1uct tne uLl( or tne

. • '.' 1 nTh ,. ~ 11 b' ~expenmenIS USIng QTa\"lt2.Llona:.. I10\\". -'-.I ... ..i.as tne aaV2..."'1[2.£es 01 more contro_ a .le IlO\\"- - -
patterns lli'1d the possibility" of .fluidization is eEmina:ed..

Hov.·e~,·eL i: v;as f01..L.'1c L.1.aI this method could Erni: Ihe n:a..-xITnurn tiow rate thrOll~~

the bed.. This \\·i11 h2,,-e a.'1 effect iE the follov;ing circL::mst3r~:es:
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1. When small particle sIzes are used, these will block the channels

needed for the flow.

2. V/hen the impregnated carbon reduced in air is used. These particles

are brittle and the loading of the column will produce fines, which will

block the column.



Ci

Figure 2.1 The mass transfer zone in a column and corresponding
breakthrough curve [74J.

MTZ

Break-point

22

o
A

Volume of effluent

I MTZ = B/(B-i-A)*H

B
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CHAPTER 3

EXPERIMENTAL

3.1 BATCH EXPERIMENTS

All batch experiments were conducted in lL reactors with three evenly spaced baffles.

Overhead stirrers were used with a constant agitation rate of 300 rpm. At this speed all

solid particles were in suspension with minimum breakage caused by the impeller. The

dimensions were as follows:

• Perspex reactors:

lnternal diameter = 11 cm

Height = 15 cm

Baffle width = 1 cm

• Impeller:

Impeller type = flatblade

Width =6cm

Height =5 cm

All the reactors were covered with Perspex lids to prevent losses due to evaporation.



3.2 COLUMN CONFIGURATION
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In all the experiments conducted in the column configuration, the cyanide selective

electrode was used to determine the amount of free cyanide present in the effluent. This

data was used to derive breakthrough curves, which in turn was used to detennine the

properties of the system. Three different column diameters were used:

1. 23 mm internal diameter - sensitivity analysis using air impregnated carbon.

2. 38 mm internal diameter - sensitivity analysis using N2 impregnated carbon.

3. 68 mm internal diameter - to test the sensitivity to a change in column diameter.

A positive displacement pump was used to generate flow through the column. A 25 L

storage drum was used for the source stream. Samples were taken according to either

time or bed volumes ofeffluent through the column.

3.3 lMPREGNATION PROCEDURE

In the impregnation process 15 g of washed carbon was contacted with a lL solution ofa

silver cyanide complex: 98% Potassium dicyanoargentate- K..!\g(CN)2-

The method proposed by Schlettwein [45] includes the following steps:

I. Cleaning the carbon by boiling it in distilled water for 1 hour to remove fines and

entrapped air.

2. Adsorption of Ag as Ag(CNF onto the clean virgin carbon with a contact time of

15 hours. The Ag/carbon ratio was I liter of a 1000 ppm Ag solution contacted

with 15g of carbon.

3. Decomposition of the silver complex to silver metal was done in a furnace for 5

hours at 300°C. An air atmosphere was used.
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Choi et at [68] described a similar procedure for the impregnation.

The method proposed in this work adds another step at the start to break off most of the

irregular edges on the particles. This is done by vigorous agitation for I hour. The Ag

concentration is also lowered to 500 ppm and the decomposition step executed in a

nitrogen atmosphere (2 hours at 700°C).

3.4 MATERIALS AND EQUIPMENT

A coconut-shell carbon:, with average particle size of 1.7 mm and density of 1248 kg/m],

was used. For analysis of the silver, an atomic absorption spectrophotometer was used

and for cyanide, a cyanide selective electrode with an EA920 ion analyzer and reference

electrode. The silver loading on the SIAC prepared in Nitrogen is 2.3%. The SLAC

prepared in air lost mass due to combustion, thereby reducing the density. The use of this

type of SLAC was discontinued. Perspex batch reactors with three baffles were used for

these experiments. Three different column diameters were used: 25 mm, 37 mm and 68

mm. These were glass columns, tapered at the bottom and fitted with a tap and a cross

sectional glass panition to support the carbon bed.

3.5

3.5.1

A!~ALYTICAL PROCEDURES

Cyanide analysis

Free cyanide was analyzed usmg a cyanide sensitive electrode, combined with a

reference electrode, connected to an EA 920 ion- analyzer. For the electrode to function

properly, the ionic strength had to be adjusted using a O.lM solution ofNaOH. This also

increased the pH to 11.0nly the first two significam figures were used due to instrument

limitations a..Ttd time constraints.



3.5.2 Silver analysis
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Silver in solution was determined by means of an atomic absorption spectrophotometer

and hollow cathode lamp.

3.5.3 Silver loading

It was attempted to determine the silver loading on the carbon by using the method

proposed by Bratzel et al [75].

The procedure is as follows:

1. Ash the carbon.

2. Add aqua regia and then heat the mixture until all the liquid has evaporated.

Repeat this process with aqua regia and a third time with concentrated HN03. Do

not let all the liquid evaporate the last time.

3. Filter the product with 5% HN03

4. Read the concentration.

No silver was found on the carbon by means of this procedure. The silver loading on the

carbon was then determined using by difference over the adsorption step in impregnation.

It was calculated at 2.3% by mass. The dissolved concentration was detected by means of

an atomic absorption spectrophotometer and hollow cathode lamp.
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CHAPTER 4

IMPREGNATION

The tenn silver impregnated activated carbon refers to activated carbon with silver

metal attached to it. This is achieved by, firstly adsorbing a silver-cyanide complex

onto the carbon, and then thermally reducing this compound to silver metal. The main

factors that influence the fmal product, are:

• Silver concentration in solution - Higher initial concentrations of silver, will

increase the silver loading of the product.

• Adsorption time - The system needs to be at equilibrium to ensure maximum

loading of silver.

• Agitation - Keeping the solid particles in suspension enhances the adsorption

rate. This is closely linked to the step mentioned above.

• Temperature in reduction step - When the temperature IS too low, the

reduction of the complex to silver metal, will not be completed. The process

will also take longer at lower temperatures.

• Atmosphere in reduction step - This have a large influence in the quality of

the SlAC and reduction in either an air atmosphere, or in a Nitrogen

atmosphere is discussed in detail in this chapter.

• Other influences - Cyanide can be destroyed by light (in the adsorption step).

The SL'\C will also absorb water from the atmosphere, especialiy when hot.

This will increase the mass without any other benefits to the process.

Firstly, the method previously used for the ma.!lUfacture of silver impregnated carbon

and the problems associated with it will be explained. A new method is then

proposed.
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The results from batch experiments when the impregnated carbon was prepared in an

air atmosphere can be seen in Chapter 5. In a 24-hour experiment (using an initial free

cyanide concentration of 20 ppm) in a lL batch reactor, 19 of impregnated carbon

adsorbed 12 mg of free cyanide. The isotherm result is explained in Chapter 5.

However, a major drawback of this procedure is that a large percentage (up to 60%)

ofthe carbon mass is lost through combustion. The product is also soft and brittle.

It was therefore attempted to execute the reduction step of the impregnation in an inert

atmosphere.

4.2 Nz ATMOSPHERE OPTIMIZATION

Another step was added to the impregnation procedure. After cleaning, the carbon

was agitated aggressively for two hours to remove the sharp edges off the carbon to

yield a more regularly shaped product. This was done to prevent these edges breaking

off in later stages of impregnation, causing unnecessary fines that will go to waste.

This did not have any effect on the capacity of the SLA.C reduced in air - the carbon

became brittle and broke up into fines after in the furnace step as before.

The results of the nitrogen optimization can be seen in Table 4.1. Temperature and

time in the furnace were varied and the resultant impregnated carbon used in a

standard batch experiment to determine the capacity. The optimization of the

impregnation procedure is, however, not the aim of tbs investigation and it is

therefore possible to improve on these results with further experimentation.

As can be seen from Table 4.2, the impregnated carbon produced in mrrogen

at.mosphere has a much lower capacity compared to the impregnated carbon produced

in an air atmosphere (6 mglg vs. 12 mglg carbon). The carbon is, however, much
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more robust and this is an important quality when the transfer of the product is

considered. The results of the isotherm tests are discussed in Chapter 5.

The large difference in the capacities could be attributed to the effect of the much

larger surface area available for adsorption when decomposition occurs in air.

I. After combustion, the carbon has a lower density and therefore a greater

volume (and surface area) per gram.

2. V/hen agitated the carbon produced in air breaks up into fines, yielding a

larger surface area. This does not occur when a nitrogen atmosphere is used.

The carbon produced using a nitrogen atmosphere during the thermal decomposition

step was used in the final column tests.

4.3 Kl\g(Cl'r)l CONCENTRI\TION

As can be seen from Table 4.3, the concentration of silver used in the impregnation

step has a large influence on the capacity of the impregnated carbon. \Vhen the

concentration was doubled to 1000 ppm Ag, the capacity doubled to 12 mgig of

carbon. The ma.ximum for this trend was not determined.

4.4 ACTIVE GROUPS ON CARBON

The impregnated carbon was contacted with 500 ppm Ag as Ag(CNF under the same

conditions as in the impregnation procedure. The adsorption of Ag onto the

impregnated carbon followed the same trend as the adsorption onto virgin activated

carbon (Figure 4.1). The active groups seem to be available agam after the

decomposition of the silver complex.

This is the same as reponed by Choi er al [68J and Schlemvein [45J for the silver

impregnated carbon produced in an air atmosphere.



Table 4.1 Optimisation of Nitrogen atmosphere condition in impregnation
·500 ppm KAg(CN)2 used for impregnation step.

Ci C time(h) temp.( C) capacity(mg/g)

14 12 5 250 2
14 12 0.5 300 2
20 17 2 500 3
13 10.5 0.5 500 2.5

19.5 13.5 4 700 6
20 14 2 700 6
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Table 4.2 Comparison between the cyanide capture capacities
of the different carbons

Virgin Carbon AirSIAC Nz SIAC

1-2 mg/g 12-14 mg/g 6 mg/g

31



Table 4.3 Effect of KAg(CNh concentration on cyanide capacity
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Concentration N2 SIAC capacity (mg/g)
.

500 6
1000 12
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Figure 4.1 Adsorption profile of silver cyanide onto virgin carbon and air SlAG
[500 ppm KAg(GNJ, in solution]



34

CHAPTERS

ADSORPTION OF FREE CYANIDE

IN A BATCH CONFIGURATION

5.1 :MECHANISM

The mechanism proposed by Choi et al [68] and Schlettwein [45] seems to be

appropriate for both types of impregnated carbon. This was explained in Chapter 1

and the steps are briefly repeated here:

• Cyanide leaches silver from the carbon and forms Ag(CNF

• The complex is adsorbed back onto the carbon [68]

The kinetic properties of the steps within this reaction are not known.

-.,:1._ ADSORPTION" TESTS

The tests were performed in 1L batch reaClOrs for a period of 24h at an initial bulk

concentration of 2Oppm. 19 of adsorbent were used. The pH was increased to 11 and

the contents of the batch reactor were agilated at 300 rpm using a flat blade impeller.

All tests were executed at room temperarure.

A comparison between the capacities of virgin activated carbon, silver impregnated

activaled carbon reduced in air a-'ld silver impregnated 2.ctivated carbon reduced in

nitrogen, can be seen in Table 4.2. Figure 5.1 shows the comparison of virgin

activaled carbon and me silver impregnaIed activated carbon reduced in air.. From
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-
this table, it is clear that both forms of impregnated carbon are superior to the virgin

carbon. V/hile the virgin carbon has a capacity of only 1-2 mg/g of carbon uncl;er these

conditions, it increases to 6 mg/g for the impregnated carbon reduced in nitrogen and

12-14 mg/g for that reduced in an air atmosphere. The impregnated carbon reduced in

an air atmosphere also outperforms that reduced in nitrogen. This was explained in

Chapter 2.

Isotherm tests were done to compare the equilibrium conditions for these carbons.

5.2.1 ISOTHERl"\1S

In these isotherm tests, 0.5 or 0.20 grams of the carbon was added to each of five

batch reactors containing between 5 and 25 ppm free cyanide. The reactors were

agitated for 72 h and the final concentrations were measured

It must be remembered that, due to the analytical method used, the loss of free

cyanide is measured and not the acmal adsorption of the free cyanide. It must also be

remembered that there are actually four different reactions taking place

simultaneously (described in Chapter 2). Varying results were achieved, depending

on the exact state of the system when the samples were taken. Therefore, the

isotherms can only be used as a guideline.

Taking the above into account, both types of impregnated carbon seem to resemble

the Freundlich isotherm model the closest. This can be seen by the fact that the

predicted A values for the two tests for each carbon \vas very similar (16,7 & 17,8 for

air impregnated carbon and 5,2 & 6,1 for nitrogen impregnated carbon). The slight

difference in the values for the two experiments can be attributed to external factors,

including the sensitivity of the cyanide electrode. The specific data points and n

values differed quite radically, which confirm the fact that no single isotherm

equation can describe the system completely.

The carbon reduced irl nitrogen achieves its maximum predicted capacity (A) already

at low levels of initial bulk concentration (Figures 5.2 & 5.3) In Figure 5.3 the last
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two data points seem to be influenced by external factors such as measurement faults

or a shift in the calibration ofthe cyanide electrode.

The A values for the SIAC reduced in air, was calculated as 17.8mglg and 16,7mglg.

This is considerably higher than that of the SIAC reduced in nitrogen, but a higher

initial concentration is needed to achieve this maximum value. The plot of Qe vs Ce

can be seen in Figure 5.4 and Figure 5.5.

The results of the isotherm tests and the equilibrium equations are tabulated in Tables

5.1 and 5.2 for nitrogen atmosphere and Tables 5.3 and 5.4 for air atmosphere.

The results of the isotherm test were thus inconclusive, only showing a higher

capacity for the carbon reduced in air.

5.2.2 SILVER LOSS

A limiting factor in the number of times the carbon can be recycled, will be the

amount of silver lost in every adsorption step. In Table 5.5 it can be seen that the

amount of silver being lost in 24 h (in a IL batch reactor, starting with 20 ppm free

cyanide) is significant. After 24 hours, 15% of the silver had been lost. With the

measurement technique used (atomic absorption spectrophotometry), only one

significant figure could be attained.

An important factor in this loss is the residence time: longer contact time results in a

larger loss.

5.2.3 HEAT TREATMENT OF VIRGIN CARBON

It was decided to test the effect of temperarure alone on the adsorptive propenies of

virgin carbon. Vlhen the impregnation procedure was simulated without the addition

of the silver salt, the ca.rbon's capacity to adsorb free cyanide increased from Imglg

of carbon to 3 mglg of carbon. There were however, no visible signs of combustion.

Tne heat treatment step therefore possibly altered the properties and/or structure of the
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virgin carbon. These results are show in Table 5.6. Since this capacity is still very

low, this was not investigated further. Keep in mind that the capacity. of the

impregnated carbon reduced in nitrogen can be increased, by increasing the silver

concentration in the impregnation step (Chapter 4.3).

5.3 REGENERATION

Regeneration of the carbon was not tested in this study. Schlettwein [45J reported

good yields when recycling the impregnated carbon reduced in air for up to four

times. An explanation of the rise in capacity after the first recycle lies in the fact that

the carbon combusted, have a lower density and therefore higher surface area per

gram.

The carbon reduced in a nitrogen atmosphere is robust and is expected to endure

numerous cycles.



Table 5.1 Isotherm result for N2 SIAC

CN- solution 25ppm 20ppm 15 ppm 10 ppm 5ppm
Ci (ppm) 24 20 15 10 5.5
Ce (ppm) 18.5 15 13.5 8.3 4
Qe (mglg) 22 20 6 6.8 6

38

A= 6.1 n =0.013



Table 5.2 Isotherm result for N2 SIAC

CN' solution 25ppm 20ppm 15 ppm 10 ppm 5ppm
Cl (ppm) 26 21 15 9.6 4.7
Ce (ppm) 23 17.9 12 6.4 2.1
Qe (mg/g) 6 6.2 6 6.4 5.2

39

A=5.2 n =0.057



Table 5.3 Isotherm result for Air SIAC

CN· solution 25ppm 20ppm 15 ppm 10 ppm 5 ppm
Ci (ppm) 19 15 10 72 3.5
Ce (ppm) 7.6 3.1 0.48 0.013 0.085
Qe (mgfg) 22.8 23.8 19.04 14.37 6.83

40

A= 17.8 n - 0.132



Table 5.4 Isotherm result for air SIAC

CN'solution 25ppm 20ppm 15 ppm 10 ppm 5 ppm
Cl (ppm) 23 19 14 8.2 4
Ce (ppm) 16 8.3 7.4 3.5 0.9
Qe (mg/g) 35 54 33 24 16

41

A-16.7 n - 0.355



Table 5.5 Silver loss in a batch configuration
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time Ag concentration (ppm)

0 0
55 1

50min 2

24 h 3



.
Table 5.6 15 g virgin carbon in air atmosphere in furnace

Conditions: temp. time (h) atm.

300 5 air

1 9 of product in 11 20 ppm KCN solution
24h test

Ci= 20
C- 17
Q= 3

43
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CHAPTER 6

ADSORPTION OF FREE CYANIDE

IN A COLUMN CONFIGURATION

In a fixed bed either up-flow or gravitational flow can be used. In this study up-flow

proved to yield erratic results and gravitational flow was therefore used throughout,

except where otherw(se stated. This gravitational operation excludes the possibility of

fluidization.

The breakthrough curve was discussed in detail in Chapter 2. This is an important tool

in analyzing the properties of a packed column. It gives an indication of the useful

capacity of the column as well as the rate at which the reaction take place.

6.1 SMALL COLUMj\' EXPERD-1Ej\'TS WITH AIR SIAC

From Figures 6.1 and 6.2 the problems with up-flow can be seen. The results are

erratic and may be due to slight differences in the flow patterns or fluidization. This

prevents accurate calculations of the reaction rate (kD. The other results were obtained

using gravitational flow and SLA.C reduced in an air annosphere (Figures 6.3, 6.4, 6.5

and 6.6).

Virgin washed carbon performed poorly in L'lis colwn.'l configuration a.rrd saturation

was reached almost immediately, as can be seen in Figure 6.3. The SLA.C yielded

promising results, with an improvement visible when the carbon to cyanide ratio is

increased. This effect is clear when comparing the breakthroug,'l curves in Figures 6.4

and 6.5. The only para.meter that is different in these two figures is the mass of carbon

in the column - from 20g to 15g. V/hen only 15g of impregnared carbon were used
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(Figure 6.5), one can see that the breakthrough point and saturation is reached much

quicker than when 20g of the same carbon (Figure 6.4) were used.

The effect of different particle sizes was investigated and, as could be expected, the

smaller particles outperformed the larger particles (Figure 6.6). This is due to the

larger surface area available for adsorption. However, the size of the particle limits

the maximum flow rate, especially in cases where the air SLA.C is used, since the

breaking up of this brittle carbon blocks the column. Very fine particles, which will

perform well in a batch configuration, will prevent proper flow in a column

configuration.

In this column, the internal diameter (25 mm) is relatively small compared to the

average particle diameter (an approximate factor of 14). A certain amount of

disturbance from the column wall can therefore be expected. The sensitivity analysis

was carried out with a column with a larger internal diameter (37 mm).

6.2

6.2.1

SENSITIVITY ANALYSIS OF OPER.\TING

PAR.\.l'\-IETERS

Standard Conditions

The following were chosen as the standard conditions for the sensitivity analysis:

• Linear Velocity 12.5 cm/min

• Bed Volume 125 ml

• Feed concentration 20 ppm

• Column diameter 37 mm

• Gravitational flow

• N2 SLA.C



6.2.2 Virgin Carbon
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Under these conditions virgin carbon performed poorly. The saturation point was

reached in a short time. Figure 6.7 represents this result. This is what is expected, if

the virgin carbon's capacity in a batch configuration is taken into account (1-2 mg/g).

Huge volumes of virgin carbon would be needed (and very low linear velocities) to

remove significant amounts of free cyanide from the solution.

6.2.3

6.2.3.1

SIAC

Mass·transfer zone

As explained in Chapter 1, there are four simultaneous reactions that occur. There are

thus four different mass transfer zones of different sizes. All of these might not be

completed by the time the stream exit the column. Silver has been found in the exit

stream. A larger bed of carbon is therefore proposed with possibly a layer of virgin

carbon at the exit to prevent silver losses.

An example of the problems this can cause can be seen from the analysis of different

bed volumes. The smallest bed reacts differently to the two larger beds (Figure 6.8).

With the same linear velocity, initial concentration and measurements being done in

bed volume units, one would have expected the results of all three tests to be similar.

Instead, we have two similar results and one with a much quicker breakthrough. This

could be due to the "reaction wave" of all four reactions not being completely formed

by the time the effluent leaves the column in the case of the smallest bed volume.

Although all four reactions occur simultaneously, there is a specific order to three

main reactions (leaching, complex forming and adsorption of the complex). The bed

needs to be high enough to accommodate at least one complete cycle of these

reactions. Let the two larger collli-nr1S it seems as if all four reactions can be completed

inside the length of the bed.



6.2.3.2 Results of Sensitivity Analysis
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A summary of the results of a change in one parameter when all others are kept

constant, on the overall rate of adsorption, is shoviIl in Table 6.1.

• Bed Volume - As predicted by literature, an increase in the bed volume

increases the performance. This effect can be seen by a comparison of the

breakthrough curves in Figure 6.8. The effect is relatively small when the bed

height (and height to diameter ratio) is above a certain value. This could be

due to the complexity of the transfer mechanism. The solution can exit the

column before all four reactions are complete or the adsorption waves

properly formed. The breakthrough curves in these figures can only give an

indication of a combined effect.

• An increase in the cyanide concentration III the feed is detrimental to the

performance of the column (Figure 6.9). It has been reported [73] that the

carbon to cyanide ratio is one of the most important factors in determining the

capacity of the SIAC. This breakthrough curve implies that the solution passes

through the column before all the reactions are completed.

• Lower linear velocities improve performance due to the longer reaction time

available. However, a longer residence time can cause greater silver losses.

The effect of an increase in linear velocity on the performance of the column

operation can be seen in Figure 6.10. The fact that the column has a larger

useful capacity when the flow rate is low, ca.'l clearly be see from these graphs

- there is a longer period before the breakpoint and, thereafter, the

concentration in the exit nses more slowly. This in turn shows that the

apparent rate of diffusion is in fact lower when the flow rate IS slower, but

that the capacity is higher (the slope of the breakthrough curve after the

breakpoint).
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• As literature suggest [79], a larger column diameter with the same bed volume

and linear flow rates, yield similar results to that of the smaller column, This is

shown in Figure 6.11

6.2.4 Loading on the carbon and reaction rate

Table 6.2 lists the percentage of the cyanide that adsorbed onto the carbon to the total

amount that entered the column. This value is calculated at two points: firstly where

the cyanide in the exit stream equals 60% of that in the feed, and secondly at 70%.

From this table it can be seen how adsorption differs with a change in a parameter, as

explained in the above section. The differences are small, but that is due to tha fact

that the total capacity.of the carbon is relatively low (6mglg).

In Table 6.1 the comparative kjvalues for the different conditions are stated. This was

calculated with the equations presented in Chapter 2. The reaction rate increases with

an increase in velocity, and decrease when the bed volume or the column diameter

increases. It must be noted that these kj values are only an indication of the overall

rate of the reactions that take place throughout the whole column.

6.3 MECHAl'lISM

The proposed mechanism is the same as that for the batch configuration, but

consideration must be given to the fact that a much more complex situation develops

in the column configuration. This is due to the fact that the different reactions will

have different rates of mass transfer. It is therefore possible to have a situation where

some of the reactions have not been completed when the solution exits the column.

This will lead to silver losses.

It should be noted that proposing a mecha,'1.ism for the reactions is not the thrust of

this thesis, but rather an uIldeIstanding of the influence of different operanng

para-meters on the functioning of the packed bed.



6.4 SCALE-UP OF COLUMN

54

More data points will be needed to make a recommendation on scaling the system to

pilot plant level. It is recommended that the same column diameter be used, but a bed

height and linear velocity equal to that in the proposed pilot column. This small scale

test will reflect the same properties as that which would be present in the larger

column. In the experiments discussed in this thesis, relatively small bed height was

used for comparative reasons.



Table 6.1 Summary of kf values for the different conditions
- sensitivity analysis of N2 SIAC
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LV BV Ci Dc kf
12.5 125 20 37 0.04665
12.5 250 20 37 0.02287
12.5 312.5 20 37 0.01974
12.5 125 50 37 0.03982

25 125 20 37 0.0861
6 125 20 37 0.0237

3.5 125 20 37 0.01111
25 125 20 68 0.0263

STANDARD



-
Table 6.2 Percentage of total CN- feed that adsorbed onto the SIAC

Changing % of feed CN- in effluent
Condition 60 I 70

Flow =3.5 cm/min 68 60

Flow =6 cm/min 67 58

Flow =12.5 cm/min 63 55

Flow =25 cm/min 60 52

Bed Volume =250 ml 68 57

Bed Volume =312.5 ml 67 56

Ci =50 ppm 59 50
Dc - 68 mm/Flow - 25 cm/min 59 50
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CHAPTER 7

CONCLUSIONS

a) It was found that impregnating the activated carbon in an air atmosphere

results in a large mass loss of carbon due to combustion. Losses of more than

50% are common and the resultant product is soft and brittle. This causes

problems in transportation and the smaller particles also block the flow of

solution in a packed bed. Executing the thermal step in a nitrogen atmosphere

solves these problems, at the cost of a lower capacity. Increasing the silver

loading on the carbon can increase the capacity.

b) Both types of silver impregnated activated carbon outperformed vlrgm

activated carbon from both a kinetic and equilibrium point of view. This is the

case in both the batch and column configurations. A Freundlich isotherm was

tested, but the results were inconclusiw.

c) Thermally treating nrgm activated carbon in the same manner as m the

impregnation procedure enhances the adsorptive properties, but not to the

same level as the SL-"C.

d) In the column configuration, the silver impregnated activated carbon proved to

be succe<sful in removing free cvanide from solution. The level of success are- _.
determined by the following factors:

• The SL-"C to cyanide ratio. Increasing the amount of SL-"C available

for adsorption will increase the performance of the packed bed.

• hlcreasing the residence time of the solution in the packed bed has a

positi\'e effect on the performance.



69

-
• An increase in the free cyanide content of the feed solution has a large

detrimental effect on the cyanide capacity of the packed bed.

• Increasing the column diameter while keeping other parameters

constant (bed volume, linear velocity and feed concentration), have a

negligible effect on the system. This fact can be used in the design of

larger columns.

e) Silver losses have been found in both the batch and column configuration.

This commences at a residence time of approximately 2 minutes, and longer

residence times can cause greater silver losses.

RECOMME!';1)ATIONS:

Although the Sl!\C in a packed bed is suitable for the removal of free cyanide from

solution, the process is not highly effective due to the low cyanide capacity and Sl!\C

production requirements. The capacity and rate of the reaction can be increased by

further optimization of the carbon or increasing the silver loading on the carbon.

However this will increase the amounts of silver lost from the svstem. The process, -
for manufacturing the SlA.C is also energy intensive due to the high temperatures

needed (500 CC). Remo\'ing the free cyanide from eft]uent is also only the first part of

the process - the reco\'ery from the carbon and/or the regeneration of the carbon will

result in p.lrther expenses. After implementation, the effluent stream \vill also still

require additional treatment with another method to meet the standards. The system

investigated only reduce the cyanide levels to ppm levels. This is not sufficient. It is

therefore proposed tha! another method, such as an ion exchange resin, be

investigated for the clea.ll-up of cyanide containing effluent streams. Also, further

consideration should be given LO the fact that cyanide is present in the effluent streams

in other forms such as metal compounds. These compounds contribute to the total

cyapjde content of te'1e strea.rns since they can break down and release free cyanide.

\Vhile SLA.C remove free cyanide, the problem of these other compounds must still be

investigated.
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NOMENCLATURE

A parameter in Freundlich isotherm

C concentration in solution (ppm)

Cj initial concentration (ppm)

Ce equilibrium concentration (ppm)

dp average particle diameter of activated carbon (mm)

H bed height (m)

kf apparent rate constant of diffusion trough film (rn/s)

LV linear velocity (rn/s)

m mass of carbon (g)

n exponential term in Freundlich isotherm

qe equilibrium loading (mg/g)

t time (s)

V volume (m')

p densi ty (kg/m')

<: void fraction
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APPE1'Ul!X A

TABULATION OF EXPERIMENTAL RESULTS



EXPERIMENT 1

1J 20ppm in batch reactor with 1g virgin carbon

81

Gi= 18

G t(h) G/Gi
18 0.0 1.0
18 0.1 1.0
18 0.2 1.0
18 0.3 1.0
19 0.5 1.1
19 1.0 1.1
19 2.0 1.1
18 3.0 1.0
18 4.0 1.0
17 21.0 0.9
16 22.0 0.9
17 23.0 0.9
17 .24.0 0.9



EXPERIMENT 2

1J 20 ppm in reactor with 1g virgin C

82

Ci= 18

C t(h) C/Ci
18 0.0 1.0
18 0.1 1.0
18 0.2 1.0
18 0.3 1.0
18 0.5 1.0
18 1.0 1.0
17 2.0 0.9

16.5 3.0 0.9
16.5 4.0 0.9
16.5 21.0 0.9

17 22.0 0.9
17 23.0 0.9
17 ·24.0 0.9



EXPERIMENT 3

1120 ppm with 19 air SlAG in batch

17

G t(h) G/Gi
17 0.0 0.9

16.5 0.1 0.9
16 0.2 0.9
15 0.3 0.8
15 0.5 0.8
14 1.0 0.8
13 2.0 0.7
12 3.0 0.7

11.5 4.0 0.6
7.7 21.0 0.4
7.2 22.0 0.4

7 23.0 0.4
6.8 .24.0 0.4
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EXPERIMENT 4

1120 ppm with 19 air SlAG in batch

84

Gi= 19

G t(h) G/Gi
19 0.0 1.0
18 0.1 1.0
17 0.2 0.9

16.5 0.3 0.9
15.5 0.5 0.9

14 1.0 0.8
12 2.0 0.7
11 3.0 0.6

9.9 4.0 0.6
7.2 21.0 0.4
6.8 22.0 0.4
6.6 23.0 0.4
6.5 .24.0 0.4



EXPERIMENT 5

1 I20 ppm with 19 air SIAC

85

Ci= 18

C t(h) C/Ci
18 0.0 1.0
17 0.1 0.9
16 0.2 0.9
15 0.3 0.8
15 0.5 0.8
13 1.0 0.7
11 2.0 0.6
10 3.0 0.6
10 4.0 0.6

6.6 21.0 0.4
6.21 22.0 0.3

6.4 23.0 0.4
6.4 .24.0 0.4



AIR SIAC ISOTHERM

0.5 9 SIAC IN EVERY REACTOR WITH 1L SOLUTION
Ci FROM 5 TO 25

Cl Ce Qe
3.5 0.1 6.8
7.2 0.0 14.4
10 0.5 19.0
15 3.1 23.8
19 7.6 22.8
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-
EXPERIMENT 7

AIR SIAC ISOTHERM

0.29 SIAC in each reactor with 11 solution
Ci between 5 and 25 ppm KCN
72h

Ci Ce Qe
4 0.9 15.6

8.2 3.5 23.5
14 7.4 33.0
19 8.3 53.5
23 16.0 35.0
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EXPERIMENT 8

N2 SIAC ISOTHERM 1

0.59 SIAC in each reactor with 1\ of solution
Ci between 5 and 25 ppm KCN
73 h

Cl Ce Qe
4.7 2.1 5.2
9.6 6.4 6.4
15 12.0 6.0
21 17.9 6.2
26 23.0 6.0
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EXPERIMENT 9

Nz SIAC ISOTHERM

0.259 SIAC in batch reactors with 11 solutions
Cl between 5 and 25 ppm KCN
48 h

Cl Ce Qe
5.5 4.0 6.0
10 8.3 6.8
15 13.5 6.0
20 15.0 20.0
24 18.5 22.0
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EXPERIMENT 10

Optimisation of Nitrogen atmosphere condition in impregnation

Ci C time(h) temp.( cl capacity(mg/g)
14 12 5 250 2
14 12 0.5 300 2
20 17 2 500 3
13 10.5 0.5 500 2.5

19.5 13.5 4 700 6
20 14 2 700 6
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EXPERIMENT 11

SMALL COLUMN WITH VIRGIN CARBON

a· 14
SPEED' (2) 0.0104 m'/h

MASS' 20g
gravitational flow

C t(min) C/Ci

14 0 1.0

7.6 1 0.5

13 2 0.9

13 3 0.9

14 4 1.0

15 5 1.1

15 6 1.1

14 7 1.0

14 8 1.0

14 9 1.0

14 10 1.0

14 15 1.0

14 20 1.0

14 25 1.0

14 30 1.0

41.7 anlmin
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0.0104 m3/h

EXPERIMENT 12

small column with air SIAC

Ci. 15

mass = 20g

speed· (2)

gravitational flow

C t(min) C/Ci

1 0.0

2.3 2 0.2
2.7 3 0.2

4.3 4 0.3
5.1 5 0.3

5.4 6 0.4

6.5 7 0.4

7 8 0.5

7.6 9 0.5

7.6 10 0.5

8.8 - 15 0.6

10 20 0.7

11 25 0.7

11 30 0.7

11 35 0.7

12 40 0.8

41.7 cmImin
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0.0104 m'lh

EXPERIMENT 13

small column with air SIAC

Ci= 13

mass = 159
speed = (2)

grivitational flow

C t(min) ClCi

13 0 1.0
2.7 1 0.2
4.1 2 0.3

5.1 3 0.4
5.5 4 0.4
6.2 5 0.5
6.5 6 0.5
7.2 7 0.6
7.2 8 0.6
6.8 9 0.5

8 10 0.6
8.1 15 0.6
9.2 20 0.7
9.2 25 0.7
10 30 0.8

10.5 35 0.8
11 40 0.8

11.5 45 0.9
12 50 0.9

41.7 cmJmin
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-
EXPERIMENT 14

small column with air SlAG

Ci = 14

mass = 15g

94

flow = (3)

up flow

0.0141 m'th 56.6 cmJmin

C t(min) SIAC

14 0 1.0

1 0.0

2 0.0

7.1 3 0.5

8.6 4 0.6

9.5 5 0.7

8.7 6 0.6

11 7 0.8

8.1 8 0.6

9.7 9 0.7

10 - 10 0.7

9.7 15 0.7

9.7 20 0.7

11 25 0.8

12 30 0.9

12.5 35 0.9



EXPERIMENT 15

small column with air SIAC
Ci= 15
mass = 159

speed = 0.0141 m3/h
UD = 12.5/2.3
flow = up-flow

C t(min) SIAC
15 0 1.0

3 1 0.2
5.2 2 0.3
6.7 3 0.4
7.1 4 0.5
7.2 5 0.5
9.5 6 0.6
8.7 7 0.6
11 - 8 0.7
11 9 0.7
11 10 0.7

9.3 15 0.6
10.5 20 0.7

13 25 0.9
12 30 0.8
12 35 0.8
13 40 0.9
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EXPERIMENT 16

56.6 cm/min
3

0.0141 m3/h

Mini column test in small column with 1mm<pd<1.7mm SIAC particles
Ci= 10
mass = 6.73g
UD=
speed =(3)
gravitational fiow

C t(min) 1<pd<1.7
0 0.0

2.6 1 0.3
3.4 2 0.3
4.2 3 0.4

5 4 0.5
5.4 5 0.5
5.6 6 0.6
5.9 7 0.6
6.2 8 0.6
6.4 . 9 0.6
6.4 10 0.6



EXPERIME"NT 17

Mini column test in small cclumn with SIAC
Ci= 10
mass = 8.559
speed =(3) 0.0141 m3/h 56.6 cm/min
UO= 3
gravitational ftow

C t(min) C/Ci
10 0 1.0

3.6 1 0.4
5.4 2 0.5
5.6 3 0.6
6.3 4 0.6
6.9 5 0.7
6.8 6 0.7
6.9 7 0.7
7.1 8 0.7
7.2 9 0.7
7.5 10 0.8
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EXPERIMENT 18

linear velocity = 3.5 cm/min
std cond.
sample size = 4 BV
Ci= 21

effluent 0 Bed Volume C/Ci
0 0 0.0
0 4 0.0

0.27 8 0.0
1.2 12 0.1
1.6 16 0.1
2.7 20 0.1
3.7 24 0.2
4.5 28 0.2
6.4 32 0.3
7.3 36 0.3

8 40 0.4
9.2 44 0.4
9.2 48 0.4
9.9 52 0.5
11 56 0.5
11 60 0.5
11 64 0.5
12 68 0.6
13 72 0.6
13 76 0.6
13 80 0.6
13 84 0.6
14 88 0.7
14 92 0.7
15 96 0.7
16 100 0.8
16 104 0.8
16 108 0.8
16 112 0.8
16 116 0.8
16 120 0.8
17 124 0.8
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EXPERIMENT 19

linear velocity = 6 cm/min
std. Cond.
sample size = 4 BV
CI= 22

C BV C/Ci
0 0 0.0
0 4 0.0

0.8 8 0.0
1.8 12 0.1
2.8 16 0.1
5.2 20 0.2
6.7 24 0.3
8.2 28 0.4
9.3 32 0.4
9.5 36 0.4
11 40 0.5
12 44 0.5
13 48 0.6
13 52 0.6
14 56 0.6
14 60 0.6
15 64 0.7
15 68 0.7
15 72 0.7
16 76 0.7
16 80 0.7
16 84 0.7
16 88 0.7
16 92 0.7
16 96 0.7
17 100 0.8
171 104 0.8
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EXPERIMENT 20

linear velocity = 12.5 cm/min
std. Cond.
sampie size = 4 BV
Ci= 20

G BV GIGi

0 0 0.0
0.7 4 0.0
4.6 8 0.2
6.7 12 0.3
9.4 16 0.5
11 20 0.6
12 24 0.6
13 28 0.7
14 32 0.7
15 36 0.8
15 40 0.8
16 44 0.8
18 48 0.9

18.5 52 0.9
16 56 0.8
18 60 0.9

18.5 64 0.9
19 68 1.0
19 72 1.0

19.5 76 1.0
20 80 1.0
20 84 1.0
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EXPERIMENT 21

linear velocity = 25 cm/min
std. Gond.
sample size = 4 BV
Ci= 21

G Bed Volume G/Gi
0 0 0.0

1.5 4 0.1
6.1 8 0.3
10 12 0.5
11 16 0.5
13 20 0.6
14 24 0.7
15 28 0.7
14 32 0.7
15 36 0.7
15 40 0.7
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EXPERIMENT 22

102

bed volume = 250 rnl

std. Gond

sample size =

Ci= 24

2 BV

G BV G/Gi

0 0 0.0

0 2 0.0

0.026 4 0.0

0.037 6 0.0

0.39 8 0.0

0.9 10 0.0

2.2 12 0.1

2.7 14 0.1

4.4 16 0.2

5.4 18 0.2

7 20 0.3

7.8 22 0.3

8.3 24 0.3

8.7 26 0.4

10 28 0.4

9.7 30 0.4

11 32 0.5

11 34 0.5

12 36 0.5

12 38 0.5

13 40 0.5

13 42 0.5

13 44 0.5

14 46 0.6

15 48 0.6

14 50 0.6

15 52 0.6

15 54 0.6

15 56 0.6

15.5 58 0.6

15 60 0.6

15 62 0.6

15.5 64 0.6

15.5 66 0.6

15 68 0.6

16 70 0.7

17 72 0.7

18 74 0.8

17 76 0.7

19 78 1 0.8



EXPERIMENT 23

bed volume = 312.5 ml
std. Cond
sample size = 2 BV
Ci= 20

C BV C/Ci
0 0 0.0
0 2 0.0
0 4 0.0

0.12 6 0.0
0.71 8 0.0

1.6 10 0.1
2.1 12 0.1
3.1 14 0.2
3.6 16 0.2
3.9 18 0.2
4.2 20 0.2

5 . 22 0.3
5.9 24 0.3
6.9 26 0.3
7.2 28 0.4
7.2 30 0.4
7.6 32 0.4
8.9 34 0.4
9.6 36 0.5
9.6 38 0.5
10 40 0.5
10 42 0.5
11 44 0.6
11 46 0.6
11 48 06

11.5 50, 06
11.5 52 0.6

12 54 0.6
12 56 0.6

12.5 58 06
12 60 0.6

12.5 62 0.6
13 64 07
13 66 0.7

103



EXPERIMENT 24

initial conc. = 50 ppm KCN
std. Cond.
sample size = 4 BY
Ci= 50

C sample C/Ci
0 0 0.0

5.8 4 0.1
25 8 0.5
31 12 0.6
38 16 0.8
41 20 0.8
34 24 0.7
44 28 0.9
46 32 0.9
47 36 0.9
47 40 0.9
49 44 1.0
50 48 1.0
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EXPERIMENT 25

105

virgin carbon
std. Cond
sample size =
Ci= 20

4 BV

G BV CIGi

0 0 0.0
14 4 0.7
19 8 1.0
20 12 1.0



EXPERIMENT 26

column diameter =68mm
bed volume =125 ml
linear velocity =25 cm/min
sample size = 4 BV
Ci = 20

C BV C/C;
0 0 0.0

2.3 4 0.1
5.1 8 0.3
7.4 12 0.4
9.3 16 0.5
10 20 0.5
11 24 0.6
12 28 0.6
13 32 0.7

13.5 36 0.7
13.5 40 0.7

14 44 0.7
14 48 0.7

14.5 52 0.7
14.5 56 0.7

15 60 0.8
15 64 0.8

15.5 68 0.8
16 72 0.8
16 76 0.8
16 80 0.8
16 84 0.8

16.5 88 0.8
16.5 92 0.8
16.5 96 0.8
16.5 100 0.8

17 104 0.9
17.5 108 0.9
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