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There ar~ (hree eri(eria wh ich Ine sludge of an A\1D llklals reTllO\iill IrealIllenl 

pnICe" sh()uld Illeet 

• 
• 

• 

Efficienl sdlling. 

Rapid and extensive dewal~ring properties in order () achieve a high 

dells11y al lhe lime of disposal 

St.ahility ()ftne .Iudge allow pH. ((I avoid poosibk remohilisati<:ln of 

di"ol "ed Illdals in the en,i ronmenl ill lhe di,po,al sll~. 

Cry,mllised .:nd·products sen le alld dewaleT more dTic iemIy (han dexs poorly· 

cr/slalii ne/ilmorphous i;'rrihydrilC. (n til e e\'ell1 ()f il fall in pH. (;,trous and non· 

(;,trous me lal release fmIll ayslallioed ~nd-producIs i, less IMn fOT amorphous 

prod'I<:l, or ()xidation. Achi e,'elll~111 0[ cryslallioed ~nd·prodllCt<; i., howe"~r, nol 

,traignlforwmd. In (h~ currently deployed high-<lemily sludge (HDS) l'mc~ss, a 

rdaliv~ly high in "eSllll""( is required in order to allilin cryslallised end-products 

(Figur~ 1.1). 

Figure 1.1 Schematic diagram 01 an example 01 the High Density Sludge (HDS) 

pr()Cess lor the treatment of AMD. Notable disadvantages of the HOS process are (1) 

that the entire AMD y~ume must pass thmll\Jh the entire reactor system, (2) the 

need lor a flocculation tank and (3) the need lor extensive recycling ()f a 'elatively 

low-density sludge. (from Aube and Zinck 1999). 
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substitution. It ([m thus be used to remon both dIssolved ferrous and non-ferrous 

mewls from an AMP stream. indeed, in nature non oxides act as sinks for othenvise 

IOXlC heavy melals (Cornell and S<;hw~rlmann 199(,). Moreov~r, th~re are mllrkets for 

mllgnetite (RlIdon:nchik d lIL 19%) and panicularly good mllrkets for high quality 

magnelil~ ('e. magndile " ilh an iron conlenl or greliler than 68%) (Guiling~r­

personal communication, Jjn~s - p~r,onal communicahon). 

-"lagn~tite is a partially oxidised iron oxi<k with the fonnula F ~.'O. (i~ . F~! ' 2F e' I 0 4). 

It thus confonns to the general fonnulll F~J-IM'-04 for f~rriws. F~rriLes ar~ ,ron 

o~ld~s con I(,mling !o the ,tructur~ of:m lUVerse spinel (:'1g ,+ JAI'-0 4), wh~r~ 'VI 

sland, li)r any () I' a numh;,r () I' po"ihl~ "",Lalor non-mew I ions with an unhydrakd 

lOmc radius orlxlw~en 0.60 and 1.00 :mgstrom (Smit and Wijm 1959). 

1'he ferrite structure is built of oxygen atoms in cuhic dose packing givmg ri'e to 

o'clah~dral and m]~ed Idrahedral/odahedralillyers (Cornell and Schw~rtmann 1996). 

Figures 1.2a. 1.2b and 1.2c ilJuslraLe how Lelrahedral :md octahedral holes li~ helw~en 

the oxygen atoms which make up the crystal la!lic~ Iram~work. Fell ions occupy only 

ocwhedral sites while Felll ions are equally distributed between odah~dral and 

L~trah~dral sil~s. 'VIagneli!~" an inverse spinel b e~ause in a spind Mil ions occupy 

Lh~ !e!rah~dral siLe, and MJIJ ion, oc~upy lhe octahedral sites. 

~"",.'·'''I ,il&, 

Figure 1.2a Spinel crystal structure showing cubic close packing with octahedra! and 

tetrahedral interstitial sites between layers of oxygen atoms. (from Sauls and Sauls 

1998). 



Univ
ers

ity
 of

  C
ap

e T
ow

nFigure 1.2b Illustration showing how f<><Jr o~ygen atoms make up a tetrahedral site 

(from Sauls arK! Sauls 1 99B) 

Figure 1.2c Illustration showing how six oxygen atoms make up an octahedral site. 

(from Sauls arK! Sauls 1998) 

Cation suh<tilUti(Xl with non-ferrous iom i< made possible by the flnibility of the 

Q~ygen frameworl which accommmlate< cations whi~h differ in size from Fell or 

FeU!. Sub,tilu\c ions do wt tlc<:essarily occupy the same PQ;;,tiQn as the di;;placed ion 

but will flnd lh~ ocl~""dral or \C1rahedral ,ite which provides the greatest stabil ity for 

5 
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..... , ........ } is Drolauc~ea nor COllsumea 

are Iorme:a 

a OXlGatlon rate: 

LJ\.I'U",lVH 3 

structure. 

excess un-..... " .. 'l ... 

+ + + 

was 

tJv",,,.v.,, at tenrlDc:ra1un:s rnr",,,,t,,, .. 

to 

means to remove waste streams. 

la()OI'at()fV wastes 

I In the course of this the terms 'ferrous and 'ferrous solution' are used in 
the way '.. formation from ferrous or formation from 
ferrous solution ... '. These statements are inaccurate for two reasons. as will be discussed in 
detail in 4, does but forms other solid ferrous 

contain as well. once has occurred the ferrous exists in 
sus;peIlsioln and not in solution. The above two terms should therefore be as shorthand 
dellotmg a of solid The term 'ferrous intermediate' is therefore introduced 
below to denote all ferrous at this stage. The term 'intermediate' is used because these 
pr~:ciJ)ita,tes are unstable and will turn into en<l-plroaucts. 
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I In EqllJat:lon 2 dissolved oxygen concentration is used instead since it is in fact 
DO which in the oxidation reaction and the DO concentration will vary for a 

of reasons such as ionic etc. 
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I Table 14.1 on page 350 in Cornell and Schwertmann lists all the interconversions among the 

iron oxides. For each interconversion the of transformation is ego thermal dellvdro)l~Vl~ltlon, 

OXlGaIllon, reduction-dissolution etc. Out of all 27 transformations the transformation from 

ferrous nvrlrn,,'llIp to ma:gnetite is the transformation for which the is "not determined". 
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the transformations which occur in hQ1uatlon 6 because in this instance as OH- rli""",u'",,, .. 

the left-hand side of the groups appear on the side. and Schwertmann 
p. 351) for refer to the reaction as a transformation: 2FeOOH 7 
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not made clear. 
7 R in 4.3 is defined dltten~ntl.y to R in Table 4.1. 
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3h(01l); 0.50., -7 Fe(OHh,lreOOfl (illlermediale, 

hydrated maglletile) I IN) 

Fe(01l),.2hOOH -7 f.,/), I 21f:(J 

(13) 

( 14) 

They emphasi>e that following the oxidation of ferrous hydroxide, hydrated mabmetite 

cont3lns ferrOll> and ferric ions in the same ratio as they occur in magnetite 

F e(H)( OHh,2F e(TII)OOH 

Descri pti 01\ 
R pH 

, (FeOH) 

4n 
Acidic 
R "' OJ 

7/12 <8.5 
Su1llhated 

iut('rmediates 
, 
I 5/8 

Stoichiometric 0,5 9-11 
R= 0.5 

Ba~ic 
R< 0.5 1/3 

<11 
'11 0 sulph. ttd 

[ i ntrr m('dia~e~ 
Sil2 

Intenncdiate compound 

GR2 

( 4Fe(OHJ,,2FeOOH, 
FeSO.,nH,O) 

Sulphated ferrou~ 
hydroxide~ / GR2 

Hydrated magnetite 
(Fe(OHhFe(X)H) 

Amorphous activc ct'­

!'cOOH 

Ba,ic c()mpound 
(3F~(OH), 2Fe(OHJ,J 

End-product 

Goethite 
(ct-F~OOH) 

Lepidocrnc!e 
(y-FeOOH) 

ct and y 
1'eOOH 

Magnetite 
(Fe-,O.) 

Goethite 
(ct-FeOOH) 

Ilas,c c()mpound 

ar,d 6-FeOOH~ 

Table 4,3 The initial intermediate and end-products of oxidation of ferrous hydroxide 

in the presence 01 sulphate ions according to varying ratiOS of Fe, OH, Sulphated 

intermediates (ie. GR2) were only lound at Fe: OH ratios of greater than 0.5. 

'Sulphated ferrous hydroxide is an inilial (non-oxidised) product; the true 

intermediate (ie. partially oxidised) product at this value 01 R is still GR2 Compiled 

using data from Olowe and Genin (1991), 
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Figure 5.2 Scanning e'echon micrographs of precipitants. a. (top) e~periment without 

seed. b. (bottom) e~pe1m€!flt with seed Each cuboidal magnetite crystal is about 

100nm in dimension. llAagrification :(30 000. 

Kinetics 

Figur~ 5.3 shows re,ult> frum a typical batch tCSI wilh seed following lhe sampling 

proc~dl1re desnihed in mat~rials and methods. Re,ulls were laken from the eighth 

cycle to ensure that the solids in the reador were predommantly endogenou>. R~wlts 

orthe two previous cyeks ·.\lere identical tothe results shown and discuo.scd here. 

mdicating thatlhe sy,km bd reached sleady ,late with respect to the precipitated 

solids. In this >edion th~ lam "I"rrous (or f"rric) mtermediale' (Fl) r~pres~nts the 
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fraction ofthe mixcd ,ludg.: that is soluble as ferrous (or ferric) after 5 minutes at 

pH 2. Ferrous interm~diat~. f~rric int~rmediate, and oxygen eonc~'ntralions shown 111 

f igur~ 5.3 arc measured values while magnetite valucs are calculatcd on the basis tb at 

magnetite is the sole end-product slahi~ at pH 2 as supportcd by the XRD, SFM and 

dissoilIlion re,ults given above. 

" 
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~ i , 
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Time (min) 

____ Ferric 
---+- Fe as Magne tite 

Figure 5.3 Changes in concenlration of iron species and oxygen with time during a 

typical batch cycle with seed. 

• , 
~ , 

Figure 5.3 illuslml~' that the ferric intennediate concentration remains at zero 

throughout th~ cycl~. Since f~rrihydril~ IS rapidly SOilible at pH 2 and would 

contribute to a ferric measur~l1...,nL and nOling thal f~ITou, iron i, being oxidised. on~ 

concludes that ferric iron is being incorporated into magnctit~. This situation contrasts 

wi lh Ihat obs~rv~d at hIgher an Ilow rates where significant concentrations of ferric 

iron w~r~ m~asllr~d (see Figure 55). 
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figure 5.3 reveals that the pattern of disappearance of ferrous intennediate (oxidation 

to ferric plus incorporation of ferrous into magnetite) appears to occur in t\\"o distinct 

phase8. For the fir>t 75 minute> oxidation i> e8sentially linear at a rate of -12.~ mg­

Fe'+/Umin. Throughout this initial phase the DO concentration was zero. indicating 

that the oxygen transfer was the rate limiting stcp with respcctlO ferrous 

disappearance. After 75 minutes an ahrupt steep increase in the DO concentration 

occUITed at which time the (""dte of ferrous intennediate oxidation declined rapidly (DO 

concentration increased to 4 mglL at 90 minutcs) and thc ferrous intermediate curve 

followed an asymptotic shape at a value of -75 mg_Fe2+/L. Taken together the8e 

results allo\\" calculation oflhe magnetite concentration at time.: [magnetite,] = [initial 

fcrrous] - ([ferruu> intermediate,] + [ferric interrnediate.]j; \\"hich i8. in this case. an 

almost mirror image of the ferrous curve. 

Referring to Figure 5.3, at the end of the linear phase, the ferrous intermediate curve 

as>wnes an a>ymptntic shape. This observation is explained. as discussed in Chapter 

4. by the property of magnetite to selectively relea8e ferrou> iron at low pH values 

such as that at which the 8amples were proce>scd. ie. pH 2 (Trone et al. 1984). At low 

pH this fraction of the ferrous iron in magnetite is replaced by hydrogcn ions. This 

substitution is reversible (Jolivet and Trone 1988). The asymptotic portion of the 

Curve is therefore an artefact ofmcasurement. and thc reaction should be considered 

to be complete at tbe time oflhe increase in the dissolved oxygen concentration. 

Indeed. the increa8e in the DO concentration correlates \\"itb tbe exbaustion of ferrous 

intermediate at pH 10.5. In this respect it must aho be empba>i>ed that from a total 

iron concentration of 1200 mg/L at the beginning ofa cycle, tbe supernatant at the end 

of a cyele containe..lless tban I mglL of iron (removal efficiency of99.9"Io). 

Sum ma ry and conclll>ion~ of . pm,,/" of concept ' in ' c>tiga tion ~ 

Sludge characterisation studies (XRD. SEM and dissolution tests) show that oxidation 

of ferrous solutions under controllcd pH and oxidation conditions (pH 10.5, air flow 

,dte = 0.05 Ilmin) in the presence of magnetite seed (initial seed: ferrou> ,dtio = 7: I) 

yields almost pure magnetite at ambient temperdture. Under identical conditions. but 

in thc abscnce ofmagnctite seed, a poorly chardctcrised mixture oflargcly amorphous 
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iron oxides are formed with magnetite comprising not more than 17'}'. of the tOlal iOIn. 

From a process perspective, the kinetics ofmagne!ite formation lmder the above 

conditions (rate = 12.8 mg as Fcil.lmin) are very favourable. 

Under the batch te,t condition, reported here, the kinetics of ferrous intermediate 

removal appear to change from approximately zero order kinetics to markedly slower 

rate,. ThlS is an appareOl ratherlhan a real change and is anriblitable to an artefact of 

measurement, ie. the selective release ofreITo",~ iron from magnetite at the low pH 

val lies reqlIired for sample processing. 

The total iron concentrdtion in the effiuoot "a, always Ie,s than I mgtL in all the 

experiments with seed, representing an iron removal efficiency of99.9"Io . The 

precipitant ""nled well (SVT ~ 8 ml!g-Fe) and showed substantial stability at pH 3 

(dissolution of 1.1 % after 120 hours). 

92 



Univ
ers

ity
 of

  C
ap

e T
ow

n

5.2 Syslemalic investigalions under batch conditions 

."aleria ls and method~ 

Reagents 

The following analytical grade reagents (Sigma-Aldrich, Kintix) were used as 

received: FeSO •. 7H,O, Na2S0 •• NaOH. KOH, CaCh.2HoO, hydrazine sulphate, 

KNOj, NaHCOJ • 32% HC!, 1.IO-phenanthroline monohydrate, glacial acetic acid. 

NH-IC,H]O,. 

Inslrumentation and melhods of mraSllrrmrnts 

pH was measured with a Metrohm pH probe-temperature transducer coupled to a 

Metrohm 744 meter. Dissolved oxygen wa~ mea>ured with a YSI D55 DO meter. 

Bottled air and nitrogen. fed through rigid gas tubing. were pas>cd >cquentially via an 

adju:,table pressure regulalor and a rotameter flow meter to the reactor. At the reactor 

soft flexible tubing conveyed the ga:;e~ to a stone bubbler fixed to the middle oflhe 

reactor floor. Ferrou~ iron was mea~ured by the phenantbrolinc metbod (APHA, 

1998). Total iron was determined by atomic absorption using a Varian SpectrAA 30 

spectrometer. During a cycle 100al irO!1 was mea:,ured using a bench-top Spectroquant 

(Merck) system. Magnetite "hich served as the initial seed to :,tart up the fir:.t 

experiment was made according to the method suggested by Regazzoni et aL (19~1). 

Intrinsic magnetite. fonned by the ensuing ambient temperature method was u,ed in 

all experiments tbereafter. 

All expcrimcUls were perfonncd in a dear pcrspcx reactor with internal dimensions of 

18.75 x 11.5 ~ 11.5 cm J (height x width x widtb) capable ofholding2.62litrcs. The 

reactor was titled with a lid which has a large centrally positioned circular port and 

four smal1er ports positioned in each corner. The central port accommodated the shall 

of the mixing paddle (7.5 x 2.5 cm " widlh x height) which rotated through a bearing 

fixed ab(ne the reactor. The lOp of the paddle was located 7cm abme the reactor floor 

and wa~ centrally po~itiO!1ed directly above the bubbler through which airIN) were 

released. 
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Experimental procedure 

Each experiment consisted of a sequence of repeated batch cycles. The procedure for 

each cycle wru; identical: a premix of dis{illed water containing a given concentration 

of seed which was stirred continuously at I ~7 rpm. Prior 10 addition offerrou. 

sulphate, Nl gas was liberally bubbled for 10 minutes from the bottom of the reaClor 

in order to dc:oxygenate the premi" twt was maintained at a pll below 4 althis slage. 

0.0215 MIL of FeSO ... 71 ['0 (giving an initial ferrous concentration of 1200 mglL) was 

then added to Ihe reac1Or. To establish a SO/· : Fe ralio of2: I characteristic of MID, 

NaS04 was added. The pi I was then raised to 10.5 (or 9.0) by the addilion of 5 M 

NaOl1 and aeration commenced (air pre.sure up>1ream ofthe flowmeter = l00KPa). 

m! samples were then taken at regular intenals unlil the end of the cycle. During the 

course of me cycle the pH was maintained at 10.5 (or 9.0) by Ihe addition of small 

volumes of 1M NaOH. The amount and time of add ilion of each dose ofNaOH was 

recorded. Changes in Ihe DO value were also recorded. Prior to the commencement of 

the ne,,1 cycle a calculated amount of seed was removed from the reaclor in ordc:r to 

restore the seed concentration 10 the desired inilial concentration. The supernatant was 

also removed and replaced twice with distilled water belween cycles in order 10 

prevenl salinity accumulating in the reaclOr. A minimum period of two hours was 

maintained between successive cycles. Two or three cycle. were perfonned during the 

daytime in every 24 hour period. 

In each experiment recycling continued until the ch~nt ical composition oflhe freshly 

made seed had reached steady stale, here defined as no change in the ferrous: total 

iron ratio of the precipitated mineral for a minimwn of three cycles. Unless otherwise 

stated the experiments were effected under the following conditions: mitial Fe" 

concentration = 1200 mgIL as Fe. mixing velocity - un RPM. pH = 10.5 and 

temperature = 23" 1 QC. 

Sludge settling tests: At the end of the cycle mixing was stopped and the suspended 

solids were allowed to settle. After 30 minutes of settling time the volume ofthe 

settled solids is mea.ured. Settlement results are depicted as Sludge Volume Index 

(SVI) (APHA. 1998), expressed as mlIg-Fe. 
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SUfJernatant measurements: 2 hours after the end of a cycle, 200 ml of sUJJernatant 

was taken Irom 3 em below the tOfJ and filtered. The filter was then immersed in 32% 

HCI and the dissolved iron was then mea,ured for residual iron oxide fmes. 

Sampling procedure during cycle: The I ml samples taken during each cycle were 

taken from approximately halfway down the depth of the reactor. Each I ml sample of 

reactor contents was immediately dilutcd to 100 ml in a volumetric nask with O.OIM 

HCI (pH 2). The sample was mixed briefly by shaking and allowed to stand for 5 

minute,. The sample wa, then vacuum filtered through a 0.45 micron membrane filter 

and 50 ml of the filtrate were set aside for later analysis of total iron and ferrous iron 

concentrations. The remaining filtratc was used to monitor total iron concentration 

during the course of a cycle. At the end of each experiment, a membrane filter wa, 

used to process a sample diluted in distilled water rather than 0.0 1M Hel and dried at 

room temperature ov~rnight. The re,idue of seed and precipitated solids on the filter 

was then subjected to XRD analy,i,. Finally. an undiluted sample of -enled sludge 

was taken for Mtisshaucr sJJeerroseopy. 

Characterisation of precipitant: Characterisation orthe precipitant was pcrfonncd 

by Mossbauer and XRD analy,i, as well as by eompletc dissolution in 32% Hel to 

obtain the [errous: total iron ratio. 

~7Fc i\1t1sshauer spectroscopy (MS): Samples were sent to Dr Giovanni Hearne at 

the School of Physics, Uni\ersity of the Witwatersrand. for Mtisshauer spectroscopy. 

All further discllssion, ligures and table& in this chapter penaining to MOssbaucr 

analysi, are dra"ll from his report. MS in conventional transmission geometry was 

u,ed to detect Fe-bearing phases within the sample. As an atomic-scale local probe it 

is equally effective in the analysis of poorly crystallised or amorphous material, 

where con\~ntional macroscopic-type probes like XRD ha\e con,iderable limitation,. 

X-Ray Iliffnu:tiou: A filtered sample from each cycle was &ubjeclcd to XRD analysis 

using a Phillips PW3710 XR diffractometer with a copper tube. 

Fel+/FeT ratio in sludge: Two J ml samples taken from the mldd1ezone of the mixed 

reactor were dissolved in 4 ml of32% HCI (- pH -J). Complete dj~solution takes up to 
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15 minutes. Thereafter the sample was diluted with distilled watBr to attain a 

concentration suitable for total iron and ferrous measurements which were performed 

without delay in order to avoid any possible oxidation of ferrous iron. 

Experiments v.itb calcium: These experiments were conducted in the same way as 

described above but with the addition of21.5 mmolll ofCaCh to the reactor premix 

prior to the commencement of each cycle. Sucb addition simulates the use of lime to 

obtain an operational pH of -10,5 in practice for AMD water with a Fe'­

concentration of 1200 mgiL. 

Resnlts and discussiun 

Effect of seed concentration 

To assess the seed concentration affect. e>..periment' W<'re COndtlCI~d at a fix~d air 

flow rate 01'0.05 Limin and at varying concentrations of magnetite seed, Result, are 

given in Column I of Table 5 I and are prB,~nted a, th~ femlll.' : total iron ratio 

expre",~d in pffCent Table 5.1 shows clearly that the presence of seed even at 

relatively low concentrations of 1 ,2 gil as J'e strongly channels the reaction towards a 

final product with the stoichiometry of magnetite, ie. ferrous: total iron ratio close to 

33%. These experimeDls all produced a precipitant that was charcoal-black in colour, 

settled very wdl, and reacted strongly to a hand magnct. XRD analysis indicated the 

presence of magnetite with IKl other peaks occurring. 
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Initial ~eed Cflllcentratioll 
g-Fe/L 

(initial seed: Fe'+ ratio) 

o 

1.l 
(1 : 1) 

'.R 
(4 : 1) 

'.4 
(7 : 1) 

0.05 

5.7 

Airflow rate 
Llmin 

0.0115 0.12 

i 32.15 = 0.42 28.1\6 + 0.24 27.42 = 1.70 

0.6 

17.36 ± 0.74 

32.03 = 0.72 30.S6 ± O.oJ 29.61 = 0.73 21.49 ± 1.59 

30.52 - 0.51 27.60 ± 1.54 

Table 5.1 Effect of initial seed concentration and airflow rate on the ferrous to total 

Iron ratio (shown in percent) in the sludge. Results are given as average ± one 

standard deviation. 

Effect of airtlo\\ rate on magnetite formation 

In the absence of seed. higher oxidation rates tend to inhibit magnetite fiHmation 

(Cornell alld Schwenmann 1996). To as>es> the eITed of mrnow rate, experiment' 

were conducted at seed concentrations of 1.2 gil. and 4.8 gil. and varyillg airflow 

rates. Ferrous: total iron ratio results for th e'e eXp"nmems are ,hown in rows 2 and 3 

of Table 5.1. The results show a clear trend: the higher the airnow rate (illcreased 

oxidation rate J. (he lower the ferrous cOlltellt of the final precipitate. These results are 

most cl~ar when comparing an airflow rate of 0.05 Limin to one of 0.6 L'min at initial 

,~~d ~oncentnllions "rb,,(h 1.2 and 4.1\ giL (a d~cr~as~ linm 32.15% to 17.36% and 

32.03% to 21.49% respectively) However. an increa'e from 0.05 (./mill to O. [2 Lim;n 
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caus~ only a small decrease in the ferrous conteut of the sludge, espedaUy at the 

higher:;ced ratio of 4,8 giL. 

MlI,shauer, XRD and SEM analyse:; showed that aU of the precipitants from row, 2-

4 in Table 5.1 had the slrnctural characteristic, of magnetite, with no evidence of any 

other crystalline or amorphous phases. For example. Figure 5.4 :;hO\o,', the MlIs~baucr 

spectra of steady-state precipitants made at 0.12 Llmin (Figure 5.4, top) and 0.6 

Llmin (Figure 5.4, bottom). Both spectra ,how the two partiaUy overlapping sextets 

(representing the tetrahedral and octahedral sites) typical of magnetite (Vandenberghe 

et a1. 1990). The heavy solid line represent:; the overall theoretical fit. 

Mos~bauer analysis of the sample madc at 0, 12 Umin (Figure 5.4. top) found thc 

ferrou:; : total iron ratio to be 28 ± 1.0 % (as calculated from the integrated area under 

the sub-spectrum) which accords well with the dissolution value of29.61 %. For this 

same sample an additional 6 ± 1,0 % ferric was fOlllld in the octahedral B-site ovcr 

and abovc the 33 ± 1.0 % expected and tndeed found in this same site. These 6 % are 

imcrpreted as fcrrou, which ha, oxidised 10 ferric in the octahedral B-si!c. Thc 

measured value of only 28 ± 1.0 % octahedral B-site ferrous accords with this 

interpretation, Therefore despitc this partial oxidation (also detected as a decrea:;e in 

the ferrous: total iron ratio), Mossbauer analysi:; in conjunction with the XRD and 

SEM findings. indicates that th~ typical magnetite cry,tal ,tructure i, maintained. In 

this sample howcver. thc Mossbauer results indicatc that the downward deviations 

from :;toichiometry are nevertheless accompanied by some di,ruption of the crystal 

order in the fonn of cation vacancie" as evidenced by line-width broadening of the 

octahedral sextet. 

At the relatively high airflow rate of 0.6 Llmin and in the presence ofa low 

concentration of initial seed (j.2 giL a, Fe) the sludge formed contained on average 

only 17.36% offerrou'. Again the structural data (hiS, XRD, SEM) indicate that even 

,uch a large deviation from stoichiometry appears to be ordered within the crystalline 

structure of magnetite, albeit Fe in magnetite with a distribution of local atomic 

environmenb and se\'cr<lly di,rupted neighbourhoods from charge compensating 

vacancies as a result of the oxidation. Th~ evidence for ,uch a distribution of Fe local 
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environments is deduced from both the spectral line-broadening and collapsed 

magnetic fields evident as a distortion in the centre of the M05sbauer spectrum 

(Fi~,'ure 5.4, bottom) 

~--~ ~-----

1 .01 

, 0 .99 , , 
O.H • • , 

• • 0.9 5 , 
• • '" " 

'" 
~" " " 

V~ loci ty {m m!. ) 

1.0 1 

• 0 .99 
0 • , ,., , 
• , ""' • , 
" ""' • • O.g 1 " 

''" " , , , 
" Ve l<>ci!y {In Inlo) 

Figure 5.4 MOssbauer spectra for two samples at varying airflow rates and seed 

concentrations pH = 10.5. Top Airflow rate" 0.12 Umin, seed concentration" 4.8 

giL Bottom Airflow rate = 0 6 Umin (bottom), seed concentration" 1.2 giL In each 

case the heavy solid line represents the theoretical fit of the two suO-spectra 

indicated by lighter lines. (from reports compiled by Dr G Hearne). 
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;...)otubly however, a:; 8hoW11 in Table 5.1. increa>ing th~ s~~d conccntration to HA g,l .. 

as F~ rcsultcd in a shiH back towards stoichiomelric magnelile (feITOU8 : total iron 

ratio of 27,6 :: 1.54%), This again highlights the I'Ok of s,-",d in ~hanneli11 ~ tJl<, 

r~a~lion towards magn~tite d~,pite the high airtlow rat~. 

l::ffeet of airflow rate and ,eed concentralion On ferrous remo~al kinetic~ 

Figurc 5,5 show> re8ults from a typical butch te:;t with >eed concentration = 4,8 gil. 

pH ~ 10.5. air now rate - 0,12 Limin. Rcslllts of the two prel-iolls cycle, Were 

idcnticalto the result8 8hoW11 and di>clL>8~d here, mdi~ati11g that the sy8tem had 

reacl",d steady Slate with rcspect to the precipitated wlids. 

Ferrou, intemlCdi~tc. ferric intermediate. and oxyge11 ~o11centralions 8hown m Figure 

5.5 are measured vallL~' whil~ the 'stoichiomctric magn~tit~' values arc calculated ~s 

the concentratio11 ofstOl~hlon"'tri~ magnetitc (given in mg-FeiL) which could foml 

according to the amount offelTou8 intermediate whi~h di'appear>. 

mo 
~ • " '000 
" " " , 750 
5 

" 500 , 
0 • " • 250 

" 
0 

0 20 40 60 80 

Time (rrins) 

__ Fen" n .. rre<l"". 
[l,>OIved ""y~n 
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6 

5 
:J 
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3 
~ 

0 
0 , 

, 
0 

Figure 5.5 Changes in concentration of iron species and oxygen with time during a 

typical cyde with seed, Results are those for pH = 10.5, seed concentration = 4.8 

gJl, airflow rate = 0.12 Umin, 
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rigure 5.5 illustrates that after an initial transient rise the ferric inte!TIlediate 

concentration remains clo~e to zero throughoutthc cycle. As in Figure 5.3 and for the 

same reasons mentioned therc (ie. measuremcnt artefact) the pattern of disappearance 

offerrous intermediate (o~idation to ferric plus incorpomtion of ferrous into 

magnetite) appears to occur in l\I,'O distinct temporal phases. For the first 50 minutes 

the rate offemlus intermediate removal is linear (in this case at a rate of - 20.4 mg­

Feh/Umin). Throughout this initial phase the DO concentration ",as 7ero, indicrlting 

that oxygen transfer was the rate limiting step in the transfonnation offerrous iron 

lntofresh precipitate. Aller 50 minutes an abrupt steep increase in the DO 

concentration occurred at which time the rate of ferrous mtermediate removal appears 

to decline rapidly to an asymptotic concentmtiOil of - 80 mtVL Fe2
+. As already 

explained the residual concentration of soluble ferrous forming the asymptotic ponion 

of the plot does not constihlte ferrous intermediate which has not been converted to 

magnetite. Rather, it is a meawrement artefact stenuning from the selective partial 

release of ferrous iron from magnetite (no'" present as original plus newly formed 

seed) at the low pH values at which samples were processed (Jolivet and Trone 1988). 

This interpretation is supported by the observation that the residual ferrous 

concentration increases with seed mass (eg. at 0.05 Umin airflow mte: no seed = 18 

mgiL residual ferrous, 1.2 giL seed = 28 mgiL residual ferrous, 4.8 giL seed = 88 

mgIL residual ferrous). This artefaclUal residual F1 concentration is therefore a seed as 

opposed to a substrate eITccl. The shape onhe ferrous intennediate curve is therefore 

misleading and under reactor conditions of hIgh pH. linear kinetics would continue to 

lower solid femlus intermediate concentrations. 

The effect ofairflo", rate on the ferrous removal rate is given in Figure 5.6 for a seed 

ratio of 4.8 gIL. The results are calculated for the part of the reaction required to 

reduce the solid ferrous intermediate c(Hlcentration from 1200 to 100 mgiL (below 

100 mglL the calculation is hindered by the measurement artefact discussed above). 

As shown, the rate of ferrous removal was linear with airflow rate. This result concurs 

",ith the observation that in all experiments the dissolved oxygen concentration was 

7£ro until all ferrous had been oxidiscd or incorporated into magnetite as Fe2
+. Taken 

together these facts confirm that oxygen supply (mass transfer) was rate-limiting. 

Under these conditions. the retention times (RT) needed to remove 1200 mgfL of 
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ferrous to a llnal product pr~dominantly composed of magnetite varied between 

03- 1.6 hours. It should be noted that the seed concentration did not affect the rute of 

ferrous removal. Under otherwise unifonn conditions the latter depends exclusively 

on the airflow rute. This was indicated by the closely similar ferrous removal rates 

obtained at particular airflow rates at widely differing seed concentrations (data not 

shown). 

From Figure 5.6 it is e, ident that the retentioo time does not. as it may be expected to, 

vary in a linear fashion with the ferrous removal rate. The main reason for this can be 

found in Table 5. 1 which shows that the percentage ferrous in the end-product 

decreases as the airflow rate increases. This mea~s that IIlOf"e ferrous is oxidised as the 

airflow rate increases and this requires a longer retention time. This interpretation is 

supponed by d~ta. presented i~ Figure 6.12 in the ~ext chapter, which shows a linear 

relationship bet"een retention time and percentage ferrous 

100 - _ .. - 2 

1.5 ~ 
~ 

2 80 
• " 

• E -1 c 
0 -c • -05 • ~ ~ -" 

• c 60 > 
0 E E OJ • " '" • E 40 ;-, -0 
" " • 20 ~ 

0 0 

0 0.2 0.4 0.6 0.8 

Airflow rate (Lim in) 

Figure 5.6 Ferrous re rlO"a rate (<1iarlonris) a')(j ""actioo 'eteotion ti me (ciTies) as ~ 

fU'lction Of ai10w rate (i 'l,tial seed conCC'lt'atlOn 4,8 (lil as Fe). 
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Figure 6.2b Photograph of the apparatus depicted In Figure 6.2a which was used for 

experiments where calClllm was present a. Contact stabilisation reactor, b Settler 1 

c OXidation reactor 1 d, Settler 2 e Tank receiving effluent from Settler 1 f. Source 

of air ~ pI1 contrUlers h Rotameter airflow rate controllers i. Sludge underflow 

from Settler 2 to Agin~ tank (Agin ~ tal1k al1d Oxidation reactor 2 not shown I 

Figure 6_2a sho",s the configuratiol1 lIsed for magnetiw formation ,,1 the presenc€ of 

calcium Figure 6 21> ,oow, th€ actLlal apparatu~ lkpicted in Figure 6 ~a rh~ seed 

concentration in the oxidising reacwr w~s again mail1tai ned at ' -20.0 g-Fe/L In lhis 

CaS€ ho",ev€f separate eCj lllmolar ferrous and calcium sollltion,_ r€pre~~nting the 

AMI) and added lim e, were first i Il1roduced intCl a pH 10.5 contac.t sl~bilisatiolt 

reactor The ~tTIuent of this r~actor t10wed under gravilv into the first s~ttler, The 

cl arified eflluent left th~ >}'>tern '''hile the ~ettled >Iudge was q'Cled tCllhe first 

oxidising reactor The fell'OIiS imermediate in the lInd€rt1ow was therefore 

significanlly concentrated relative to the concelllllttion in the sOll1'ce AMD whil~t the 

di~,oh ed cal CI urn conc~ntrati on remall1~d ullchanged. 111 th~ oxidation reaCtClr the 

silldge is completely mixed, aerated and maintained at pH 10.5 hy the addition uf a 
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The pH. dissolved oxygen, ferrous intennediate and total iron wen' measured in each 

compartmenl at various times. The term 'total irOl1' (Fe,) represents the iron in a 

sample whIch undergoes complete dissolution in 32% He] wilhin 15 minute:;. This 

includes magnetite :;eed and/or other end-product" of oxidation but not ferrou:; 

inlermediates becau,e the "ample i, diluted in 100 ml ofO.OIM Hel (ie. pH 2) before 

bemg filtered: end-product:; remain on the filter but intennediate pha"e" di~wlve and 

leave with the filtrate. End-products are then dissolved in 32% Hel before being 

diluted to a concentration and pH witable for total iron and ferrous measurements. 

The system was run continuously for at lea:;t three sludge ages. Characterisation of the 

:;ludge wa" perfonned by XRD and Mossbauer modalities as well as by ferrous: lotal 

iron ratio detennination. 

X-ray diffraction: XRD was perform<'d u~ing a Philhp~ PW3710 XR diffraclometer 

with a copper tube. 

~7Fe MlIssb aue r spectroscopy: Samples were sent for Mih"bauer >,pectro~copy to Dr 

Giovanni Hearne at the School of Physics, Univer:;ity of the Witwater:;rand. All of the 

dhcu,~ion, figures and tables in this chapter pertaining to M6ssbauer analysis are 

drawn ITom hi" r'1WJ1. Milssbauer measurements were performed in conventional 

transmi,,~ion geometry. A linear motor driven by a triangular reference wave-fonn 

wa:; used to ~can the n'~onance profile. A Kr-C02 proportional counter was used to 

detecl the transmitted 14.4 keV resOl1ance radiation from a 10 mei " Co(Rh) 

radioactive source. Each dried powdered sample wa~ mounted in a ~pecially de,igned 

powder-rlamp holder. Sample quantitie:; were thoroughly mixed with an inorganic 

buffer material and the mixture of sample and buffer distributed in the sample holder 

to fonn a disk of uniform thickness of20 to 25 mg/cm2 for transmission M6:;sbauer 

measurement,. Data acquisition of each spectrum and its mirror-image was for a 

dur,ltiOl1 to enwre at least - 100 000 COllllts in each of I 024 channels of a PCA-based 

multi-channel analy~er. Prior to analy,i, each ~pectrum was folded with its mirror 

image and adjacent channel~ sub~equent]y added. Thl~ serv~s to n'move geometrical 

ba~~-linre distortions and reduces the (,IN) stati:;tical scarter in the final data set u:;ed 

for analysis. The fitting prognlJll NOR~lOS (di"tributed by \vISSEL--G~rmany) ha, 
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been used for theoretical fits of me data with Loremzian linc-shapes to d<h:onvolute 

various :;ub-oomponents (phases) in me spectrum. A minimum number of subspcctra 

(doublets, se"tets andlor distribution of sextets) are used 10 obtain the best fit to the 

IOtal spectrum. 

Determination of Fel+fFe-r ratio in sludge: Two I m! samples from high and middle 

zones ofth~ mixed reaClOr were taken for Fe'+ife·, ratio detcnnination as described 

above. That is, a I ml ~ample of mixed liquor from the reactor was diluted in 100 ml 

ofO.OIM (pH 2) HCl in order to dissolve all ferrous intermediate specie:; prior to 

filtration (0.45 micron). Thc solid materia! left on the filler is therefore the end­

products ofthc oxidation reaction which can then be dissolved in conc~ntrated (10M) 

HCI to allow ferrous (Fe2+) and Fe total (fe-r) to be measured. 

Ferrous iron: fe2+ was measured by the pheDanthroline method. Total iron was 

mea:;ured using a bench-top SpcetroquaDt (Merck) SystCill. SVI was determined 

according to the method given in APHA (1998). 

Leach tHtS: L~ach tests involved mixing a sludge ;,ample and then allowing it to 

settle in 500 ml of a 0.01 M aqueous HCl solution (ie. pH 2). Thereafter, samples of 

the supernatant were taken at ime]"\lals and measured for total iron. At the end of the 

lest, the entire mixrnrc was filtered and the solids were dissolved in 32% HCl in order 

to determine the remaining sample mass (as Fe). Thc initial sample mass was 

calculated by adding total dissolved mass to remaining mass and results were then 

expressed as percentage mass loss. 
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Resulls aud discussion 

Formation of ma~nelile al steady-state iu the absence of calcium: effect of the 

ferrou~ intermediate eoneentnltion 

The reactor systcm u>cd for thesc cxperimcnts is shown in Figure 6.1. Figure 6.3 

,hows lhe ferro", inlennediale (FI) eoncelllmlionlllailllaincd inlhe o~idising reaclurs 

fur tbrcc differenl cxperimenl' (E~p 6.1. Exp 6.2. and Exp 6.3 ~ulTc'punding lu 50---

I 00, 150 250 and -500 mg ferrous intcrmcdiatc pcr litcr. respectively), 

~ 
0 

• ~ 
~ , 

0 

• • • § 

~ 
• 
~ 
" 

0 300 6Q() 900 1200 1500 1800 2100 

Time (min) 

Figure 6.3 Ferrous intermediate cuncentrations maintained in the oxidation reactors 

for the three experiments conducted in the absence of calcium. 

, Exp 6,1 (FI = 5()-1 ()IJ mg-Fo.lL), 'Y. Exp 8.2 (FI = 15()-250 mq-F!>Il), ~ Exp 6.3 (FI ~ -500 mq-F!>Il) 

End-product analysis: When the pro<:css was operatcd 'With a fcr[(lus intcm1Cdiatc 

~onccnirali On or 50---1 00 mg-F ell tl1C colour 0 nbc preci pilate produced was green­

brown, Since the ~oluur ufmagnctile" charcoal it was apparent that under lhese 

conditions pure magnctitc was not being produced. 
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Figure 6.4a sho,,",s the Mossbauer spectrum (MS) for the predpitate fonned in Exp 6.1 

al a f!.'lT<Jus intermediate l·on<:cntration in the range 50-J 00 mg-F elL. The ,pectrum is 

fitted with three component" two of which are <:ryslallinc component sextets 

representing the A-site and l3-site in the magnetite fraction of the sample (c<Jmparc 

dashed lines in Figure 6.4a with Figure 6.4c). The third l"<JmjJ<Jn<..'Ilt is modelled as an 

additional distribution of magnetic fields with Mossbauer parameters typical of poorly 

crystalline goethite (a-FeOOHl (thin solid line) (Pollard et al. 1992). Therefore the 

Mossbaucr analysis suggests the presence of tW<J F c-bcaring phases, viz. magnetite 

and goethite. The integrated area miller each subspectrum in the Mossbauer analysis 

makes it possible 10 ascribe 44% of the iron in the sample to goethite and 560/0 to 

magnetite. Chemical analysis of this sample gave a ferrous fraction of J 3% ± I % (as 

compared to -33% in pure stoi<:hiomelric magnetite). The relative areas of the A-site 

and B-site sextcts pennit a quantificati<Jn of the degree of o~idation of tile magnetite 

fraction from the Mi'issbauer spectrum (Vandenberghe et al. 1990). The M(issbau~>J" 

spectral analysis also indi<:ates that 140/0 of the total iron in the sample was in the 

f~>fI"<Jus form. 
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Figure 6.4 a M6ssbauer spectrum for the precipitate from Exp 6.1 (ferrous 

int!lrmediate concentration" 50-100 mg-FeIL) b, M6ssbauer spectrum for the 

precipitate from Exp 6,1 after treatment with 32% Hel, c, M6ssbauer spectrum for a 

sample of near-stoichiometric magnetite lIIhich serves as a standard of reference. In 

all cases open circles represent the raw data, with overall theoretical fit as a solid line 

through the data points (from r!lports compH!ld by Dr G Hearne). 
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For further asse~sment, a >ample of the ~ame precipitate was db"olvoo in 32% Hel 

which dissolves aJlthe magnetite within 15 minutes, leaving a residual yellow-brown 

su~pended ~o1id which wa~ analysed by .\I1iissbauer spectroscopy and XRD. Figure 

6.4b shows the MS spectrum for thi~ sample_ The overall fit to the spectrum i~ the 

wlid line through the data points represented as open circles. A dashed line 

representing a distribution ofmagnctic field.> "upposed to be indicative of poorly 

cry~ta1line bulk goethite phase is discerned_ similar to that seen in Figure 6.4a. In 

addition, a central doublet attributed to ("uperparamagnetic) nanocry~talline goethite 

i~ abo present. This component likely arises from the effects ofthc concentrated HCl 

on the goethite fraction. 1be XRD results for this sample are shown in Figure 6.5 and 

have signatures of crystalline goethite. with no evidence of other iron oxide~ or oxy­

hydroxides. 

Takcn together_ these results confirm that the precipitate wa" not purely magnetite, 

but that large amounts of another Fe-bearing phase, goethite. were present. 

5<]0 

400 
• 0 
0 I 
0 300 
0 
0 , Goethite 1 
1i LOO 
0 

" 100 

0 

0 20 40 60 

2 Theta (degrees) 

Fig u re 6_5 XRD rattcrrl ror tilA prcci~)ltate from I::xp 6.1 (ferrolls i n(ermcctiatc 

Gonr..,n:",tioc = 50- ~ 00 Illg-Fe:'Lj arler treatment wi:il 3L% Hel 
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At a ferruus intermediate concentration of 150---250 mg-FelL (Exp 6.2 in .Figure 6.3) 

the colour ofthc precipitate was green-brown a:; in the previous experimcU!. again 

indicating the presence of product, of oxidation other than magnetite. Detailed 

charactcrisation of this precipitate was not pur:;ucd. 

At a ferrous intermediatc conccntration of -500 mg-Fe/ L (£xp 6.3 in Figure 6.3) the 

precipitate, attained after dynamic stcady-statc has becn reached, was charcoal in 

culuur. Figure 6.6a shows the XRD pattern for this precipitate compared to the 

reference pattern for stoichiometric magnetite (Figure 6.6b). The pattern is 

characteristic of magnetite and there is no evidence of non-magnetite pha,es. Thc 

pereentage ferrous content for this sample wa, 28% oi 1°;' by chemical analysis. 
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Figure 6.6 a. XRD pattern for the predpitate from Exp 6.3 where the ferrous 

intermediate concentration was maintained at -500 mg-Fe/L b. XRD pattern for a 

reference sample of magnetite (the Same sample used for the MS analysis shown in 

Figure 4c, supplied by Dr G Hearne). 

Based on the sludge analysis it was therefore apparent that there is a critical threshold 

oflhe feITOus illteml~diale cOl'l<:entralion m order to rOn11 sllhslall\mlly pur~ 

magnetite. Results of sludge analysis indicated a '!eady-state ferrous intermediate 

concentration of approximately 500 mg-l"eIL above which solely magnetite was 
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produced. Below this threshold, goethite was found to be !hc main end-produC! of 

oxidation. This rcsult is in accord with the Iikrature on magn~tite fonnation in !he 

abscnce of seed where it is qualitatively stated that a high fcrrous concentration 

favours magneti!e as the end-product of the oxidation of ferrous s.olution, (e omell 

and Schwertmann 1996). 

(iormation of magnetitl' at stead}-Sfllte in the presence of calcium: effect of the 

ferrous intermediate conee" tration 

Figure 6.2a ,hows the reactor system used tor experiments in wruch calcium wa, 

prcsent. This system differs from that when calcium was absent for the following 

reasons: The problem of calcium inhibition in ambient tcmperature ferritc fonna!ion 

has already been di,cussed in Chapter 4. Al!hough the mechani,m of inhIbition is 

unknown it was postulated that increasing theferrous intermediare: dissolved 

calcium ratio in the oxidation reactor would reduce the inhibitory effect of calcium. 11 

wa, also postulated that allowing the freshly precipitated sludge to age (ie. stand 

without mixing or aeration) would promote magnetite fonnation by allowlllg lime for 

dehydration-crystallisation in the absence of further oxidation to occur (Perales Perez 

et at 1999, McKinnon ct al. 20(0). 

In the absence of calcium a concentration of greater than 500 mg-FeIL was found 

necessary for magnetite fonnation. Exp 6.4. in which Ca2
+ was preseDl in 1 : I molar 

ratio to Fel+, was therefore performed just above this threshold concentration (ie. in 

the range 500---800 mg-FeIL), without allowing any aging period. The percentage 

ferrous in this expcriment was howevcr found to rapidly declinc to a value of less than 

15% and simultaneously the sludge was observed to tum brown indicating a 

prevalence offerric oxideloxo-hydroxide end-products (data not shown).ln an 

attempt to improve the outcome, in Exp 6.5 the r~actor wa, turned off for 18 out of 

cvery 24 hour, allowing the fre,hly fonned precipitate to agc. Aging improved the 

ferrous fraction in !he sludge to 18'Yo ± 1 % by chemical analysis at steady-state. In 

addition no brown discolouration of the sludge occurred. Data for this experiment is 

shown in Figure 6.7 (Exp 6.5) and .Mossbauer and XRD results for this experiment arc 

,hown in Figure 6.8. Al!hough teatures indicative of magnetite ar~ dominant in both 
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measurements. both modalities also ,how dear evidelICG of an additional non­

magnetite component m the samplG. Mos>bauer analy,i, re, eal 'i that thi;; i;; an 

adllitional ferric component (solid line sub-spedrum in Figurc 6.H) accounting for 

- 20% of the tntal iron m the sampk. The derived Mossballer parameters for this 

LOmponcnt arG not typical of goethite. and this component therelilre represents nne or 

more unidentified fern~ spe<:le;; Mi;s"bauer analysis indicates that thG pGrcGnlage 

tGrrolls COlllenl oftllG magnetite phase is 25·/0, This amount, to a net ferrous fraction 

of20"/o of the total iron III the sample. which accord;; well with the 18···. ± 1'/, 

obtained by chemical analysis, 

2500--- -- ._--
2 g • .. • 0 ,. :. • • 0 ' .. • £ 1500 #--.. t •••• , 

• t •••• • t·.· • • 
~ 1 

011 • 0 0c{! " " '0 ~o. B" • , 
" 0 

0 0 , 500 0' 
" 

0 
0 2000 4000 6000 8000 10000 12DOC 

Time (min) 

Figure 6.7 Ferrous intermediate concentrations maintained in the oxidation reactors 

for two experiments conducted in the presence of calcium . • E>:p 6.5 (Fl ' 500--800 mg_ 

FetL, 18 r.ours aging). + Exp 6.7 IFI = 1200--1700 mg- F.Il.) 
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Figure 6. 8 XRD (8a) and MS (8b) for sludge from Exp 65 conducted in the 

presence of calcium (ferrous intermediate concentration of 501J.-800 mg-FeIL, 18 

hours aging) (from reports compiled by Dr G Hearne). 

80 

10 

Ruj,ing the ierrous intermediate concentration to between I 200 and lOllO mg-Fell 

wllholll agmg again rcsllited in a rapid decrease in tile ferrous fracrion of the sludge 

(which ~gain beg~n 10 tum brown) to a vallLe below 22% at which poillllhe 

experiment was tcrmil1at~d (Exp 6.6. data not 'hown). In c0I11m.,(, the ,Iudge ofExp 

6.7 performed under tile identical coodition' to Exp (i.6 but wilh aging for - 18 (lui of 

eve')' 24 hours was iound to consist of predominantly (> 95%) magn~litc with a 

ferrolLs fraction of 3()% ± 1 % by ~hemi~ai anaiy"s, and 27~" ± j o,{j by Mii"bauer 
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an~lysis (Hgur~ (,. 9h). No hmwn discolouralion Illdl~ative of non-magnetite terric 

phase" was ohs.crvcd. This finding was furthel' substantiated by XI{D analysis (Figurc 

6,%), Data for this ~xperimenlls shown m FIgure ~.1 (Fxp ~.1) 

Experiment Fxp 6.1 was r~p~at~d at a shghlly higher f~rrllus intermedi~te 

conc"mration (-2(}(}O mgiL), Data for th is cxpcrim~nt (Exp ~.g) is shllwn in Figur~ 

6.10 and includ~s measuremenls or lh~ perc~ntag~ ferrous in the p[~dpit~nt which 

rcmaincd at --·3 ()% throllghollt the eOllrs.c of thc expel'lm"nt confirming lh" results 

ohtall1~d in Fxp 6.1. 

1,01 

• 1 .2 
" •• 0,99 E • • • 098 -• > 0,97 • • • 0.96 " 

0,95 

-10 

9a 

2 Thela (degreQS) 

- f- --- -- -- -
9b 

-5 o 
Velocity (mmls) 

5 10 

Figure 6.9 XRD (ga) and MS (9b) for sludge from Exp 6.7 conducted in the presence 

of calcium (ferrous intermediate concentration of 1200-1700 mg-FeIL) and inctuding 

an aging period of 18 hours (from reports compiled by Dr G Hearne). 
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Fe, Ca with aging (4.26 sludge ages) 
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Figure 6_10 Data lor Exp 6.8 perlmm6d in thE! presence of calcium with a ferrous 

intermediate (FI) concentration of 2 ± 0 48 gil and an aging period of 1731 - 1 67 

hours. Time along thE> x-axis represents the accllm~ated oxidation period in minutes 

with aging periods cut out Each aging peood is marked along the x-axis with a small 

triangle The units for botll y-axes are In gil 

The results presented ahove apptar to II nk the mhibi lex)' eflecl of calcium on 

magnelilt formation 10 the ferrous intermediate - dissolvtd Cal ratio_ It was 

postlI] a\ed heforc tbat an increase In thl s rat; 0 I n ~()nj unui on wi Ih an aging period 

might serve to ovtrcome this inhibilion. Exp 6.5 (H = 5(XI-HOO mg-Fe/T and 18 

boors "glng shows thal aglllg alone docs not ,uiflCC to OvtrCQme CJlcium mhihition 

On the other hand, at higber 1'1 concentrJtions (a~companied h)' a conSlant di,>olved 
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calcium concentration) and with an 18 hour period of aging, ~ub,tantially pur~ 

magnetite can be produced with less than 5% of other iron phases. Further 

expenmeuts were performed in which the aging p~riod wa~ succe~sively dimini~r..,d 

and it was found that a minimum of3--6 hours aging is required to produce magnetite 

with a ferrous fraction of gr~ater than 28-30 % (sec Table 6. I below). McKinnon et 

al. (1999) found a power law relationship between a thre~hold agmg lime and calcium 

concentration. The following relationship was derived under experimental conditions 

where separate ferric and ferrou~ solUlions were mixed and the pH rai~ed with lime in 

tr.., absence of seed: 

Threshold aging time = I. f7 x uri [Ca/,~l (I ) 

The role oftbe contact ~tabilisation reactor 

As suggested above, enhaucing the FJ : di>solved Ca2+ ratio appears to overcome the 

inhibitory affect of calcium on magnetite formaliou. This was achieved by placing a 

coutact stabl1i~ation (CS) reactor before the settl~r (Figure 6.2a). The pH ofthc 

contact ~tabili,ation reaclor wa., maintained at 10.5, as in the oxidation reactor. The 

dissolved iron present in the raw AMD introdoced into the contact ,tabi1i~ation 

r~actor thus fully precipitates (as FJ) and is subsequeutly adsorbed onto the magnetite 

se~d. The near-instantaneOll.'l time fDquircd for these steps allows for a relatively small 

contact stabi1i~alion reactor. Th~ effluent from the contact stabilisation reactor 

containing magnetite seed coated with ferrous intermediate then reach~~ the ~ettler. 

The ~eed particles greatly enhance th~ sdlling ofthc ferrous intennooiate phase which 

would otherwi~e, in tr.., ah~~nc~ of seed, form a hulky voluminous floc with poor 

settliug properties. This re,ults in hOlh a conc~ntratcd sludge and a short retention 

time iu the settler. The concentration of the f~rrous intennooiate species in lhe 

underflow sludge of the settler is enhanced -3 times relative to lhe conc~ntration of 

dissolved iron in the raw AMD (data not ~hown)_ Calcium in the main oxidi~ing 

reactor is largely in the liquid phase as few or no gypsum crystals were observed in 

the underflow from the settler. Gypsum growth "",as however observed ou the walls of 

the ~ettler. During the settling period the concentratiou of dissolved calcium does not 

illCrease. Con~equ~nlly, the ferrous inlermediat~: dissolvoo Ca'~ ratio would be 

elevated by at least tbe solid-liquid ~~paralion factor which wa.~ found to be close to 
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solids: total vo lume ~ I : 3 (see be low). This factor wa, also retlected in the ratio of 

seed concentration in the contact stabilisation reactor: oxidising reactor which was 

consistently found to be I : 2.5-3 (data not shown). Since Fe'!' aod Ca'- in the intluent 

were introduced at equimolar concentrations. it would aplX'ar that increa,ing the ratio 

between the FI and the calcium to -3 has the effect oflargely overcoming the calcium 

inhibition effects. 

Another notable effect of the contact stabilisation reactor senler sequence (sec 

Figure 1i.2) is the separation of the metals from the bulk AMD volume prior to 

oxidation. Tbis means that tbe bulk AMD volume does not enter the oxidation reactor, 

allowing fur much lower inirastructure costs. The SVI of the contents of the contact 

stabilisation reactor was found to be 30 mllg and the separation ratio after 30 minutes 

of settling time was 35 : 100 (solids: total volume), Extending the settling time 

beyond 30 minutes does not have a marked eft"ect on the sludge: water ratio. Thus a 

settling chamber witb a retention time (RT) of30 minutes appea!"5 optimal. Since the 

retention in the contact stabilisation reactor need only be a few minutes. the combined 

contact stabilisation reactOf- settler sequence does not require a large-scale 

infrastructure. 

l:fflucnt and sludge char9 cteri~t ics 

Under the e;<perimental conditiom shown in Figure 6.7 (E;<p Ii. 7; ferrous intermediate 

1200-1700 mg-FelL), the total iron concentration in the effluent lea"ing the settling 

tank was always less than 1.0 mglL and the final sludge, composed of essentially pure 

magnetite, seltled e;<ceptionally well (SVI - 3.2 mlig-Fe). After standing for 14 days, 

the wasted sludge attained a paste-like consistency wilh a concemrarion of 

257 g-Fe/L. An indication of tile stability of the sludge at pH 2 is demonstrated by the 

data shown in Figure 6.11. After an initially rapid increase the mass loss began to 

plateau at 15.6 0
;' after 77 days. Such a limited release offerrOWl iron is a documented 

property ofmagnet,te in acidic aqueous solution (Jolivet and Trone 1988). 

130 



Univ
ers

ity
 of

  C
ap

e T
ow

n

---- ---

~ , • • , , 
" " • , • • , 
1 • 

I 
• • • " " , 

I O'o----;-,----;·.----,:-----,-;oc----,~ 
h " . (d) 

--------' 

Figure 6.11 Re"~Jlt" of" rH 2 I .. "eh t .. st cond uctf!<i with "Iud~ e derived from the 

experi ment with calci UrTI Ifem"Js interrn ediHte concentrHt>on = 1 200-1 700 mg-FeiL) 

Units along the y-axi s = % di ss~ved Fe" i Total Fe, 

Influence of retention lime Ilnd Ilging on the percentage ferrous of the end­

product 

A, discu,sed in Chapler 4, Perales Perez and Umetsu (2000) found a marked etTect of 

the duration of oxidatiOil on the narure of tile end-product underba!ch conditions in 

the absence of seed and calcium. In their experiments duration of oxidation was an 

independent variable. In Chapter 5, the effect of duration of oxidation on the end­

product under batch conditions in the presence of seed was reponed (Table 5.1), In 

this case changes in duration of oxidation were a direct effect of changes in airflow 

rate, 

In Exp 6.9, the duration of oxidation under continuous flow steady-state conditions 

was investigated. In this case, duratioo of oxidatiou, expre-sed a. hydraulic retention 

time (RT) in the oxidising reactor. "as a function ofreaetor volume becausc the AMD 

flow rate was kept constant while the reactor volume was varied l (Table 6.1). Varying 

reactor vollUDc did not however only influence retention time bot also effccted airflow 

rale and hence thc rate of oxidation. Thi. was because in order to maintain a coustant 

I Hydraulic retenti(lll IlTTle _ reactor v()(umc! AMD tlow ,...Ic. 
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supra·thre'hold ferrous intennediate ~on<:entraiion III the llXldation rea<:tor ilS 

retention time was yaried. the oxidalion rate had to be increased or decrea,ed by 

adjusting the airflow rate. 

I 
1 

Volume "xidation RT Aging Fe load .", ferrous 
react(lr (I.) (H"ur,) (Hours) (mJ:/min) 

0.1'.5 0.94 0 
i 

50 earty fa<lur6 

1 ,2 1.33 ri 50 J 9.~ , 
, 

, 2.22 6 
I 

50 12.6 

5.2 6. , 6 I 50 28.0 

~ -

I 

I 

5.2 6' 3 i 50 2S.1 

5.2 6. , <3 50 < 25%, 
i 

Table 6.1 Data showing the effects of duration of oxidation (expressed as retention 

time, RT). The effect of duration of aging on the percentage ferrous in the final 

precipitate is also shown. Ferrous intermediate" 2-2.5 gJL. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

• , 
0 , 
• ~ 
" • 

% Ferrous vs Retention Time I 
n=4 

30 1 
25 " 
20 
15 
10 
5 
0 
000 

.---

---- ---- --- ---­. ----

y"1.6267x+18.183 

R2" 0.9791 

2.00 4.00 

RT hours 

6.00 8.00 

Figure 6.12 Relationship between the duration of oxidation (RT) and the percentage 

ferrous in the final precipitate for the data in rows 2-5 in Table 6.1. 

The results lor Exp 6.9 prescnted in Table 6.1 and Figure 6.12 show that the 

perccntagc fcrrous in the end-product varies III a hnear fashlon with retention time. 

But reten tion time directly aflech oxidation rate and ,0 the percentage lerrol!> in the 

end-prodllct is sen,i Ii ve to the rate 01" oxidation in a linear fashion. It i, also evident 

ii-om Table (i.1 that decrcasing thc aging time from 6 hours to 3 hours did not affcct 

the percentage ferrous hut an aging time of less than three hours did 

A rctention time of6.1 hours was required to produce magnetlte with a percentage 

felTous of 2R%,. Thi, i, sigmficantiy longer than the retention timc, reported by Zinck 

and Griffiths (2000) fonhe liPS process (Tahle 6.2). This is not surpriSlIlg since 

magnetite formation requires relativcly low oxidation rates whereas the HDS proccss 

docs not. Howcver, as described in Chapter 5. low percentage felTous values do not 

mean that the magnetite structure ha' been los t. 1.0\\ percentage fernllls end-products 

produced al shortcr retcntion times (cg. rows 2 and 3 in Table 6.1) are therefore 

compatible with complete fen-au' remo,al from A'vID (Table 5.1, Chapter 5). It has 

not yet been detemlincd how low perccntagc fcrrous cnd-prodllcts may effcet thc 
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removal ofnon-ferrow; metals. but it is po:;sibJc that retention tirru:s of the order of 

those seen in the HDS process may be achkved for the ambient temperature ferrite 

process (ATFP) as welL 

ATFP "OS "OS HDS HilS 

6.1 2.7 3.1 3.7 41 

Table 6.2 Comparison ofreltmtion tlmes in hours \Jt;,tween the ambient temperature 

ferrite process (ATFP) and four instances of the HDS process (HDS data from Zinck 

and Griffith 2000). 

O~ itl"li()" rate 

From the data in Table 6.1 the oxidation rate can be calcul3led· the simulaled AMD is 

introduced into the system at a rate of 11.5 mg-Fe2' ili min (see Experimental 

procedure at thc start of Chapter 6). At steady-state the ferrou:; disappearance ratc in 

the oxidation [Ca<.-tor is therefore also 11.5 mg_Fel+iLimin. Takmg Ihe data in row 5 of 

Table 6.1 as an example, the percemage ferrous in the end-product was 28.1 %. 

Because ferrous disappearance occurs as a rc:;ult of both oxidation to Fe'+ (7 1 .9% in 

row 5) and by inCOIpOralion ofFe'+ into magnelite (28.1 ~.) Ihe actual oxidation rail'. 

in this case. is 0.72 of the ferrous disappeaJ1loce rate. ie. 8.3 mg-FeiUmin. This value 

is less than the values obtained in the batch tests in the absence of calcium (12.5- 20 

mg-FeiUmin. Chapter 5). AUhough. under the steady-state conditions described here, 

the effect of o~idation rate was not systematically in~estigaled, atlempts to increase 

the oxidation Tale under steady-state conditions when calcium was absenl presented 

110 problem up to ferrous feed rates of 15- 20 mg-FeilJmm (data 1101 shown). However 

if calcirun was pre:;ent any increase in the oxidation rate above 8.5- 10 mg-FeiL/min 

resulted in a decreasc in the percentage ferrou:; in the end-products and in the 

appearance of brown ferric cnd-products vi:;ible to the eye (data not shown). The 

presence of calcium n",refore seems to limit the maximrun ferrous oxidation rate al 

which magnelite is fonned. relative to the case where calcium is ab",nl by a factor 

of -0.5. 
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Summary and eotldu~ion> 

The conditions under which magnetite can be produced from simulated AMD in a 

continuously operated ambient tcmpcratnre ferrite process, both in the absence and 

presence of calcium, have been described. The presence of calcIUm simulates the use 

of lime as a pH elevating agent The dynamic steady-state conditions required can be 

easily attained using relatively utl>ophisticated equipment and methods. Experiments 

without calcium reveal a thrcshold fcrrous iutennediatc concentration of 

approximately 500 mg-FelL above which solely magnetite is fonned, withelllt any 

necd for aging. Below this concentration, gocthite (u-FeOOH) was fonned in 

significant amount, Experiments in the presence of calcium re~ealed the fonnation of 

substantially pure near-stoichiometric magnetite requires both an aging period of at 

least 3--6 hours as well as relatively higher (1200 to 2000 mg-FelL) ferrous 

intermcdiate concentrations. Such concentrations can be attained and maintained by 

the introduction of a contact ,tahili~tion reactor - ,ettler sequence up,tream of the 

main oxidi,ing rcactor. The elevation of the ferrous intennediate concentration in the 

oxidising rcactor togcthcr with the incorporation ofa contact stahilisation reactor­

seUler sequence increases the ferrous intennediate: dissolved calcium ratio in the 

oxidation reactor by -3 times. It is proposed that the increased ferrous intennediate : 

dissolved calcium ratio, in conjunction with a suitable aging period. is the mcchanism 

whereby the inhibitory effect of calcium on magnctite formation is avoided. In all 

experiments, the iron concentration in the effluent leaving the first settling tank was 

lower than 1 mg-FeIL and the final sludge, when composcd of essentially purc 

magnetite, settled extremely well (SVI - 3.2 mllg-Fc). The proposed reactor design 

,hown in Figure 6.2a re,ults in early separation of a metals-containing AMD stream 

from the bulk AMD ~olume, resulting in significantly smaller reactor infrastructure 

needs. The maximum oxidation rate compatible with magnetite formation undcr 

steady-state condition in the presence of calcium is -8.5 mg-Fe/Limin as compared 

with 12.5- 20 mg-Fe/L/min when calcium is abst'11t. Results renecting the high 

stability of sludge made in the presence of calcium have also been presented. The 

concept has potential to be flexibly applied to non-AMD waste-streams containing 

dis,olved metals. 
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Ch:tpter 7 Ferrite formation at steady-state in th" prc~enl't~ of 

calcium and non-ferrous metals 

The previous ehapler described conditions uuder whieh magnetite is fonned at 

ambient temperature m the presence of calcium. This chapter describes ferrite 

formation experiments donc in the prcsence of ca1ciwn and llOn-ferrous metals. Thrcr 

expenments with lhe following combinations of Fe and non-ferrous metals were 

performed: 

Exp 7.1 Co:Fc K \:IO 

Exp 7.2 Co: ~i :7n. F~-2.5 2.5 :2.5: 100 

Co:Ni :Zn: r;ln :Fe - 2.5: to :2.5 :2.5: 100 

The cxperimcntal setup was identical to that ~own in Figure 6.2 and an influent 

molar ratio of Ca : Fe of I: I was used in all thrce experimcnts. Apart from changes in 

the makeup of the SImulated AMD and in the duration of the aging period. the 

cxperiments were oonducted exactly as for the steady-slate experiment presented in 

Chaptcr 6 and shown in Figure 6.10. Methods of analysis were also the same. 
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Result> and diseus>ion 

bp 7.1 

" , 
0 

,8, 
< 

Ferrite rormation in the presence or cohalt and calcium 

Exp 7.1: % ferrous vs. sludge age showing 
aging time 

72 40 
" .. " " " " " " "" 30 48 " " "" 

20 
24 ... • • • • 10 

0 0 
0 2 4 6 8 10 

sludge age 

• minimum aging time. % lerrOlis 

• , 
0 , 
• • , 

Figure 7.1 Results lor Exp 7,1 where calcium and cobalt were present (Co: Fe" 1 : 

10, Ca , Fe" 1:1 j, See text lor details. 

Results for Exp 7.1 in which both calcium and cobalt were present are shown in 

Figure 7.1, The seed concentration was maintained at 17.4 :::2.3 g.-'L. The percentage 

feTTom, remained stable at an average of32.61 ±1.2 5% over 8 sludge ages ' , For most 

of the experiment tl-.e aging period was 24 homs. J 11 the period i-.et'Ween 1.3 and 2.5 

sludge ages Ule aging period 'Was 48 houn;. The incre~sed aging period did not 

mJ1uetICe lhe percentage ferrous in the fresh end-proouct. The XRD patten! for the 

final product atler an aging period of I month is soo'Wn in Figure 7.2a, This 

predpimte was idenlified as the fernIe 'cohalt lron oxide' (Cobe,0.,) (Phdlips Fxpert 

Data Analyzer 1996-1999). hgure 7.2h shows the XR]} p~Uem for tl-.e same 

I Sloo~< age i, J,;,linro" tb. t;n..: r<4uirro ", prOOUC'C"" am"lmt "fncw ,Iudge "'lual ", [he 1",.1 
,judge mO<, (ill g-re) whioh "'"' pro"m in all compartm"nts of ,II< ",aoror aT til< sTOrt of ,he 
o~perim<nT. Foc tho .. thr •• e~perim"nts the ,j,rt;nlo' «ed m." ,,"-, I (,(J g and 000 ,Iudgo age was 5),3 
b"u". 

Jl7 



Univ
ers

ity
 of

  C
ap

e T
ow

n

precipitate after J months of aging. Although some minor ~hanges in the XRD pattern 

at 3 months aging versus I month of agmg are apparent, the XRD identit1cation 

software still identit1ed the sample as cobalt Iron oxide, These re'Liits cont1rm the 

conclusion made from macroscopic ob~rvations and chemical analvsis thai a Cerrite 

with a high IX'fCentage ferrous was fornled 

1000 

~ 800 
< , 
0 600 u 
• . > 400 • 
~ 200 

0 

0 

~~- ~- -~~~-

Fe:Co = 10:1 , Aged x 1 month 
(Cobalt Iron Oxide) 

, 

'. '- .. i 

20 

, 

" 
40 

degrees 2 Theta 

60 80 

Figure 7.2a XRD tracing for el"ld-product of Exp 7,1 (Co, Fe" 1 10, Ca : Fe = l' 1) 

after 1 month of a!)llg 
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Co: Fe = 1 :10, Aged x 3 months 

1200 

• 1 ()()() ... c , 800 
0 
0 

• 600 
> 
~ 400 • .. 
~ 200 , I' \ ... .J , 'I 

0 
, , 

L 20 40 60 

degrees 2 Theta 

80 

Figure 7.2b XRD tracing for end-product of Exp 7.1 (Co Fe" 1 : 10, Ga Fe" 1 1) 

after 3 months of aging. 

Further data for fup 7.1 is given in Table 7.1 , Although the efllllent filtrate i~ 

essentiall,v free of iron and cobalt, the concentration ofthe~e element~ pre~ent a~ 

'Hnes' in the effiuent is sigmficant The reason for the occurrence of fines is unclear 

and reql1ires further investigation. Notably however, the ratio of Co Fe in the fines 

reflects the ratio llfthe,e eiemenN in the simulated ~\lD as would be expected 

Si milarl y the molar ratio in the final precipitate closely reflects the initi al 

concentrations. 
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I , 

, 

Sample Concentration (rngIL) '.olar % 
, 

-
F, 39119 

[nflu"ot 10.60/. 
Co -121 

- r- -
I, () 22 

Effluent: ms~ul\'Cd finc~ 1O.78'Y. 
Co 0,", 

F, <O.Ofi 
Emuen!: filtrate 9.7°;' 

Co ll.O9 

Finnl pr~jpitllte Fe 177.6 

~"l+: FCT _ 32% 
9.70;" 

Co 17.23 

Table 7.1 Data for the influent, effluent and final precipitate for Exp 7,1 in 

which cobalt and calcium were present. The molar percentage values of the 

effluent fines and final precipitate renect the Co: Fe ratio in the influent. In 

both cases the molar percentage closely approximates the -1 : 10 value of 

the influent. 

Exp 7.1 is significant in lh~( it ullequivocally proves the formation of a mixed-species 

I"rril~ by cation substitution for the c~sc of cobalt under onc-step ambient temperature 

conditions in the presence of calcium (Ca: Fe = 1 : 1).I'he non-feITOl.lS metal (Co) 

w~s present at a significant molu COOCClllratiOll of III percent with respect to ferrous 

lron in the simulated i\\lD. Thc initial concept lIpoIl "hicllthis resc~rch w~s Iounded 

lS thus subslantiated. 
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E~p 7.2 Ferrite fnrmalinn in the presence (If Co, ~i, Zn and rakium 

figur~ 7.3a shows results for Exp 7.2 wh~r~ Co. Ni and Zn w~r~present in 

concentrations as shown in Table 7.2, lheCa: Fe ratio was 1 : 1. aging peri()d - 24 

hours, 

Ex P 7 .2 Co. N i. Z n, Fe, Ca 

30 40 • 
~ 20 •• 3 0 " • •• • .~. I-~ 0 

• • 0 

" .. • 2 0 • • • • • • • • I 0 , 
~ I 0 

•• 1 - ••• _ ...... • .. - •• ....... . "' .. 
0 0 
o .0 o .5 1.0 1.5 2.0 2.5 

Sl~dg e I gu 

• Seed · Ferrous intermediate .t. % Ferrous 

Figure 7.3a Data for Exp 7.2 in which Co, Ni, Zn, Fe and Ca (Ca , Fe" 1 , 1) were 

present See text for details. 

Sirnulatrd A.'ID F, C" Y , Z, 

Conc~nlrati()lllTIg/L 3976 113 104 99 
-_. -~~~- - _.- ~. -

Concentration MoliL 35.60 0.96 0,89 0,76 

:\Iolar 'Y. of total !r(ln 2.6\1 2.49 2.13 

Table 7.2 Measured data lor simulated AMD for Exp 7.2 (pH s 3, Fe. SQ, " 1 : 2) 
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Characterisation oflhe end-product 

Referring to Figure 7.3a it can be seen that for Exp 7.2 !be percentage ferrous in !be 

fresh precipitat~ stays relatively constant (at 26.48 % ±3.47j. It should be borne in 

mind that when divalent non-ferrous metals are present in the simulated AMD. a 

decrease in the percentage ferrous of both the fresh pr~'Cipitate and final end-product 

is to be expected as a consequence of cation substitution. In these cases the total 

percentage of non-ferrous metals in the end-product should be borne in mind. Using 

data from Table 7.5 below, total non-ferrou~ metals comprised 6.5 % (mol M 2+ I mol 

Fer) orthe total Fe in the end-product. Thus. working from the percentage ferrous of 

J3.3 % in stoichiometnc magnetite, a maximum of26.8 % ferrous: total iron can be 

expected to be found in !be fresb precipitate of Exp 7.2. It is noteworthy !bat the result 

obtained agrees well with tbis value. It is perhaps for this reason that. as can be seen 

in Figure 7.3a, an increase in the seed cOilcentratiOil did not result in an increase in the 

percentage terrous of the fresh precipitate - it is already at its maximum. Aller 

exhaustive oxidation the percentage ferrous decreased to 22.9 % (average of two 

values in Table 7.4 below) as a consequence offurther oxidation. 

Structural analysis 

A sample of precipitant taken from Exp 7.2 at 2.4 sludge ages was aged for 48 houT'S 

post-exhaustive oxidation and subjected to XRD and M1\ssbauer analysis. 

X-ray diffraction: The XRD pattern (Figure 7.3b) illustrates that this precipitate has 

structural features offemte. 

t42 
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1000 

800 

600 '. >-
+'~ 400 "' -0 
~o 200 

0 

0 

Exp 7.2 exh ox seed aged 48h 

20 40 

degrees 2 Theta 

60 

Magnetite: standard reference XRD 

6000 

50 J G 

4 C J Q 

'" 3000 , 
o 
u 2 Q C C 
• 

• c 

o 

L __ _ 
40 60 

80 

ao 

Figure 7.3b Above: XRD tracing for a sample of seed frem Exp 7.2 Vlhich oontair-.ed 

Co, Ni, Zn and calcium after exl".usu",,, oxid"tion "nd aging lor 48 hours, In "ddition 

to the magnetite peaks there are other significant peaks indicatlr">g either some 

deviation frem the pure ferrite structure or the presence 01 other compounds The 

nature of these additional peaks was not investigated further Below: Standard 

reference XRD pattern for magnetite (supplied by Dr G Hearnel 
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)lossbauer spectros~opy; M6%bauer spectros<;opy \Va, perfonned by Dr Giovanni 

Hearne in the SCh<Xll of Physics, Liniversit.Y orthe Witwatersrand All of the 

discussion, fib'llfCS and table<; in thi, chapter pel1aining to M6<;sbauer analysi, are 

dr4wn from his report. Consistent with the XRD results, the Mossbauer spectrum of 

the samplc of end-product from Fxp 7,2 ha, the charaden<;tic signatllres oCmagnetite 

(Fib'llfC 7 4a), except for a marked difference in the relative intensities of resonance 

lines close to -7,5 mmi, compared with stoi chiometric magnetite. This is indi cative of 

some degree of oxidation, and the re'mlt, ofthc spectral analysis indicate the ferrous 

(Fe!' ) content to be 23.:.1 % , in compario.on with 33% expected in a stoIchiometric 

compound 

12c6b 
Co, Ni, Zn@2.5%ofFe 

Velocity (mm/s) 

Figure 7.4a M6ssbauer spectrum of the same sample from Exp 7.2 used for XRD 

analysis as shown in Figure 7 3a, The spectrum is fitted with two sextets The overall 

theoretical fit is the solid line through the data points represented as open circles 

(from reports compiled by Dr G Hearne). 
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! &F OS So< <Abundance 

: (mn:s) (mm/~ ) (T) % 

~ 

Spedrdl 
r , 

SAMPLE Linewidth 
Component 

(mmls) 
I 

49.0 I 33.3 FeJ
-

().7') -0.(11 10(1)fe3'-

Tel A-site 
hp 7.2 and ollidi~ed 0.47 

Oct B-:;ite 

0.63 -Il,1I1 45.3 
33.3 (5) FcJ+ 

23.3(5) Fe!+ 
1 Octahedral 

0.94 
B-site 

Table 7.3a Hyrerf;n8 inter"ctio" p"'HrnfltH's or thfl spcctrJI components in t-igure 

7.43. Statistical P. "or ina iCiltea in pH rHntilflsis. ' h,." I' ,"" "1,,\<,"1,,,-, d-ed lind ... lil. "It!-

E>o.cessive broadening althe octahedral B-site is evident from the ratio Oflhc 

linewidtb8 of the B-:;itc and A-:;ite, r Bi r A- 20. This may be compared 10 the two 

reference sample:; shown below: (Il The MlIs:;bauer :;pectrum for 8ampl~ SI , ",hi~h is 

a reference for magnetite made in the pre8l>fl~e of calcium with no non-ferrou:; metal:; 

present. is shown in Figure 7Ab. The ratio of tile lincwidth:; of the B-:;ite and A-8ite. 

r si r A - 1.7 for this sample (Table 7.3b). (2) The M6ssbauer spcctnun for a sample 

of 8toichiometric magnetite is shown in Figure 7.4c. The ratio of the linewidths of the 

B-,ite and A-site. r B i r A = 1.5 for this 8ample (Table 7.3c). 

When compared again:;t 8toichiometric magnetite. any broadening in sample S I is 

attributable to oxidatioll on thc B-site and also pcrhap:; from the influence of calcium 

in the mixture. The further line-broadening effects in the r,ample of end-product from 

Exp 7.2 which seems to occur mainly on the octahedral 13-sites may be a:;cribed to 

heavy-metal uptake into the magnetite lanice by :;ubstitution into the octahedral ,ites 

of the spinellanice. This substitutiou has the effect of modifying the iron atomk local 

environm~nt through the prescllce of near- and ne:-;t-neare:;t neighbour " foreign·' 

cation spccie8. The,e foreign 8pccies will slightly pcnurb the kno\,<11 hyperfine 

interaction parameter, (IS. QS and B"I) expected for the B-site ill magnetite. and as 

such will be manife:;ted as a line-broadening effect of the B-:;ite :;pectral componenl 
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(\'an~nbe-rghe- et III 19Q(). Sch ... mnl:1nn lind C ameli 199 1. l'oUam cr al 11)1)2. 

SIC\<cns o:r al 1998) 

100 

g 099 

~ 
! 
~ 

o.'~a 

097 

0." 

Velocity (mm'I) 

Figure 7.4b Mossbaue.- spectrum of reference sample S1 (magnente prepared In the 

presllf"1t.e of calcium) fitted WIlt! two $oxtets The overall theoretical fit 15 the SOlid line 

thrO\lgtr Ihe (jala points represented as open CIrCles (from reports compried bv Dr G 

Hearne) 

SAMPLE I Spectral 
.. 

liiFe QS B" IAbundancc , 
Lincwidth 

Component 
(Inm/5) 

(millis) (mm/s) (T) ., 
Tet A-<;ite 

nil) FeJ
' S1 alld o"idised 0.43 0.29 -00 I 49 0 

Oct B-sire 
7(1) Fe-ll 

( OClIlhcdrnl 
0.7-' o fi] "'01 458 

3]{I) Fe)' 
B-sirc 21(1) f~'-

. 

Table 7.3b Hyperline interaction parameters of the spectral ccrnponents in Figura 

7 4e Statistical error indicated in parenlt1eSIS • From the integrated area undor the 1uil­

~pectrum. § R,I.llve in,,·.,tM",U' of me se!<let fC)( the 8·1~' ~e""'tted 10 v.r~. 

''" 
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1.00 

, 
• 0.98 , 
0 • 0 , 
" .. 
" 0.96 I I 

Magnetite REF 
corrosion product 

O. 94 '------;;:~-__;__~-O:_~-;___~____;;;___-' 
-10 -5 0 5 10 

Velocity (mm/s) 

Figure 7.4c M6ssbauer spectrum of a reference sample of stoichiometric magnetite 

(from reports compiled by Dr G Hearne) . 

Spectral r , Ii,/Fe QS B" SAMPLE I .inewidrh Component 
(mmls) 

(mm/s) (mmls) (T) 

Magnetite ref A 030 0.28 0 492 

B 0.45 0.66 0 46 , 
-

Table 7.3c Hyperfine interaction parameters of the spectral components of 

stoichiometric magnetite, 

Abundance 
% 

336 

664 

In conclusion. the result, of chemical analy,es, X-ray diffraction and Mbssbauer 

spectroscopy all confirm a substituted magnetite ferrite structure for the end-products 

of Exp 7,2 Non-ferrous metal removal by cation sub,titution in Exp 7.2 is examined 

in further detail in the following section 

,"' 

, 
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'Ion-ferrous mNals remo>al 

Sampl{' ferrolls Co i\i z. 

A_\l[) 2.~9 2.49 2.13 

I 

End-product 1: 
22.14 2.4~ 1.99 2.14 

2.1 sludge ages 

End-pruduct 2: 
23.44 2.46 1 .'15 2.02 

2.2 sludg{' agfi 

"',enge % i 
uptake " 79 " 

Table 7.4 Chemical analysis 01 two samples 01 end-product taken Irom the 

penultimate (sample 1) and final (sample 2) batches 01 exhaustive oxidation 01 Exp 

7.2 (alter 2.1 and 2.2 sludge ages respectively). The percentage 01 each metal 

(percent mol M", mol FeT) present in each sample is shown, as is the percentage 

concentration 01 each metal in the simulated AMD The last row in Table 7.4 gives 

the average percentage uptake (removal) for each r.on-Ierrous metal lor the two 

samples. 

The data sl-Iown 111 T abl" 7.4 confimls a hi gh p"rc~ntag~ uplak" of all th",,, non­

femllLs mdal, into the ~l1d-pnxiuct ofth~ proc~ss. For the 1\", ,ampl~s, the a""rag~ 

]X'rc~ntage uptake r~lali \"e to the molar mtlO of "ach non- f~lTou, metal' iron in the 

simu[at~d AMD is 'II ~-,. , 7Y~' and 98% for Co, ~i and /.n r~s]X'ctivdy. rile values for 

Ni and Zn arc eon,j,tent with those reported by K~nzaki et at. (199~) who fOllnd that 

Zn (93'%) was prd"relllially incorporated into t"rrite 0,,,, Ni (gO'};') ~,,,n wh~n the 

concentration of N I in the starting ,olution was g",at"r t han lh~ conc"ntralion 0 f Zn'. 

rhe data from T~ble 7.4 is pres~nted in graphical form in Figure 7.5. 

' Ferrile forrnalion in Kamaki Cl .1. {l'l')~) w,,",.1 6Y-C ' 1Id con; i<lcJ ora ' inglc balch 1c<1 wi lboul any 
"'cd k ing pre"""', 
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Figure 7.5 Graphical presentation of the data in Table 7.4 showing the average 

percentage of each non-ferrous metat : Fe ('Yo moVmol) in the seed of Exp 7.2 after 

exhaustive oxidation and aging. On the x-axis 1 " Co. 2 " Ni. 3 "Zn. The first series 

shows the percentage of each of these metals in the simulated AMD for Exp 7.2. 

The results shown in Tahl~ 7.4 and Figur~ 7.5 indical~ a high degre~ orincorporalion 

of non-ferrous metals inlo the final precipitate. However a small discr")lancy i n lh~ 

llIass balance for each metal is reflected by the deficit behveen the molar ratio of 

metal: iron in the initial simulated A'v1D '·erSllS the mtio in the fin~l preeipit~te. 

"'lotwithstanding the eongmence with the results of K alUakl et ~ I. mentioned above. 

the reasons for this deficit arc not immedi~tely clear. but with hindsight of 

ml<mnalion gained from Exp 7.3 (see below) it seems that the most prob~bk reason is 

thalthe systelll was not yet at steady-stMe with respect to the complete replacement of 

original seed. 

EI"fIlI Pnt 

Dat~ for non-ferrous metals in lh~ effiuem lS sllllwn In Tabl~s 7.5a and 7.5b. The data 

in these lables was obtained by taking a 50 ml sample from near the top of the first 
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settler and fi Itering it through a 0.451-1 filter which separated suspended solids from the 

solute. The sllspended solids (,fines') were t!len completely dissolved in eoncentrat.,u 

Hel hdor~ h~mg uilllled to 50ml agam and aS8ay~d lilT e~ch metaL Tahl~ 7.5a ,hows 

the r~slllt, for the cooc~ntration of metal, pre8""t as fin~s in the ~mu~nL Tahle 7.5h 

shows the conccntrations of dissolycd metals present as solute in the filtrate of the 

50 ml 8ampks di8clLs,eu aoov~ 

Sludge 
Jie Co Ni Z, age, 

- .. __ . _._ .. 
-~ 

1.7 2.29 0.1 0.04 0.05 

1.9 l\'iA 4.14 1.66 1.86 

2.1 KiA 0,07 0,05 ~:O9~ ._.-

Table 7.Sa Concentrations of metals in mglL present as fines in the effluent for Exp 

7.2. Data IS for three consecutive samples taken after 1.7, 1.9 and 2,1 sludge ages 

respectivety. On one occasion (1 ,9 sludge ages) the tevels of fines in the effluent 

were Significantly high but retumed to acceptable limits by the following day. Such 

elevations only occurred after a rare blockage or other matfunction of the equipment 

The Fe concentrations for the second and third samples are not aVailable as the Fe 

in these samples precipitated prior to measurement 

.- - -

Sludge ages " C, Ni 
, Z, I 

,-_. 

I 

, 

1.9 KiA 0.15 0.09 <0.01 

.. 
2.1 2.35 0.13 0,055 

I 
0.03 

.. L 

Tabte 7.Sb Concentrations of dissolved metals present in the effluent filtrate of Exp 

7,2 after 1.9 and 2 1 sludge ages. 

ISO 

, 
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Ferrous intermediate: calcium ratio 

The role of the comact stabilisation reactor - settler sequence in rai,ing the ferroll, 

imennediate: dissoh'ed calcium ratio ha, already been discussed in Chapter 6. The 

calcium concentration in the [ir.;t oxidation reactor was measured and tbe results are 

shown in Table 7.6. 

I Sludg~ 
ag~s 

19 

2.2 

n 

ea 
(mgil.) 

~71 

24(, 

303 

T~ble 7.6 ClH"lce"lrdtKln 01 diss.ulved cal~iurll (myiLj ill Lt·"" uxicaliurl redclur fur Ex", 

7.2 

The values shown in Table 7.6 accord extremely well with the expected theoretical 

value of287.5 mgIL based on the Ksp ofCaSO, (gypsum). taking Debye-Hiickel 

effects into account (calculations not shown). Since the dissolved calcium 

concentration in the oxidation reactor is Icss than or equal to the concentration in the 

contact stabilisation reactor - settler sequence). these results confirm that the ferrous 

intennediate : dissolved Ca ratio in the oxidation reactor is indeed greatly enhanced 

by lhe contact stabilisation reactor - settler sequence as de,cribed above. It is 

postulated that it is this enhanced ratio which allow, for ferrite fonnation in the 

presence of calcium which otherwise interferes. 

, Gyp,um predpitalioo in the coOOlCt ,1.biUsa!ioo reoc<oc re>clor - ,ettler sequence indico<e, lhal 
calcium i, O! satW<ltion or 'U!'<1"'-'turlltion with «<peel to C.SO, . The loner therefo« go'-ems co.lcium 
""'lu1:>lity. No gyp,urn prt."Cl(litation i, OO'IC"nIc-d in the fiT'" o~idation reactor indicating that calcium i, 
at OT below satlltlltion in thi' compMtmenL II therefore follow, that the dissolved calcium OOtICeIltrotioo 
in the first oxidatioo reactor is Ie" than or equal to the concentratioo in the contact stabiti,atiort rea<tor 
- settler ""quenoe. 

lSI 
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Redox potential in the (nidising react(lr 

Perales Pere7 et at. (1999, 200la) hav~ shown a ddinile rdation,hlp helwe~n the 

oxidation reduction potential (ORP) and the COllfse of the magnetite-forming reaction 

und~r balth conditions in the ahsence of seed as discussed in Chapter 4. To 

inve:;tigate whether the OR P C0l11d 'erve a' a useful control parameter during steady­

'tat~ ambient temperature ferrite fonnation as pertormed in Exp 7,2, the ORP was 

mea:;llfed during th~ COLIrS~ or lh~ readion _ Figur~ 7.0 ,hows the rdationshlp [",lwe~n 

th~ r~rrous intermediate concentration (n) and ORr over the period from 1,9 to 2, I 

:;Iudge ag~'. Figure 7.0 SlklWS that no algehraic relationship other than a close 

clustering of point:; occur:;, The reas.ons for the poor con-elation between FJ and Of{~ 

over time under the conditions ofExp 7.2 aretwotold. Firstly the ORP is a function of 

many parameters including DO, pH, s~ed concentration, t~mp"ralur~ ~lC. and not 

pllrdy Fl. Secondly, the ORP is far more sensitive than the FI to changes in these 

paramdds. Consequently the ORP docs not :;erye a:; a reliable immediate indicator of 

the FI conc~ntration which has be~n ,hown lo be the rnost important parameter to 

monitor during ambient temperalur~ f~nit~ (ilnTIation_ 

Ferrous intermediate VS. ORP 

0 

>" -200 , 
- -400 

'0 • 0 • 0 
o -600 0 • 

0 00 

~ooo 

0 , , 
Ferrous intermediate (giL) 

Figure 7.6 Ferrous intermediate versus QRP in the oxidation reactor of Exp 7_2 

during the period from 1.9 to 2,1 sludge ages 
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Stabili!)' of the final precipitate 

Fig"re 7,7 shows the percentage loss of Fe from a 60 mg sample offinal s~ed from 

Exp 7.2 which was submerged in lL of a I . I molar mixture of sulphuric and nitric 

acids diluted with distilled water to pH 5 (Zinck and Griffith 2(00) Prior to 

submersion, the sample had be~n ~xhaustivdy oxidised and left to age for 2 weeks 

These data show clearly that the precipitate is highly resistant to di ssolution under 

these conditions, The initial decrease in the percentage mass lost into solution seen in 

Fig"re 7,7 is possibl y attributable to oxidation followed by precipitati on (as F ~(OH),) 

and settling, of an initial release of ferrous iron stemming from the proton-ferrous 

exchange phenomenon discussed in Chapter 5 This would result in a decrease in the 

diss.olved Fe concentration sampled from near the surfacc. 1\0 visible precipitant was 

however observed either in suspension or settled on the bottom of the Jar but 

consi dering the mi nute amoonts invo/ ved this i s not necessarily surprising It can 

nevertheless be concluded that. in respect of iron, the precipitant is indeed very 

resi stant to di ssolution under these conditions 

Leach test: Fe, Co, Ni, Zn, Ca 

o 0" 5.5 

" A " • - p - 5 pH -• -
o 000 ~ _____ ~ ______ J '.5 

0 50 1 00 

I - %._~eight loss -pH I 

Figure 7.7 Graph shOWIng the percentage loss of iron (mg dissolved Fe! mg total 

Fe) from a sample of final precipitate for Exp 7 2 subjected to a 1 1 mixture of 

sulphuric and nitric acid at -pH 5. After every measurement the contents of the jar 
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were vigorously swirled for 30 secorlds to promote mixing of any leached metal ions 

prior to the next measurement. Swirling was not done soon before a measurement 

was taken because of the likenhood of sampling susper>ded fernte solids 

R~slllls for iron and non-ferrous md~1 conc~n!rations in the I~achate after 12 weeks 

for E:>.p 7,2 ar~ giwn in Table 7,7. Although very low, the non-ferrous metal 

concentrOltions are disproportionately high relati\- e to the c- e con,entration which 

stahil i.<ed at 0,01 8 mg/I., an order of magnilUd~ low~L The r~a>CIl1.< for Ihi, 

pamdo:o::ical result are not known bllt are unlikely to be du~ incongruen! dissolution 

(ct: I'-igure 4.8), 

Exp 7.2 "-e C, 
I 

Ni 1',0 

I .. _-

C onc~ntration 0,01 R 0,21 0,20 0,13 
mg/L 

Table 7.7 Concentrations of iron and nOll-ferrous metals in the leachate after 12 

weeks for the end-product of Exp 7.2. 

Settling llella\-i(lUr 

Afl~r ~xhalLsliv~ oxidalion (DO >- 2 mg/L) but no interim aging. th~ SVJ of the llnal 

pr~cipilant for E:O::p"rim~nt 7,2 was 3.'1 mUg. indicallv~ of e:o::tremely emci~nt liqu id -

s.olid .<eparation'-

I SVI ,.',"11. 1Il dlllplcr> 5 ,00 6 ... ere e~pte,,,,u In rnl -'~-Fe In l'Mpter 7. ~-re M> been converted inw 
g hy "lUlt'ply'"g hy a foo"" of 1.3~ which i, ,he ratio of ,he mole",l..- ">a,. oj' m. g"e.i<c : mokrul.r 
n>as' of Fe'-' x 3, ln "'her ... ord •• by re£<...-djn~ The ;roo "nu-proou<<> OS lW/, ",,'g'>eTite, (he SVI CO" be 
O'<pre<"d "' Ino~'.m"g"OIit" m<!cod uf m,,,-Fe. 
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£:\p 7.3 Ferrite fornllltion in the pre~eoce of eo, ~i, Zo, i\lo and calcium. 

Exp 7.3 was initiated using the ,eed tormed in Exp 7.2 but the concentrations and 

wmplement or oon- r"mJU' mdal, In the lIltlu"nt w," dlangell to those ,hown lD 

Figure 7K In pilrti~ular Mn. a ubiquitou, mdillm South ArTl~an AMD "'ilter,. Wil8 

added and the N i concentration wa, increa8ed to IO'Yo of the felTou, concentration. 

The total lion-ferrous metal concentration in this experiment was therefore ·-1 g.5°/'L 

Exp 7.3 wa, otherwise perlOnocd in the identl~al manlier 10 Exp 7.2 (agmg - 24 

Influent: "10 M2+IFe2+ 

i:! 1000 

2.75 2.73 

~1500~1014 
~ 500 314 , ... 0.00 L _ _ L _ ____ --' 

, 
Co, Ni, Zn, Mn 

Figure 7.B Averages of two measurements of concentrations of non-ferrous metals 

present in the influent for Exp 7.3 expressed as a percent of the total measured 

ferrous concentration (3933 mglL) in the influent solution (-pH 3, Fe: SO, = 1 : 2). 

oJ' Co=O.094, Ni=O.202. Zn= 0.068 and Mn=O.568. 

Early mea,uren);'nts of the dIluent of Exp 7.3 revealed dramatically elevated 

wn~entraliollS or iron (> 60 mg/L) alld nOli-ferrous metals (> 1-·5 mg/L) in ooth solid 

and liquid pha,,,, (data not 'hown). Evidently, the pr,,~ipilalion readion eXl"'ded to 

occur in the contact ;tilbilisation reil~lOr wa; not working pTOl"'rly. Sl"'ciation 

analy,i, (Gu,tafs>on 2(04) reveilled th,ll at pH ]0.5 'vInl+ \\'a8 only -60"/0 hydroly,ell. 

The rca SOli for the pre,cnee of iron. Co. Ni and Zn in the effluent could not be 

e~plailled but Irom a practical per,pecli;'C it wa, deal' that the pH needed to be raised 

in order to en,ure wmplele pre<;ipitali()lI of Mn. In,pectioll of Figure 2.4 in Chapler 2 

reveab that Mn 80lubility reacne, a minImum at -pH 12. Th" pH of both the wnta~l 
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stabilis~tion and oxidation reactors was therefore maintained at Ihi, vall1~. Dala for 

Exp 7.3 perfor!l1~li al pH 12,.1 ;;hown in FlglLr~ 7.9a. 

30 

~ 20 -= 10 

o 

Exp 7.3 Co, NI, Zn, Mn, Fe, Ca 

f
· .. : ~' .•. .. . .. .. 

• • 

................ 
• 

0.0 1.0 

... !-if. . . 
: ~.: . 
... _ .. _ ... 

• 

•• 

•• 

2.0 3.0 

Sludge ages 

'. • . . 
•• 

4.0 

• 

• 

5.0 

• Seed· Ferrous interm ediate ... % ferro us 

I 0 

o 

" , 
" 

figure 7.9a Data for Exp 7,3 in which Co, Ni. Zn, Mn and calcium were present and 

which was performed at pH 12. The graph shown is an extension of the graph shown 

in Figure 7.3a which pertains to Exp 7.2 tlecause Exp 7.3 was continued from the 

point where Exp 7.2 was terminated. tn Figure 7.9a the small arrow on the x-axis at 

2.4 studge ages marks the beginning of Exp 7.3, The data to the left of the arrow is 

for Exp 7.2, The arrow on the x-axis also marks the point at which Mn was added to 

the influent and the Ni concentration was increased to 10% of the ferrous 

concentration. It was also at this point that the pH was increased from 10.5 to 12.0 

;\letal intermediates 

Figur~ 7.% shows the measureli noll-ferrou> metal intermediate value> in the 

m..idation r~actor for Exp 7,3. for e~ch metal the corr~5poodillg perccnmgc in the 

AMD innl1~nt solulion i.1 giv~n, AI ~xpt!'Cted, the metat int~nnedial~ valu~, closely 

approximate the AvID value.1 mdicaling Ihal, m thi;; respt"Ct. sleady-.llale has been 

reacheli, Figure 7.<)b also sho","> that Mn preo:;ipitation appear> to be complete. 
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Exp 7.3: % Metal intermediates 

12.00 

• 10.00 , 
0 8.00 " " Ie 6.00 - 4 ()() 
0 

" • 2()() 

o.()() 
1 2 3 4 

Co, Ni, Zn, Mn 

• % Metal intermediates D % Metal in AMD I 

Figure 1.9b Gra ph showing the average percentage metal in te rmediate 

conc" lltration~ in the oxidation reactor for Exp 7.3. n= 3 G: Co=O.04 1, Ni=O.725. 

Zn=O.84 and Mn=0 5i3 

Characteri sation ofthc cntl-p,-utlud 

In Figure 7.9a it can be :;een that for Exp 7.3 the percentage ferruus in the fresh 

precipitate stays relatively constant (averdge = 26.24 ±2.99). A:; discussed above in 

relatiun tu Exp 7.2, when divalenl noo-ferrous metals are present in the simulated 

AVID, a decrease in the percentage ferrous ofbolh the fresh p.-ecipaate and final end­

product is to be expected as a consequence of cation subsli lutioo. In the case ofExp 

7.3 the theoretical total percentage of non-ferrous metals in the end-product at steady­

slate is 18.5";" Tbc maximum expected percentage ferrous in the end-product is 

lherefore expected to Ix:: 33.3~~ - 18.5% - 14.8% which is clearly much lower than 

the values :;een in Figure 7.93. One major reason for lhis discrepancy is that bolh Ni 

and Mn had not reached steady-:;tate in the predpitate by the ti me the percentage 

ferrous was measured (sec Table 7.8 below). Using the data from Table 7.8 the 

maximum percentage ferrous expected at the time of sampling is 33.5"/0 - 8.8% -

24.5% which is in reasonable ~greement with the value obtained. Aller exhaustive 
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oxidation the percentage ferrous decrea,ed to 22% by chemical analysis (24% by 

.\16ssbauer spectroscopy) as a consequence of further oxidation 

Structural analys is 

A sample of precipitant taken from Exp 7.3 after 4.2 sludge ages was aged for 48 

hours post-exhaustive oxidation and subj ected to XRD and Mossbauer analysis 

X-r ay diffraction: The XRD pattern (Figure 7.IOa) illustrate~ that this precipitate ha~ 

structural features offelTite. 

Exp 7.3: Co, Ni, Zn, Mn 

1500 
1000 

500 

o 
o 20 40 60 80 

degrees 2 Theta 

Figure 7.10a XRD result for tI1e final precipitant for Exp 7 3 after exhaustive 

oxidation and aging for 48 hours. As In the case of Exp 7.2, in addition to the 

magnetite peaks there are other significant peaks indicating either some deviation 

from the pure ferrite structure or the presence of other compounds The nature 01 

these add itiona l peaks was not investigated 

l\11issbauer spectroscopy: Consistent with the XRD results. the .\16ssbauer spectrum 

of the sample of end-product from Exp 7.3 has the charactenstic signatuJ't's of 

magnetite (Fib 'lire 7 lOb). except for a marked diffeft'nce in tt.;, rel ative lntensiti es of 

,,, 
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resonance line,; dose to 7 5 mmi~ ~ompared with stoichiomctnc magnctite Thi, i, 

indicative of ,ome degree or o,idaLi 011, and the reslll ts of the ~pectral analysIs ind icatc 

Lhe ferrOlLS t Fe' } coment LO he 24( I )%, In ~OIl1pan~on with 33% expected in a 

sloichiometric ~ompollnd 

, 
• • coo e • c , 
" J." 

"' " 0"_ 0414Mn 
Co. Zn, Mn@2.5%ufFe 
Ni ,n; 10',(, of Fe 

Velocity (mm/5) 

1 [0 

Figure 7.10b Mbssbauer spectrum of the same sample of end-product from Exp 7 3 

used for XRD analysIs as shown in Figure 710a in which Co, Ni Zn, Mn and Ca 

were presen:. The spectrum 'IS fItted with !'No sextets The overall theoretical fit 'IS the 

solid line through the data p6nts represented as open circles (from reports compiled 

by Dr G Hearne) 
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SAMPLE 
Spectral r. Linewidth 61Fe QS Hilt 'Abundance 

Component (mmls) (mmis) (mrnls) (Tl % 

Tel A-site 33.3 fe·1+ 
EXJI 7.3 and oxidised 1).4(; (}.29 -(Ul., 49 JJ 

9(1) Ft..'+ 
Oct B-si!" 

I Octahedral 
0.94 0.63 -(Ul., 4~_1 

33.3 (5) Fe)+ 

8-sit" 24 (1) Fel
+ 

Table 7.9 HypcrflilC interactkln pa'ameters of the spec tral compcments in Figure 

7. lOll. Sla lislical error inc icatec in parenthesis " Fro,,' 11-,., ;nl.,g'al..:1 "'"" umi . r I"", sui>-

As was the case for Exp 7.2. I.'J(cessive broadl.'ning at the octahooral 8-si!e is evilkm 

from the ratio oflhl.' linewidths of the 8-sitc and A-site. r RI r A = 2.0. This may be 

compared 10 the same two reference samples shown above, ie. (1) the MlIssbauer 

spectrum of magnl.'tite made in the presence of calcium with no non-ferrous metals 

present (Figure 7Ab). The ratio nrthe linewidths of the B-site and A-site, r HI r A -

1.7 for this sampl~ (Table 73b). (2) The Mossbauer spectrum for a sample of 

stoichiometric magnetite (Figure 7.4c). The rallO ofth~ linewidths of the B-site and 

A-site, r HI r A - 1.5 for this sample (Table 7.3c). 

When compared against stoichiometric magnetite, any broadening in sampl~ S I is 

attributable to oxidation on the B-site and also perhaps from th~ intluenee of calcium 

in the mixture. The further line-broadening effect:; in the sample of end-product ITom 

Exp 7.3 which secms to occur mainly on the octahedral B-sites may be asc:ribt.'<1 [0 

heavy-metal uptake into the magnetite lattice by substitution into the octahedral sites 

of the spincilaUice. ThIs substitution has the effect of modifying the iron atomic local 

environment through [he presence ofn~ar- and next-nearest neighbour "foreign" 

cation species. These foreign species will slightly p~rllLrb [he known hypertine 

interaction parameten; (IS, QS and B",) expected for [he B-sit~ in magnetite, and as 

such will be manifested as a line-broadening effect of the B-site spectral component. 
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In conclusion, the rcsult, of chemical analyse,. X -ray diffraction and Mii"bauer 

spe<:troscopy all conlinl1 a ,ubstiluled magnetit<; ferrite Sl1l.1ctllr~ for the ~nd-products 

ofE~p 7 . .1. Non-ferro", metal remoyal by catIOn S"bSlilution 111 Exp 7 . .1lS examllled 

in further detail in the following section. 

/I.·on-ferrous ml'tals removal 

I 

Exp 7.3 Co Ni Z, .\1n 

- - -

Awrage e/fi 1'11'- in 
.1.29 2. -~ 2.75 0,42 

dissolved seed (n - 3) 
,-

f-
a 0.055 0,090 0.102 0.363 

'Y. M1+ in simulated ),14 10.14 2,75 2.73 
AMI) 

_ . 

ole uptake 105 25 100 15 

Table 7.8 Data showing the percentage and percentage uptake of non-ferrous 

metals in the fresh precipitate of Exp 7.3, 

In Tabk 7,~ both Co and Zn show 100"." uplake willie \Ii and Mn ,how only 25% and 

15'Y, re,pectively, These low valu", are attributable to the faLl that Ih" ,ysl<~m wa, not 

yet at steady-st.1l<' with respect to the,e Iwo metals which were only added 1 .. 16 sludg" 

ages prior to first measurement (in the case of>li the concenlration wa, innea,ed 

from 2.5% to 10%). In the ca,e ofMnthe stmldard d"viatiOIl is 85% of the average 

percentage value so the latter shoold be treated with caution. Ne,·ertheless. Figure 

7.11 illustmt"s increa,ing trend, III percentage uptake with time (slndge age) for these 

t",o metals wherea, the graph, for Co and Zn hm·e levelled off. 
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E,p 7 .3: '~ metals ;, precipitlte 

no r-----

l '" 
• 

1111 - i.l) , - I - 250 I • - 1.00 • -'" 
1 ,,) 

I '" 
U) , 3 4 

1 , C 0 2 = N i 3 = Z n 4 = M n 

._ ... _- - --
. 0.7 5 Of " ., 8 8 ., 81 e I" [oJ 

Figure 7.11 Changes In the percentage uptake of non-ferrous metals in the fresh 

precipitate of Exp 7.3 over time (sludge age) showing increasing trends for both Ni 

and Mn which are not yet at steady-state in this respect. Numbers on the x-axis 

represent each metal in the order shown. Patterns corresponding to columns indicate 

time in sludge ages. 

Effiuenl 

Data for met~ I s con.;:elllrati'lllS in the fines and filtrdte of the emllent fm Exp 7.3 wa:; 

obtained in the :;ame manner a:; [<lr I:':"P 7.2, Figure 7.12a shows the absolute 

conccntmtions found in 3 samples (taken at different times) of the solid fraction of the 

effluent for c~ch metal ~s well as for calcium. rhe concentrations of non-fCrr0l.1S 

metals arC all well below 0.5 IlJgiL. 

I (,2 
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G 

5 
4 

3 

2 

o 

Exp 7.3 Effluent: Dissolved fines 

---~ 

2 3 

Sample number ., , IIIN i . " o C ~ I 

Figure 7.121'1 Graph showing concentrations of metals and calcium in three separate 

samples of the filtered fraction (fines) of the raw effluent of Exp 7.3 The 

concentrations of non-ferrous metals are all well below 0.5 mglL. 

The metal concentralion, in the effiuenl filtrate for hp 7.3 are shown in Figure 7.12b 

and are an orderofmagnimde lower than those found in the solid fraction (flncs) of 

lhe ert1uent indicating effectively lolal removal of di&Solved metals from the A..\10. 

But even tile," amOllnls can probahly he significantly redw:;ed through optilni:;ation of 

the settling proce:;s. 
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fractioo of the raw effluent for the same three samples as in Figure 7.12a. 

CalriliDi 

A layer of calcite (CaCO)). identified by XRJ) (Figure 7.13) approximately Imm in 

depth formed on the surface of the eft1uent wm;te tank. This Wa!; not observed in Exp 

7.2 and can be explained hy the higher pH oj" 12 in Exp 7.3 which allow, lor a higher 
, . . -

dls>olved CO,·- concentrallOn (,e ~ Flgure 4. j I In Chapler 4). 

'6' 
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Exp 7.3: Calcite on effluent 
surface 

Calcite 

, 
\! 

\ V' ; ',,'1-..>_ ,I 

o 20 40 60 

degrees 2 Theta 

80 

Figu re 7.13 XRD tracing of the crystal line material which formed on the surface of 

the effluent waste tank for Exp 7.3. This was clear1y identified as calcite (CaCO,). 

Table 7.10 show:; the c()ncentration or calcium In Ih" filtrate fraction oftbe raw 

effluent for Exp 7.3. The,., result. ~xc~ed the w[ubi lity of calcium with rcspcd to 

CaSO, (expected \'alue - 2~7.5 mg/L although at plJ 12 CaCOj may also govern 

calcium sOlubility') indicating the probability that not all ofllle ca lcium passing 

through the Jlltcr is diss.olvcd calcium and that some may be l1anocry>tallinc gypslIm 

()r calcite. Table 7,10 shows thal1hc calcium present in the filtrate represents a 

signilicanl percentage of the lotal calcium introo lo<:cd into the AMD mflllClll in orocr 

10 ,imulate the u>c ol'limc, The alkalinity demands of Exp 7.3 were -25% higher than 

Lno,e for Exp 7.21x:callse in addllion 10 the amount ol'alkalinity needed 10 precipitalc 

the feITou, and T1<)l\-[errolls metals, a runher -25% of this amount was ncedcd to 

reach pH 12. Calculations "hich take into account thc increasing buffering capacity of 

water bet",een pH 10.5 aml pH 12 aCC(lllnt for this incrcased alkalinily dcmand (data 

not ShOWIl), 

'Since ,,,me "al"it. did p"cipitat., cakium solubi1it~ is al>o being go"~n,"d by til< cflIoonat. "yst.nL 
A, uli, stag. howe • ..-. it is imp08-<oble to '"Y to "hot <xTen, calcium solubility i, bein~ govemOO by The 
"'lpha1< ,ystel1l or by the camonate 'y,tem. Themctical modelling oC tili, pmhlem i, complicated hy 
oomplex li>rn1fl(ion al1d ,hould be Ule suhj"" of fILM. r=a,oh I Ul~w~[lthaj, ~", "onu",) 
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Ca C, Molar OJ. Ca in 
m!\iL moUL influent 

553 I 13.lIO 39 

680 
, 

16.97 " 
I 725 18.09 52 
c. 

4SO 12.13 3S 
---

Table 7.10 Data for a mounts of c:alc:i um measurBd in low samplBs of filtratB of the 

raw effluent from bp 7.3. SBe tBxt for details 

Stability of the finlll precipitate 

Figure 7.14 shows the percentage loss of Fe from a 62.5 rug sample offinal seed 

from Exp 7.3 which wa~ te,ted for stability in ""aeliy the same manner as described 

above for Exp 7.2 (ie. submerged in lL of a I : I molar mixture of sulphuric and nitric 

acid:; diluted with distilled water to pH 5). These data show clearly that the precipitate 

is highly resistant to dis:;olution under these condition:;. As seen in the kaching 

behaviour of the end-prtxluct of Exp 7.2. an initial decrease in the pereentage mass 

lo:;t into solution is also seen for Exp 7.3 in Figure 7.14. This decrease was attributed 

to an oxidation-precipitation (Fe2+ ~ Fe{OH))l and seltling effect of an initial release 

of ferrous iron stemming from the proton-ferrous exchange phenomenon discussed in 

Chapter 5. Once again however. no visible precipitant was obserwd eithm' in 

suspension or settled on the bottom ofthc jar, but again con~idering the mmute 

amounts involved thi:; i:; not sUlprising. It can neverthekss be concluded that with 

respect to iron, the precipitant from Exp 7.3 i:; also very re:;i:;tant to dissolution under 

these condilions. 

16<5 
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T ahl e 7 I I >flOW' the ~on~entrati ons of 1 roll alld IlOIl-ferrous metals in the leachate 

ai'ter 7 week> I'm the end-pnxlud oC E~p 7.3 On~e again, as m E"p 7 2, the 

~on~entrati OJl8 of' the non -ferrOIlS metal s are apprO"i matcly an order of magni tude 

higher than that of iron 

leach test: Fe, Co, Ni, Zn, M n, C a 

o , 1 00 5 

• • 
0 

0 o .0 S J pH -
• -

a 0 0 0 ~ 
... , 4 0 

0 2 0 40 6 0 
o • ,. 

L i=-% weight loss -pH I 

Figure 7.14 3raph showing the percentage loss (mg dissolved Fe i mg total Fe) from 

a sample of final precipitate for Exp 7.3 subjected to a 11 mixture of sulphuric and 

nitric acid 

F.xp 7.3 I ~, C" .~i :1.11 "" 
ConcentratioJl 

0015 OOSI 0.: '; o 011 ()I~ mg/L 

Table 7.11 Concentrations of i ron and non-ferrous metals in the leachate after 7 

weeks for the end-product of E~p 7.3 
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S<, t!iing and de\\ Mering 

After e,-haustive oxidation but no interim aging, the: final pre<:ipitant ofExp 7.3 

showed a SVI of 12.9 mllg. The initial 1 L sample used to determine the SVI had an 

iron concentration of 42 g-Fe/L. On the strength oftbe structural "tudies di"cu",ed 

above it can be asslUlled that -100% of the iron in the sludge wa" in the ferrite form. 

Using the mol~cular weighl ofmagnet;te. this ferrite fraction would weigh 57. 9 g. 

Eleven days after SV1 measuremeut, the supernatant was drawn off and the remaining 

now paste-like sludge which occupied -200 ml (Figure 7.15) was ldllo dry in an 

open one litre beaker at room temperature. This sludge dried into a hard cake with a 

total mass of62.2 g after -20 days (Figure 7.16). The iron content oflhis dried sludge 

was therefore 67.5% (42 g-Fe! 62.2 g total mass) which translates inlo a ferrite/tolal 

dried sludge mass of93.2%. This leaves 6.8% ofth~ dried sludge mass unaccounted 

f~ 

Dissolution of a small rragment oftbe dried sludge in concentrated HCllook less than 

five minutes except for a very few barely visible lance-like particles which ft'sistcd 

dissolution. Since the mass of these insoluhle particles was negligible it can be 

concluded that lhe 6.8% oflhe mass which is not attributable to ferrites is most likely 

re~idual water. The volume of the dried sludge cake was determined to he 26.5ml (by 

measuring the amount of water it displaced) providing a dry density of 158 g-Fe/ml 

or 2..17 g dried sludge/mt 
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Exp 7.3: Settling behaviour o f final 'Jeed 

1000 . 

800 

E 
6<)0 

400 

200 c 

a 
a 5 10 0.,. 

-- ---' 

Fij:ure 7.1!'1 GJlIph showing tho' Sdlli llg bch~\'iour of I I uf tht fi nal preo.~pl\a n! of 

l:xp 7 J after exilauS liv e oxidMion but no interim ~~i n g, 

, 
'"II" , 

, • ! , " • ~ '" \ '- ' 

FJgure 7.1 6 The ",'udga obta'l"I9(1 ~ the SVI measurement for Exp 7 3 dried inln a 

hare! cake after -20 day,,- Scala In em 
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Summllry and conclusions 

The reS lilt, of the experiments described in this chapter represent the culmination of a 

research project which started with a simple batch experiment designed to test th~ 

feasibility of magnetite formation by oxidising an aqueous ferrous solution at ambient 

lemperatur~ in the pre,ence of magnetite seed. The rationale was to set the hasis for a 

process whereby dissolved ferrous and non-ferrous metals could be removed from 

large VOllITTl<eS of ACVlD through cation substitution in the magnetite ferrite lattice. This 

initial 'proof of COI\CLl't' experiment wa, followed by systematic im~stigations under 

batch conditions into the effect of pH. temperatW"e. airflow rate and seed 

concentration on magnetite fonnation. These studies established a roblI,t optimal 

pH -airflow rate -sud concentration zone where magnetite could be reliably 

produced at ambient temperature. 

The next challenge was to find a way of overcoming the inhibitory elTect of ca1cimn 

on magnetite formation. To this end a continuous flow. dynamic steady-state reactor 

system was design~d which facilitated the maintenance of an elevated ferrollS 

inlelTllCd13te concentration in the oxidation reactor. With this tool. the existence of a 

threshold ferrous inte[)1lediate cOl\Celllration eff~ct, above which solely magnetite was 

produced despite the presence of high concentrations of calcium was established. In 

the pr~sence of calcium a minimum aging period was also found to be required for 

magnetite formation to oceW". In order to complete the picture it only remained for 

non-f~rrous metal, such a, are commonly found in ,ignificanl concentrations in AMD 

to he introduced and tested for their removal. 

Experiment 7.1 provided clear evidence for the complete removal of Co at a Co: Fe 

ratio of I : 10 and a high quality ferrite end-product (CoFe!O.) was produced. In 

Experiment 7.2 Co. Ni and Zn were all present in the simulated A~D. each at similar 

concentrations totalling -7.5% of the Fe concentration. The percentage uptake of 

the,e metal> into the end-product were 91°;', 79"/ . and 98% respectively.!n the light 

of sub,eq,.,nt re,lIlls it wlll1ld appear that these less-than 100"/0 uptake rates are 

attributable to the sy,tem not having reached steady·,tate. Neverthele,s the pattern of 

uptake is consistent with that in the literatW"e where Ni has been shown to be Ie,s 

eft1ciently incorporated into the ferrite crystal than is Zn (Kanzaki et aJ. 1998). Sludge 
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stability at pH 5 for the end-product of experiment 7.2 proved to be excellent with an 

F~ percentage mass loss of only -0.02% detectabl" in the leachate solution at ,t~ady­

state oyer a period of more than 12 weeks. The final precipitate generated in 

experiment 7.2 settled extremely efficiently with an SVI of only 3.9 mlig. 

In experiment 7.3 the Ni concentration in the simulated AMI) was increased from 

2.5 % to 10 % (Ni: Fe) and Mn was added as an additional non-ferrous metal. Co 

and Zn concentrations remained lUlchanged. Mn was added both because it is a 

UblquitOll~ metal in South African AMD waters as well as becal.l.5e of the pok>T1tial 

difficulties it rai,es due to it, ,ignificantly gr~ater solubility (log K,p Mn(OH). = 

-12.~ compared with log Ksp Fe(OH).) = - 15.1, see Table 2.2 in Chapter 2 for log 

Ksp values of Ni and Zn hydroxide). Although other authors report the successful 

removal ofMn via ferrite formation at pH 10 (K.an~aki et al. 1996, at 65°C) and pH 

10.5 (COOung et al. 1999, McKinnon et al. 2(00) it was indeed found that at pH 10.5, 

a high J1<'reentage of the Mn in the simulated AMD remained present in the effluent, 

having failed to precipitate in the contact ,tabili,ation reactor and therefore settle in 

the first settler. Speciation analysis predicted a maximum of95% Mn hydrolysis was 

possible and that this would happen at pH 12.2. Those studies mentioned in which Mn 

was totally removed by being incorporated into ferrite were all batch experiments in 

which no separation of emu~nt and precipita1<ld solids occurr<;l(! prior to oxidation. 

This issue certainly requires furtber empirical and thwrctical investigation. In 

particular. from a practical perspective the minimum pH at which the effiuent can be 

kept free from Mn needs to be theoretically modelled and empirically determin"d. 

Th" quality of the AMD eftlucnt from Exp 7.3, performed at pH 12, was determined 

by filtering and analysing two fractions of an effluent sample: filtered solids and 

filtrate solutes. At pH 12 no significant Mn or other metals were found in the effiuent. 

In fad the tl'I<:tals content of both ef[]u~nt fractions wa~ comistently v"'"Y low (Tables 

7 .5a and 7 .5b). It i, noted however that the r"leas" into the <'I1vimnment of minute 

amounts of metals in the form of 'ferrite fines' is unlikely to cause any detrimental 

ecological effects. Indeed as previously mentioned. iron oxides act as heavy metal 

sinks in the natural environment. 
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The final precipitant from experiment 7.3 reflected a 100"10 uptake of Co and Zn from 

the simulated AMD as opposed to the 91 % and 98~. seen in experiment 7.2 which In 

n:trospect had probably not yet attain ... d steady-state. The percentage Ni and Mn 

uptake in exp,:riment 7.3 was 25% and 15% respectively but neither of these metals 

had yet reached steady-state in terms of seed replacement at the time the experiment 

was terminated. 

As was the case for experiment 7.2. the [mal precipitate of experiment 73 was 

extremely stable at pH -< 5 (Figure 7.14), losing only -0.025% orits mass at steady­

state over a period of 7 \\eeb. 

The settling behaviour of the final precipitant produced by eXPffim ... nt 7.3 was not as 

good as that for experiment 7.2 where Mn was not present. The SVI for Exp 7.3 was 

129 mlfg compared to 3.9 ml/g for Exp 7.2. Neverth~less, the overall settling and 

dewatering behaviour orthe pre~lpitant orexperiment 7.3 was favourable. with the 

solids occupying 20"10 of the initial volume after II day~. Thereafter further 

desiccation of the sludge at room temperature took -20 days and resulted in a hard 

caked material with a percentage solids density of more than 93%. In contrast, as 

menhoned in Chapter I, the Geco HDS process. after on ... year of drying, produced a 

sludge with a dem;ily of only 60"10 solids. Similarly the sludge produced by 

experimenl 73 had an iron content or67.5~. wh~reas the iron ~~mtenl oflhe Geco 

HDS sludge was only 45%. The ab~olute den~ities of the ~ludge from experiment 7.3 

were 1.58 g_Fe/ml or 2.37 g dried ,ludge/m!. 

The resull~ of the experimenls do:,.,ribed in lhi, chapter indicale that the concept of 

rerrou~ and n{)n-reTTOUS metals removal from AMD by oll~-,tep ambienl temperature 

ferrite fonnation to be both pos,ible a, well a~ leo;hnically very fea,ible. For the 

combination of the four non-ferrou, metals tested (Co. Ni. Zn and Mn). the process 

yields high quality results in all oflhc criteria relevant to the treatment of AMD. 

These results are discussed in the following chapter. 
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Chapte r 8 Cnnclu~inn 

This study sct out to e:;tabh~h the fea~i bi1ity 0 f ambient temperature ferrite formation 

\lSing in-line oxidation as a means of metals removal from AMD.ln order to establish 

the fea~ibi1ity Ilve criteria needed to be met: 

1. Acceptable effluent quality 

2. Favourable ~Ill<ige characteristics 

3. Successful operation in the presence of calcium 

4 Successful non-ferrous metals removal 

5. Operational and economic viability 

To this end a series of batch and continuous flow, steady-state investigations into 

ambient temperature ferrite formation with in-line oxidation were performed. 

Batch conditions 

After proving (without calcium) that the concept of ambient temperature ferrite 

formation u:;ing magnetite secd was fcasiblc, a matrix ofOOteh experiments were 

perfonned which quantified the effect~ of four parameters on magnetite formation. 

viz. seed concentration. rate of oxidation, pH and temperature. Optimum conditions 

for ferrite formation were iound to be high seed concentration (8.4 giL). slow 

oxidation (12.5-20 mg-Fe/Umin), pH = 10.5 and higher ambient temperarures (22"C 

versus 13 "C or 7 "C). Under batch conditions. the presence of calcium at 

concentrations equimolar to ferrous, was found to severely inhibit magnetite 

formation. 

Continuous flow, steady-state conditions 

A reactor system was devi:;ed which allov.'Cd :,teady-state concentration:; of seed and 

ferrous intcnnediate to be maintained in the oxidation reactor. This is in contrast with 
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batch conditions whcre the seed conccntration increases as the ferrol1~ in tennediate 

concentration decrea:;es to zero_ Under eontinUOl1~ now conditions, in the absence of 

calcium a steady-state fcrrous intermediate concentratiotl of grcatcr than 500 mg-FelL 

was found to be neces:;ary for magnetite formation to occur, without the necessity of 

any aging period. ftlthe presence of calcium a steady-state ferrous intennediate 

concentration of greater than J 200 rng-Fe/L as well as an ag;ngper;od of three to six 

hours was found necessary for magnctitc fonnation to occur. 

Contact ;tahiti,atinn rC3dur - wIlier ,cqocnc~ 

The reactor configuration used for the continuous flow, stcady-state experiments 

included a contact stabilisation reactor - settler sequence which had two significant 

functions (Figure 8.1): 

• 

• 

Enhancement of the ferrou:; intennediate: dis:;olved calcium ratio in tbe 

oxidation reactor. This raised ferrous intennediate : dissolved calcium ratio 

i:; crucial in overcoming the inhibitory efleet of calcium on ferrite 

fonnation . 

.Early separation of 60--70010 of the bulk AMD volume from the treatment 

process, lcaving only precipitated metals and 30---40"10 of tile AMD volume 

in need of further processing. This reduction in volume at the :;tart oftbe 

process tmmlate:; into reduced inrrastructure costs at all points 

downstream oftbe contact stabilisation reactor - settler sequence. 
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