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To regenerate the oxidised electron ion exchanger (sani-
ple C) we used Its reduction in Ihe presence of K̂  ions: 

ready for the next cycle of sorption of Tl* ions. 

Tlo.3oNinoPe(CN)6 +K+ + e-:.K,.ooTlo.aoNii., oFe(CN)o (5) Conclusions 
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As reducing agent we used a 0.093N solution of ascor­
bic acid. The amount of the potassium sail in the solu­
tion represented a fourfold excess over the stoichiometric 
amount according to equation (3). The dependence of lo on 
nired , where m^ed is "'e amount of reducing agent con­
sumed Cnig-eq/mg-mole Fe(CN)6], is shown in fit;. 1. .'\s 
seen, complete reduction of Fe(IIl) lo Fe(Il) occurs in Ihe 
ferrocyanide. The potential ip al Uie endpoint of the reduc­
tion amounts to 0.57V. According lo this poiential, solu­
tions of K+, S2O5', K^ + SOV, and others can Ijo used as 
reducing agents. "The amount of K*- ions entering inlo 
the composition of the electron ion exchanger during the 
reduction x, Cnig-eci K''-/mg-niole FelCN)^] corresponds 
strictly to Uie fraction of reduced Fe(CN)a groups (fig. 3). 
The reduction results in Uie formation of a ferrocyanide 
with the composition K,,ooTlo.aoNii.,oFe(CN)5, which is 

The desorption of Uiailium from the mixed mcktl 
thalliuni ferrocyanide can be realised by oxldalloni 
the ferrocyanide lo ferricyanide. The soibenl canii^ 
generated by reduction. 
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mechanism and kinetics of the hydrolytic precipitation of Fe(ni) from zinc sulphate soiu5on]5 j QA-

E V Margulis, L S Getskin, N A Zapuskalova and M V Kravets 
All-Union Scientific-Research Institute of Nonferrous MeUils) 

The hydrolytic precipitation of iron plays a deciding role 
in the leaching of zinc calcines. However, there are no 
reliable data on its mechanism, and its kinetics have been 
insufficiently investigated. DaU on the phases precipitated 
from solutions in the FeaOj-SO3-H5O system')^) cannot 
be transferred a priori to zinc solutions. Indications of the 
formation of basic sulphates and i n •. hydroxide during 
hydrolysis of iron in the hydrometallurgy' of zinc are non­
specific^), since a series of compounds are formed. In*-'') 
almost all Uie known solid products from the hydrolysis of 
Fe, (504)3 were synthesized and Uieir individualities were 
confirmed by IR spectroscopy and Uiermal ."uialysis, but 
only a few of them are formed during Ihe precipitation of 
Fe(III) from sulphate solutions-with alkxilis *-^^): Jarosite 
(R.HjO) Fe3(0H)g (SO^), and the amorphous basic sulphate 
'^FejOj • SOa'xHjO as priiiiary precipitation products, and 
goethite a-FeOOH as secondary product. 

The purpose of the present work was to study the mechan­
ism and kinetics of the hydrolytic precipitation of iron in 
the Fe, (SO.jj -ZnSO^ -ZnO-HjO svstem at 50-90OC under 
\'ariousj;qn^erLt):a-tion.^SSr" '̂*-'0"^ (initial concentrations 
CoTr=~6T05^ and C^Tjĵ  = 0 and r001/ l ) . 

Table 1: The phase composition of the precipitates as a 
function of the temperature, the molar ratio 
m = ZnO/Fe, (SOjj, and time with ihiUal Co Fe 
= 12 g/1 and pH^ = 1.2 in the Fe,(SOj3-ZnSO« 
ZnO-H,0 system, where Co Zn =100 g/1 

t^oC 

90 

70 

1.0 
2 , 0 - 3 . 0 

3.5 
1.0 
2.0 

3.0 

Phase composition of precipitates 
(holding l ime,h) 

A/G/(0 .5) ;G(2-24) 
A(l /12) ;G(2-24) 
A / G / ( 2 ) 
A(2); A/G/(7) ;G(24-120) 
A, G ( l / I 2 ) ; G / A / ( 7 ) ; 
G(24-12Q) 
0(2-120) 

Note: A = amorphous basic sulphate; G = goethite. Semi­
quantitative ratios of the phases: A,G-pliase G less than 
phase A; A / G / - phase A is Uie main phase, and phase 
G Uie impurity phase. 
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ZnO/FejfSOjJj. 
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r i g . 2 Tho c o n c e n t r a t i o n s of i r o n ( g / 1 , I ) and the pH 
va lues 12) in s o l u t i o n s of tha Fe.^(SO,.> ^-ZnS0,_-Zn0-
HjO system as a function of" w a t 90 l a ) , 70 (b) , and 
50 Ic) Q. CQ i „ = 100 g / 1 . Curves 1 and .2 with le t le ra 
a ,ind h r e l a t o to hold ing times of 2 and 24 h respectlvt* ' 
I t -

F ig . J 
The v a r i a t i o n of Cfe 
( g / 1 , a) and lb) in 
s o l u t i o n s of the 
Fe^lSOJj-ZnO-H^O 
system with time a t 
90 (K) , 70 (BI , and 
50 iC) °C. 
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n The procedure was s imilar lo that described in*). The kin-
Vi.'etlcs of Uie hydrolytic precipitiUon of Fe(lll) a r e charac-

' terised by data on the,variation of Uie pH and CFe with time 
'' (e.g., for Co Fc = 12 g/1 in figs.1-3). The phase composition 
of the precipitates (table 1), established by IR spectroscopy, 
characterises Uie.mechanism of the process . We note that 
Ihe semi-quantitative es t imates of the contents of the phases 
are relative, i . e . , Uiey only indicate an increase or de­
crease in the amounts of the given phase in relation to Uie 
others. For example, the secondary crystalline phase can 
be masked by the pr imary amorphous phase. The data in 
lable 2 characterise the pliase transitions in the precipi ta tes . 

Wt*̂ !.- YtU« t: Ttift degree o( cotivcruton <o,%) ot U\e anvorphous tustc sulphates lo guetiiitc at UQ"C 
\ ' \ ' ana Ituictinrt nf Lhe conditions 
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• The reasons for the observed changes in cpe and pH with 
Ume can be e.xplained on Uie basis of theories alxiut Uie 
mechanism of the hydrolydc precipitation of F e ( I l I ) " ) ' ^ ) . 
The addition of ZnO converted lo Zn(OH)j to the solution 
gives r ise to part ial neutralisation of the acid (a sharp r i se 
ot pH from 1.2 to.1.5-4.4, as seen from fig. I) nnd rapid 

' exchange hydrolytic IransforniaLions of the aqua, hydroxo, 
and sulpho complexes of Fe(ni ) lo more basic complexes 
wiUi Uie conversion of Zn(OH)a into ZnSQ,. The initial r i se 
of ApHin shifts the hydrolysis slale of Fe(IIl) in the solution 
from the equilibrium \'alue and stimulates the hydrolysis 
reaction itself of the iron ions (slow decrease of pH, see 
figs.l and 2). 

Increase in the pH and the concentration of the hydroxo 
complexes of Fe(lU) in the solution a s s i s t s the forma lion 
of polynuclear complexes of iron, and as a result of the 
tendency of the latter to oxidise Iheir pblymerisalion of 
the polyconden.sation type develops with Uie formation pf 
colloidally disperse par t ic les . Fur ther consolidation of 
Uiese particles leads lo Ihe formation of the amorphous 
hydrated o.xosulphate 2Fe ,03 • SO3 • xH,0^) . The indicated 
composition of this compound was established in^) during 
its precipitation from a dilute solution of FejlSQ, )^. It is 
not impossible that during the precipitalion from solutions 
more concentrated in SQ?' the basic sulphate acquires a 
variable composition, which changes towards a decrease 
in the basicity of the compound. However, il is difficult 
to establish this on account of the absence of reliable * 
meUiods for determination or calculation of Ihe amount 
of solution trapped by Uie amorphous precipitate wilhoul 
destroying the composition of the lat ter . 

The amorphous basic sulphate is the pr imary product from 
Ihe hydrolytic precipitation of Fe(III) from zinc sulphate 
solutions and changes into goethite with dme (table l)..This 
phase transition is observed over the whole investigated 
range'of Fe(lII) concentrations in the .solution and is acce le ra­
ted with increase of Uie pH and teniperature (table 1), but 
this transition takes place fairly slowly even at the initial 
pHo = 4.5 a t 90°C, is re tarded with time, and is accom­
panied by a decrease in the pH value (table 2), which is 
due to re lease of acid during the reaction. 

2Fe, O, • SOj • xHj O = 4FeOOH + H, SQ, + fx - 3) Hj O (1) 

The retardation of the transformation with time is due not 
to the accumulation of acid in the .solution but lo diffusion 
retai-dadon of Uie removal of the acid into the solution, 
which is created by Uie goelhite crust on Ihe par t ic les of 
amorphous sulphate. This can be seen from the fact that 
Uie rate of react ion ' ) dec reases considerably al a relatively 
small degree of conversion of the initial compound even 
with a high and practically constant pli value of 6 (table 2, 
neutral iser ZnO). 

The secondary charac ter of the a-FeOOH is due to the fact 
thai the polycondensation of the hydro.xo complexes of iron 
(111) which rapidly develops in the solution, leading lo the 
formalion of the amorphous precipitate, excludes the for­
mation of centres for the crystallisation of goelhite in Ihe 
solution. As a more stable phase; Ihe goethite is therefore 
formed during ageing of the amorphous precipitate of basic 
sulphate on account of the occurrence of reaction'^). The 
mechanism of this transition was described i n " ) . 

II was estabUshed that with a concentration Cfe > 0-1 g / ' 
the initial product from precipitation of Fe(tll) is Uie amor ­
phous basic sulphate, while when CFe^ 0.1 it is the amorphous 
hydrated iron(lll) oxide^), which also changes into goethite 
during ageing. 

On Uie basis of the data obtained in Ihe work it is possible 
to make the following judgements about the kinetics of the 
process . 

From the variation of Uie pH of Ihe solutions with time it 
is seen (figs.l and.2) that in the FejfSOJj-ZnSO, -ZnO-HaO 
system the hydrolysis rale of Fe(IIl) decreases wiUi decrease 
of cpe and of the initial shift of ApHx,, in the solution. For 
e.xample (fig.l, at OO^C with a small ApHin (specific con­
sumption of neutra l iser m = Z n O / F e , (SO,), = 0.5 the hydroly­
s i s rale is low with a high value for e.^^. With increase in 
m, ApH;„ inc ieases , but ĉ -̂  decreases (on account of ex­
change reactions). The hydrolysis rale passes through a 
m:Lximum with increase in m bul decreases regularly wiUi 
time on account of decrease in ĉ -̂ , and of the accumulation 
of hydrolysis acid, i . e . , approach to hydrolysis equilibrium 
in the solution. We note Ihe slow decrease of the pH value 
wiUi Ume under the conditions of practically complete p re ­
cipitalion of iron (e.g. , see fig.l Ab, curve 3.5 or fig.2, 
curves 2a, c for m = 3.5), which is due to the occurrence 
of reaction'•).• 

With oUier conditions equal the ApHin value, which plays 
an important role in tlie kinetics of the process , increases 
with decrease in temperature (fig.l), and this is explained 
by Uie superimposilion of three processes , i . e . , neutral isa­
tion of the acid in the solution, exchange hydrolytic reactions, 
and the true hydrolysis reactions of iron. The f irst two 
processes nre practically independent of teniperature, Ixit 
the hydrolysis of iron (it reduces the ApHin ralue) i s r e ­
tarded with decrease in temperahire (figs.l Ab, Bb, Cb),. 
and the contribution from hydrolysis to ApHin increases 
with increase in Ihe initial neutralisation of the acid, i . e . , 
with increase in the dejxirture from hydrolysis equilibrium. 
On account of this, ApHLn increases with decrease in tem­
perature and the more so, the greater the m value. 

The kinetics of the precipitation of iron have two clearly 
defined s tages , i . e . , rapid precipitation in the initial period 
and then slow precipitaUon. The rapid precipitation resul ts 
from the sharp increase in the concentration of the hydroxo 
complexes on account of exchange reactions with the ZnfOH), 
base and their rapid oxidation with the (ormation of a p re ­
cipitate of amorphous basic sulphate. When Uie sharp initial 
supersaturation of the soluUon by the hydroxo complexes is 
removed by the passage of the iron into the precipitate, the 
subsequent forniation of the precipitate i s retarded and is 
maintained by the formation of hydroxo complexes on account 
of Uie true hydrolysis reactions. If Ihe initial r ise ApHin i s 
sni.ail, Uie formation rate of the precipitate depends on the 
hydrolysis ra te , and there is an induction period for Ihe. 
formation of tho precipitate of amorphous basic sulphate 
(fig.l Aa and 1 Ba, curvesO.5). 

The rate of precipitation of the iron is affected by ApHin , 
CFC , and Cz„so^ and also by temperature. The presence of 
considerable amounts of ZnSQ, in the solution substantially 
d is tor ts the effect of the other factors on the iron precipi-
tJition ra te . It is therefore expedient to compare the kinetics 
of the process for co z.i = 100 g/1 (fig.l) and CQ /.„ = 0 
(ng.3). 

From fig.3 it is seen that the precipitation rate of Fe(ni) 
in Uie fast stage is proportional to the initial shift ApHin 
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•with other conditioivs eqiia! (compare Uie curves for tlie 
various m values in fig.3 Aa or- 3 Ba or 3- Ga), while,at tlie 

istage of slow precipitation i t i s prqpio/tibnal to the rale of 
live t ruehydro lys i s of Fe(I) aiia.conseciuently' (like the 
hydrolysis rate) var ies es t re inal with incre.ise in m, i .e . , , 
the consumption of the i ieutraliser. Decrea'se iii tfeMiperature 
reduces the pretipitaition.ra'te a t the sta'ge of .slow precipi­
tation, and a t the stage.of fast precipitation i t r e ta rds it fpr 
'smail m value's ,ind hardly changes'i t ai all for large ra 
values., (The lat ter probably resul t s from coh-ipensalion 
for the decrease in the temperature f.^etor lay the increa.se 
in the cdiicenIration factor, i, e . , ApHin ). 

Wifh other conditions equal (figs.l and 3) the content of 
ZhSO* in the,sdluti'on-reduces ApH'in {particularly-with a, 
large consiiiitptian of ZnO, e . g . , f o r m ='3.5, which is due 
(o part ial consumption pf Uie ZnO neutral iser on hydrolyiic-
reaction with ZngO^'^^) instead of netttr.T-tisatipn of the acid), 
r e ta rds the hydrolysis of Fe{in) (due tpVthe biiller aciioii of 
ZnSQJ ' - ) , and re tards the precipitation.of iron. T h e p r e -
cipitati.on rale of-FeiHD-at the fast precipital'ion stage 
de'ci-eases witli ' increase in temperatui-e (tigs,I Aa, Ba, 
and Ca), and at SO°C this stage only SppMrs when ni>3.5. 
The retardation of the precipitation af Fe(ni) becomes" 

•stronger with increase in the ZnSO, content of the solution; 
•'after 24h with m ='2 for CQ i\r = .5'.|l,'/l "the; i.iici-easing Cy jn 
values of 0, 50, and 150 g/1: correspond to Aoi-j. values of 
3.49, 2.94, and 3 . 3 2 g / i respectively, and for CQ (.-.. = 12 g/l 
the increasing, CQ'.^J/'values of p/andlOO g/1 correspond to 
Ace values ot 9.00, and 6.,88"g/i. 

The retarding effect of ZhSD, on die hydrblytic precipi ta­
tion of F B ( I I I ) becomes stronger with increase in tem'perature 
and i s explained :by tiie; stabilising-action of the electrplyte 
(ZnSOj) on tlie colloid.i'lly d isperse state of Fe'(IIlj in tlie 
solution. At 900C with zo z„ = 100 g'/I and CFa^T.S g/1 . 
'in Uie-pH region of 2,-3„5 this converts the iron [p die 
sfiite of a hydrogel, whicii represents si ti-a'hsp.afent-red-
browH' viscous solution (a,,structured Ijiiuid,). Here tlie 
[ormation of the precipitate (cbagel) of the amoiplious basic. 
sulphate i s greatly re tarded; -when-m = 3, the precipitation 
fate of Fe(III) is considerably tower than with siua 11 values 
of. m (fig.l Aa, curve 3.0, pi-fig.2'a, curve l a ) , ' this cetar-
d.atiori of tlie passage of Fe (111) into the precipitatertjecdme's 
s t ronger wiUi increase of Cf.e in the solution (tig.4). The 
sharp increase of-lhe l ight seatterihg, (by several tiiTies) 
in hi'gh-irdn ziticisdiutions a t pH 2 - 3 . 5 compared with 
pure- i ron solutions with equal cps v.ilup's conf irriis that 
the'Fe (III), i s tonvei-te'd ihtb tjie 'state of a-liydrogel in the 
z incsb lu t ions . 

Fig.-4' 
The Cpg v a l u e s ' ( g / L ) 
a f t e r .loJrtlHjj ,io,r ih 
in SDiuci.c>ns--tpf tlie 
f e j fSOiJ j - ' inSC-zr iO-
W b̂ sg3t,sm a s a flinh-
t jon or in a t 90°c w.ith 
var ious CQ Pg v a l u e s , 
gl-1, 1 - ,S,- 3 - ' ? . 5 , -
3 - S/, <l -• . l}; , S - 15 . 

The otikiined resul ts reveal the^characler of tlie;e[(ecl 
of \'-<irious factors on the couiposition and state of Uie 
iiyctrolyUc pre'eipitiites of ii:on and on the" rale of hydro­
lytic. precipiLition oC.Fe(Illj flora zinc sulphate solMtiofiB, ij 
and this is essential aS'pi;eliminary iiiformatibn tor tli« 
construction of a |-iiathematica,l,.;m.6del and in the scardi "M 
fo,i- opLi.mum pi-oc'ess conditions. 

Conclusions ' 

f l 
1. The pr imary products from hydrolytic,precipitation ot •' 

F e ft li) [ roiii' z in c su Iplia te! so iu ti'ohs- a re an a morphous Inate-
sulphate 'iFejOa'.SOa-xHjQ when C[a5(} , lg /1 and an itniot* 
plious liydrated i ron o-xide-when C[,-(,^,p.l g / l . With tiJiie 
the amorphous phases'changij into crysta'lline goethite 

,c(-Fe.Qp.H wiih reL'trdatiun, 
2. The, hydrolytic precipiUitmn ,of ,Fe(lII) takes pl.ice In 

-two stages, i . e . , a fast an'd theji a slow stage. The prc-
,c.i[)iL;i.tion .i-ate;-(v"'],.̂ ) inc,reaaes wUh-iiicre.=i,se i'n the initial 
.ri'siiti-aiisalion of Uie.soUition (pH,, = 1,5-,5,2)ahd with in- .-.OT, 
c rease in the concenD-alion'of iron in, the solution tcFi;=Sg/l)''-j| 

•durinjj the fast precipitation stage; during the sliiw precipl- ..if 
taUbn st-'ige" Vfg depends extremal on the iniLial ne'uiKUisa- -.^ 
Boh of the solution (passes through a maxirauni).WithincrMiil1 
in Uie- ZtiSO^ content of tiie solutior)[cg .̂ ^ = d-150,g/l] Vf,,' 
deer eases . With-increase in temperature (50-90''C) VFU 
d^~creases in tlie-fast precipitation stitge and iii creases 
slightly in the slow precipitation stage (as a result of in­
te n.-; iti cation of the retarding action pt ZnSO,j with increase 
ih temperature) , 

3. For a high-iron (cpe > 7 | / J ) Kinc sulphate solution with , 
pH 2-3.5'a ri.se in temperature to SO'̂ C is risky, sirice it 
leads to tlie formation of a viscous hydfOgel of iron, which 
greatly retiirds Uie formation of the hydrolytic precipitate, 
Incre.-i:se,.in ii:^, istab'i'lises the'hydrogel. 
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Siimaiary 

A new me,tiibd,was developedfor the determination of the 
position of the boundary taefweeh th'e" Solid .irid liqui'd pluiSL's 

in the capillary. Tlie niethod extends the possibili t ies tor 
the use of capillaiy niodeis during.investigation of.diffu'sidri 
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