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Abstract 

Steel pickling liquors are one of the main environmental problems of steel making. Currently, there are several processes for the treatment 
of sulphuric liquors, although most recover only acid and haematite (a-Fe,O,). We propose an oxyprecipitation process for this recovery, 
allowing several kinds of iron oxide or oxyhydroxide to be obtained. The aim of this paper is to determine the kinetic control and reaction 
mechanism. The influence of different variables is evaluated and two experimentaf ranges for the synthesis of goethite (a-FeOOH) and 

magnetite (Fe,O,) are defined. A systematic study is carried out in these experimental intervals, and the results are analysed in order to 
determine the reaction order and the type of kinetic control. Finally, from these data, morphological and crystallinity studies and new 
experiments, the reaction mechanism is proposed. 0 1997 Elsevier Science S.A. 

Keywords; Mechanism; Kinetics: Oxidation; Precipitation: Iron oxides 

1. Introduction 

The pickling process is used for the surface treatment of 
steel slabs and involves the dissolution of the superficial lay- 
ers of iron oxides formed during the steel making process. It 
is carried out by submerging the slabs in sulphuric or 
hydrochloric acid baths. Subsequently, the slabs are rinsed in 
order to remove traces of acid and dissolved iron. The dis- 
charge of the generated wastes (spent pickling liquors) is the 
main source of water pollution in the steel making industry. 

Currently, several processes are available for the treatment 
of hydrochloric liquors [ 1 ] ; however, the treatment of sul- 
phuric liquors yields problems associated with the recovery 
of dissolved Fe( II). The crystallization of copperas [ 21 was 
a useful method but has been affected by the saturation of the 
market. The electrolytic deposition of Fe’ [ 31 is too expen- 
sive in many countries. Acid retardation [4] generates a 
ferrous sludge with poor recovery and low price. The use of 
monopolar or bipolar membranes requires dilute solutions 
(pickling liquors are very concentrated) or the previous pre- 
cipitation of dissolved Fe( II) [5]. Roasting [ 61 produces 
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only a-Fe,O, as a final product, often with a broad size 
distribution. Finally, solventextraction [7] andbio-oxidation 
[ 81 exhibit slow kinetics and, therefore, requirelargereaction 
times. 

We propose an oxyprecipitation process for the large-scale 
treatment of pickling liquors. Oxyprecipitation IS a form of 
treatment used on waste liquors such that, when suitable 
chemicals (bases and oxidizing agents) are added, it is pos- 
sible to alter the physical state of the dissolved or suspended 
solids to facilitate their elimination through a sedimentation 
process. In this way, it is possible to obtain iron oxides and 
oxyhydroxides (a-Fe,O,, a-FeOOH, Fe,O,, y-FeOOH,etc.) 
from the high iron concentration of these liquors. 

Much research has been published on the reaction 
mechanisms of precipitation of these oxides. In this paper, 
we revise the mechanisms concerning the nucleation of 
cu-FeOOH and Fe304. 

1.1. Goethite 

This oxide may be obtained in strongly alkaline solutions 
or by the addition of OH- to acidic solutions [ 91. In alkaline 
solution, the mechanism is: 

Fe(OH),+Fe(OH); +Fe(OH), 

-+ FeO,f OH) 1 -a + cr-FeOOH ( 1) 
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This mechanism begins with the formation of Fe( OH); 
( HFeO; ) by the dissolution of Fe( OH) 2 in alkaline condi- 
tions. It is then oxidized to electroneutral Fe( OH),, which is 
polymerized to colloidal [Fe( OH),],. Finally, this com- 
pound precipitates as ferrihydrite (FeO,( OH) 3 _ U, amor- 
phous oxyhydroxide) by dehydration followed by rapid 
conversion into a-FeOOH. 

This reaction scheme was also explained by Kiyama [ lo], 
and Sada et al. [ 111 in the form of polycations 

polymericatmn 

HFeO; +02+ [FeZ(OH + [FeAOHM? 

(2) 

[Fe,(OH),];f++H,O+cw-FeOOH (3) 

In acidic solutions, Misawa et al. [9] proposed the 
mechanism 

Fe’+ 
LOH- 

02 F&+OH- OH 
FeOH++Fe(OH); --f [Fe(OH);?,l, + FeO,(OH),-,-,a-FeOOH 

f 
Fe’+ -+Fe(II) 0 Fe(III)$“mLL1+ , I 

t 
(4) 

Goethite is obtained by the conversion of ferrihydrite, 
formed by the precipitation of the intermediate polycation 
via polymerization of Fe( OH):. The latter may be obtained 
by the oxidation of FeOH+ ( soluble phase of Fe( OH) 2) or 
by the hydrolysis of Fe3 + promoted by the addition of OH -. 

In addition, ferrihydrite can be precipitated by the oxida- 
tion and neutralization of green complex II (G.C. II) from 
strongly acidic solutions. The G.C. II is nucleated during the 
air oxidation of ferrous sulphate in slightly alkaline condi- 
tions, followed by the precipitation of green rust II (G.R. II) 
[ 121. In later research on the oxidation of FeSO, solution at 
pH 6.8 [ 131, it was observed that the Fe( II) /Fe( III) molar 
ratio in the G.C. II structure was 2: I. The transformation of 
ferrihydrite to goethite in acidic conditions requires very large 
reaction times (several years may be necessary). 

Detoumay et al. [ 141 proposed a different mechanism 
involving two steps: oxidation of Fe(OH), to G.R. II 
( 2Fe( OH) 3. 4Fe (OH), . FeSO, .xH,O) and transformation 
into a-FeOOH. The formula of G.R. II was refined to 
(4Fe( OH) 2. 2FeOOH. FeSO, . 4H20) using Miissbauer 
spectroscopy [ 15 I. 

A final reaction scheme involves the nucleation of goethite 
from the dissolution of lepidocrocite ( y-FeOOH) by heating 
FeSO, solutions. 

1.2. Magnetite 

The first mechanism begins with the formation of green 
rusts or green complexes and their transformation into Fe,O, 
by slow oxidation in mild pH conditions. If the oxidation is 
rapid, the final product is y-FeOOH. The reaction schemes 
are [9] 

021 
Fe(OH)2 02_L G.R.II -E 

ho4 
02t (5) 

y-FeOOH 

chi 

-I 
FeJh 

FWW, & G.C.II Ozt (6) 
YFeOOH 

These mechanisms are based on the difficult conversion of 
ferrous hydroxide with hexagonal structure to magnetite or 
lepidocrocite, both with a cubic structure. During the nucle- 
ation of magnetite, two oxygen ions must be extracted for 
every three molecules of ferrous hydroxide. If the oxidation 
is carried out slowly, the time for oxygen extraction from the 
crystal and for rearrangement of the remaining iron and oxy- 
gen will be sufficient for the formation of magnetite; however, 
if the reaction is fast, rearrangement will not be possible, 
promoting the nucleation of lepidocrocite. Thisoxyhydroxide 
can be spontaneously transformed into magnetite when 
sulphate ions are present [ 161. 

The second mechanism begins with the precipitation and 
dehydration of the red complex cation [ Fe( II) ,Fe( 111)2- 
WOW,,,-.,,I:;+. In solutions in which the Fe(II)/ 
Fe( III) molar ratio is I:2 or higher, the precipitation will not 
occur until pH 7. This intermediate may also be formed by 
the addition of OH ~ to green complex solutions. 

mFe(I1) + 2mFe( III) + 6m( OH) 

--f [Fe(W ,Fe(III>,)o,(oH),,,-.~~l~~+ +m.&O (7) 

PWII) ,Fe(III),)O,(OH),,,-,,l:~+ 
+ 2mOH - -+ mFe,O, + (4 - x)mH,O (8) 

At higher pH, the mechanism can be explained as a slow 
coprecipitation of FeOH+ with hydroxoferric complexes 
[ IO]. In these conditions, the nuclei of Fe( OH), or green 
rust are enclosed in a dense layer of FeOH+, where copre- 
cipitation occurs. The reaction begins with the oxidation of 
the cation by dissolved oxygen [ I I] 

2FeOHt+~0,+HzO-+[Fe2(0H),]3++OH- (9) 

This ferric ion coprecipitates with ferrous ion to produce 
magnetite 

[Fe,(OH)319f+FeOH~+40H-+Fe30,+4H,0 (10) 

The latter reaction can be understood as 

[Fe,(OH),]‘++FeOH++20H--,Fe,O(OH)z++H,O 

(11) 

Fe,O( OH):+ + 20H- -+ Fe,O,+ 3H,O (12) 

Fe,O(OH)i+ agrees with the formula of the red complex 
cation when x = 1. 
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Other complex intermediates with different stoichiome- 
tries have been proposed, but magnetite is always formed 
from an intermediate containing the same Fe2+/Fe3+ ratio 
[171. 

2. Materials and methods 

The studied ranges and variables were as follows: pH 3- 
8; stirring speed, O-1000 rpm; two oxidizers, air and oxygen, 
99.5%; flow of oxidizer, 5-20 1 min-‘; and temperature, 
298-343 K. 

Sulphuric pickling liquors were used as raw materials. 
They were collected on the rolling mills of Ensidesa ( AvilCs, 
Spain), with Fe( II) concentrations between 35 and 5.5 g 1~ ’ 
and free acid between 8% and 12%. Ammonium hydroxide 
(reagent grade) was chosen as basic agent. 

The experimental equipment and procedure have been 
described previously [ 181. During the previous experiments, 
the reactions were completed at 180 min for 298 and 3 18 K 
and at 90 min for 343 K, or when the Fe( II) was exhausted. 
During the systematic study, periodic sampling was per- 
formed, the experiments were stopped when the Fe( II) was 
exhausted or when the pH variation was very slow, indicating 
the long duration of the experiment. 

The X-ray diffraction (XRD) intensities of the character- 
istic peaks of goethite and magnetite (corresponding to 
d,,o=4.18 w and d3,, = 2.53 A, respectively) [ 191, cor- 
rected by the external or internal standard method using tung- 
sten, and the Fe( II) elimination rate were selected as quality 
parameters. 

A Siemens Kristalloflex 8 10 goniometer with Cu Ka radi- 
ation (Ni filter) with computerized data collection back-up 
was used for XRD. For scanning electron microscopy 
(SEM) , a JEOL JSM-6400 microscope was used. 

Table 1 
Fe(U) elimination vs. pH 

Fixed conditions: N= 750 Q, = rpm, 10 1 min- ’ 

T PH CmFecll,n CmF,,ll,f CmFc,,,,,, %Fe,, f 

(K) (g/l) (g/l) (g/l) (min) 

298 4 45.50 28.96 0.12 25.0 180 
5 39.13 1.21 - 96.2 170 

6 46.83 0.08 - 99.9 90 
7 46.20 0.28 0.02 99.8 85 

318 3 45.12 29.26 0.42 35.0 180 
4 47.05 21.15 0.38 55.0 180 

5 48.18 5.88 0.14 88.0 180 
6 44.80 0.05 - 98.0 60 
7 38.86 0.22 - 99.4 45 

343 3 44.23 29.41 0.89 33.5 90 
4 57.80 33.32 0.46 42.3 90 
5 42.22 6.75 0.21 84.0 90 
6 41.88 0.84 - 98.0 90 
7 37.90 0.22 - 99.4 90 
8 43.15 0.34 - 99.2 90 

3. Previous experiments: Selection of experimental 
ranges for systematic study 

3. I. Study of pH 

Fig. 1 and Table 1 show the results obtained as a function 
of pH. Goetbite is the only product at 298 K and pH 4, 5 or 
6. At pH 7, a mixture of goethite and magnetite is obtained. 
In all cases, the synthesized a-FeOOH presents low crystal- 
linity. In Fig. 2, it can be seen that the product formed is 
composed of very heterogeneous, broad particles; this does 
not agree with the acicular morphology of goethite. However, 
from Fig. 3, where two micrographs at different magnifica- 
tions are presented, we can see an incipient growth of needle- 
like particles over the surface of the broad particle. 

At higher temperatures (3 18 and 343 K), a similar behav- 
iour is observed; the maximum crystallinity is obtained at pH 
4, being slightly higher at T= 3 18 K. However, the mixtures 
are obtained at lower pH values (pH 6 at 3 18 K and pH 5 at 
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Fig. I. Plot of the XRD intensity of the characteristic peaks of goethite and 
magnetite vs. pH. 
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Fig. 2. Micrographs of products synthesized as a function of pH (T= 298 K) : (a) pH 4; (b) pH 5; (c) pH 6 

343 K), indicating that temperature promotes the synthesis 
of magnetite. 

Above 343 K and pH 7, the magnetite exhibits less crys- 
tallinity, due to the formation of numerous crystallization 
nuclei, and, therefore, smaller particles are obtained (Fig. 4). 

The presence of basic sulphates [ 201 in the final products 
was detected by XRD. This fact was corroborated by X-ray 
fluorescence (XRF) analysis, summarized in Table 2. An 
anomalously high concentration of sulphur can be seen in the 
product precipitated at pH 4 and 298 K. 

3.2. Study of stirring speed 

The results obtained are presented in Fig. 5 and Table 3. 
Very different behaviour is observed at the lower tempera- 
tures and at 343 K, probably due to two competing reactions 
for the synthesis of magnetite and goethite at these 
temperatures. 

An inflexion in the crystallinity is observed at 750 rpm at 
298 K and at 500 rpm at 318 K. This effect is due to two 
opposing factors: on the one hand, the increase in stirring 
speed provokes higher turbulence in the reactive medium, 
inhibiting the formation of crystallization nuclei; on the other, 
the increase in stirring speed promotes the oxygen diffusion 
rate which improves the oxidation of Fe( II) [ 2 1 ] and the 
nucleation of goethite. 

At 343 K, magnetite is obtained in the experiments per- 
formed without stirring and at the highest stirring speeds. 
Three effects should be borne in mind: goethite has a larger 
particle size than magnetite and requires a stable medium for 
nucleation; as explained previously, high speeds improve 
Fe( II) oxidation and, therefore, inhibit the nucleation ofmag- 
netite; finally, high temperature promotes the synthesis of 
magnetite. Thus, the best magnetite is obtained at 0 ‘pm, 
because the oxygen diffusion is very poor. On increasing the 
stirring speed to 250 or 500 ‘pm, Fe,O, is not nucleated 
because the medium is not sufficiently turbulent, and the 
nucleation of a-FeOOH occurs. At higher stirring speeds 
(higher turbulence), magnetite of smaller size is synthesized. 

3.3. Study of airjlow 

Fig. 6 and Table 4 show the results obtained as a function 
of air flow. A very different behaviour is again observed at 
343 K. 

The trend in c+FeOOH crystallinity is analogous for the 
two lower temperatures. It increases as the air flow increases 
due to the improved Fe( II) oxidation, achieving a maximum 
at 15 1 mini’. At 20 1 min- ‘, the peak intensity decreases 
probably due to the higher turbulence, high ascending veloc- 
ity of oxidizer bubbles and low solubility of oxygen in acidic 
solutions which inhibit goethite crystallization. 
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Fig. 3. Micrographs of the product synthesized at T= 298 K and pH 4. 

At 343 K, goethite and magnetite are obtained, showing 
the competitive nature of their formation reactions. Magnetite 
is nucleated at lower air flows, because oxidation is slower, 
preventing the complete oxidation of previously precipitated 
Fe( II). When the air flow is increased, oxidation is enhanced 
yielding goethite and inhibiting magnetite nucleation, which 
is totally depressed at 15 1 min-‘. 

3.4. Study of oxygenjlow 

Again, a very different behaviour is observed between the 
experiments carried out at 343 K and at lower temperatures 
(Fig. 7). Table 5 shows the Fe( II) elimination for this series 
of experiments. The 298 and 3 18 K isotherms show that the 
maximum crystallinity is achieved at 5 1 min-‘, due to the 
high oxygen concentration and low turbulence, which allow 
a better nucleation of goethite. 

The minimum value is obtained at 10 1 min-‘, because 
precipitation occurs instantaneously, but the flow is insuffi- 
cient to achieve oxidation in the solid state. When the flow is 
increased to 15 1 min- ‘, the crystallinity is improved due to 
the total oxidation of the solid. 

Magnetite is obtained in all the experiments carried out at 
343 K. This phenomenon may be explained by the fast pre- 
cipitation of dissolved iron and by the higher temperature 
which promotes the nucleation of Fe304. 

The products obtained at 298 and 3 18 K using air or oxygen 
are very similar, but the use of air at 343 K produces oxides 
of higher crystallinity due to the longer reaction times which 
allow the growth of nuclei. However, it is necessary to work 
at higher air flows than oxygen flows (Q,= 15 1 min- ’ vs. 
Q,,= 10 1 min-‘). 

3.5. Fe(H) elimination 

From Tables 1, 3-5, it can be seen that high Fe( II) elimi- 
nations are not achieved when the experiments are carried 
out at pH<5. At higher pH values, total elimination is 
obtained at short reaction times. In general, an increase in all 
the variables improves the Fe( II) elimination rate, in partic- 
ular pH and temperature. Stirring improves the diffusion of 
oxygen and therefore oxidation, accelerating the elimination 
speed. In the same way, an increase in flow or the use of 
oxygen exert a similar effect. 

4. Systematic study 

4. I. Selection of experimental ranges for systematic study 

With the aim of determining the reaction mechanism and 
kinetic control, two experimental ranges were defined: one 
for the synthesis of goethite and one for the nucleation of 
magnetite, both as pure phases (Table 6). 

For the synthesis of goethite, the chosen pH interval was 
pH 3.5-4.5, because it ensured the formation of a-FeOOH. 
Lower pH values promote the nucleation of heterogeneous 
particles and higher pH values promote the synthesis of mag- 
netite. Although air and T= 3 18 K were also studied, oxygen 
as oxidizer and 343 K as the working temperature were found 
to be the optimum parameters due to their increasing effect 
on Fe( II) oxidation. The stirring speed was chosen between 
500 and 1000 rpm, because lower speeds inhibit oxygen dif- 
fusion and higher velocities promote the nucleation of mag- 
netite. Finally, the flow was studied between 10 and 20 I 
min-‘, allowing slow or fast oxidation. 

For the synthesis of magnetite, a temperature of 343 K was 
selected as it led to an improvement in magnetite nucleation 
(a few experiments were carried out at 3 18 K to study the 
kinetics). The chosen pH interval was pH 5.5-6.5, because 
mixtures of goethite and magnetite are obtained at lower 
values and the crystallinity decreases at higher values. Air 
with a flow between 5 and 10 1 min- ’ was chosen as the 
oxidizer, because the use of oxygen or higher flows promotes 
the synthesis of goethite. The stirring speed range was 250- 
1000 rpm, because heterogeneous experiments occur at lower 
speeds, preventing control. 

Some experiments were performed outside these experi- 
mental ranges in order to develop two mathematical models 
for the synthesis of goethite [ 181 and magnetite [ 221. Thus 
55 experiments were carried out. Figs. 8-10 show represen- 
tative examples of the results obtained. 
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Fig. 4. Micrographs of products synthesized as a function of pH (T= 343 K): (a) pH 6; (b) pH 7; (c) pH 8 

5. Kinetic control 

The slopes of the plotted Fe( II) elimination curves vary 
as a function of pH. At pH 2 5.5, curves with a sharp initial 
slope are obtained. Later, the slope flattens out until total 
Fe( II) elimination is achieved. At lower pH values, smooth 
curves are obtained. These observations suggest that two 
mechanisms occur. 

Oxidation of Fe(I1) in the liquid phase, followed by the 
rapid precipitation of oxyhydroxide, occurs at low pH values 
(PH 3-5) 

Table 2 

Microanalysis of products 

Experimental conditions Microanalysis 

N a T pH Fe s 0 

(rpm) (I min-‘) (K) (%I (%) (%I 

750 10 25 4 12.35 5.14 82.5 1 
7 18.95 1.04 80.0 1 

45 6 17.08 1.05 81.87 
70 4 15.82 1.52 82.66 

8 18.89 0.55 80.56 

The second mechanism takes place at higher pH values 
(pH 5-8). It involves the rapid precipitation of Fe( OH), 
from part of the dissolved Fe( II) and its oxidation in the solid 
state. The remaining dissolved Fe(I1) is oxidized as in 
Eq. (13) 

-iI 

WW,,, ------+ WW,,, 

WII) (d) ( 14) 

Fe(III)(ci, - WIW(,) 

The latter mechanism explains the sharp slope and is kinet- 
ically controlled by the oxidation of dissolved Fe(I1) to 
dissolved Fe( III), because precipitation occurs rapidly. 
Therefore the study of the kinetic control of oxyprecipitation 
can be reduced to the investigation of the Fe(I1) to Fe( III) 
oxidation in the liquid phase, which is a two-phase gas-liquid 
system, where oxygen acts as the oxidizer and the pickling 
liquor as the oxidizable liquid. The oxidation reaction is given 
by the following expression 

4WII),d, +4H,O,& +O,(,, +4Fe(IW,d, +6H20C,,. 

(15) 

In order to determine the type of control, it is necessary to 
carry out a comparative study between the speed of the chem- 
ical reaction and the speed of oxygen diffusion. Depending 
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on the stage which exerts control, the following kinetic 
equations are obtained. 

5. I. Chemical control 

Assuming that the reaction is first-order with respect to 
oxygen and that its partial pressure remains constant during 
the experiments due to the high flows used, the following 
expressions are obtained by integration between the limit 
conditions of the system m = 1 

lnCFetll) =lnCF,,~~~~~-4K~d (17) 

mfl 

(18) 

5.2. Diffusional control 

The resistance in the gas phase can be considered to be 
negligible ( KoTg = x), because the solubility of oxygen in 
water solutions is low, especially at low pH, and the partial 
pressure of oxygen can be considered to be high. Integrating 
between the limit conditions, Eq. (20) is obtained 

ln( wcFe(II)) =ln(WcFe(II)O) - Ko,,St 

where W = D,, ,1I /4D,,, and Z = Po2/Ho2. 
Tables 7 and 8 summarize the results of the analysis of the 

experimental data up to 98% Fe( II) elimination for chemical 
reaction control up to third-order (Eqs. ( 17) and ( 18) ) and 
for diffusion control (Eq. (20)). At pH 3.5, the reaction 
corresponds to an order higher than unity. When air is used 
as an oxidizer, the best correlations are obtained for a third- 
order model, but when the oxidation is improved by the use 
of oxygen, a second-order model provides better indices. This 
suggests that the kinetics show a complex mechanism or an 
equilibrium model. 

At pH 4, similar correlations are obtained for first- and 
second order at 318 K in air, but when the temperature is 
increased to 343 K or oxygen is used, only the first-order 
model fits the data. However, these values are very similar to 
the correlation indices obtained for diffusion control. A slight 
trend to diffusion control is observed when the experiments 
are carried out at pH 4.5 and pH 4.8. On the other hand, the 
chemical reaction is first order. 

In the pH range 3.54.8, the final product is goethite, 
showing higher crystallinity at higher pH or temperature. 

At pH 5.2, a small amount of magnetite is synthesized in 
a mixture with goethite; its kinetic control corresponds to a 
shared model between diffusion and first-order reaction. 

Magnetite is obtained as the only phase in the second 
experimental range. The experiments carried out at 318 K 
show second-order kinetic control, but a slight trend to dif- 
fusion control is obtained when the temperature is increased 
to 343 K and the chemical reaction is first order with respect 
to Fe( II) at all pH values. 

Tables 9 and 10 show the calculated kinetic constants for 
the experiments with a first-order model. It can be seen that 
the reactions occurring at pH 3.5-4.5 show lower constants 
(most between 1.5X10P3 and 7.5X10-‘) than those in 
the higher pH interval (pH 5.5-6.8) (constants between 
2.2 X IO-* and 4.1 X lo-*), demonstrating the different 
types of reaction. The experiments at intermediate pH values 
(pH 4.8 and pH 5.2) show intermediate constants. 



180 .I. Dufour et al. /Chemical Engineering Journal 68 (19971 173-187 

Table 3 
Fe(II) elimination vs. stirring speed 

Fixed conditions: pH 5, Q,= IO 1 min- ’ 

T(K) N (rpm) C%,,,N, (g/l) cf%e,,w (g/l) c%T,n,,f (g/l) %Fe,, t (min) 

298 0 46.61 9.38 0.24 80.0 180 

250 48.03 18.99 0.21 60.5 180 

500 47.55 19.13 0.3 1 60.0 180 
750 39.13 1.21 - 96.9 170 

1000 36.60 8.62 0.14 76.4 180 

318 0 39.00 0.38 - 98.9 180 

250 39.91 0.11 - 99.7 125 
500 36.94 0.14 99.6 115 

750 48.18 5.88 0.42 88.9 180 

1000 37.72 0.38 - 99.0 85 

343 0 55.99 15.90 0.3 1 71.6 90 

250 40.67 9.35 0.25 77.0 90 

500 40.14 7.41 0.36 82.2 9900 

750 42.22 6.75 0.42 84.0 90 

1000 39.62 5.44 0.21 86.3 90 

Table 4 
Fe(II) elimination vs. air flow 

Fixed conditions: pH 5, N = 1000 ‘pm 

T(K) 

298 

318 

343 

Q, (1 min-‘) c+wn,,, (g/l) Cww,,, (g/l) 

5 45.30 3.02 

10 36.60 8.62 

15 46.54 4.32 
20 47.12 1.27 

5 45.35 - 

IO 37.70 0.38 
15 47.73 0.27 
20 44.72 0.22 

5 40.75 II .90 

IO 39.62 5.44 

15 40.89 3.88 
20 45.98 3.23 

WwlIl~t (g/I) 

0.27 
0.14 

0.27 
0.08 

- 
0.02 
- 

0.42 
0.2 I 
0.27 

0.18 

‘%Fe,, t (min) 

93.3 180 
76.4 180 

91.0 180 
98.0 180 

99.9 165 
99.0 85 
99.4 135 
99.5 135 

70.6 90 
86.3 90 
90.5 90 

93.0 90 

These results indicate that oxyprecipitation in the goethite 
synthesis range shows shared kinetic control between diffu- 
sion and first-order reaction at pH > 4 and chemical control 
when the pH is lower or the oxidation conditions are poor. 
Two different reactions are also observed in the magnetite 
synthesis range: second-order reaction is the controlling stage 
at 3 18 K, but when the temperature is increased, the control 
is shared between diffusion and first-order reaction. Thus, 
four processes seem to take place in the experimental ranges. 

6. Reaction mechanism 

6. I. Goethite 

In order to study the possible processes, several experi- 
ments were carried out, freezing them at fixed times. From 

the macroscopic point of view, the products obtained at pH 
3-4 (when low temperature or air was used) were mixtures 
of a brown powder and a gelatiniform solid, which was trans- 
formed to a-FeOOH of low crystallinity by oxidation in an 
air oven. At pH 4, 4.5 or 4.8, only goethite was detected as 
the final product. 

Fig. 11 shows the XRD pattern of a product synthesized at 
pH 3.0. A mixture of jarosite-type sulphates, goethite and a 
compound which fits the XRD data file for G.R. II was 
observed. The presence of this compound was not detected 
at pH values higher than pH 4, even at the shortest reaction 
times (2-l 0 min) . These results are in accordance with those 
summarized in Table 2, which show a high concentration of 
sulphur in the product obtained at pH 4. The different kinds 
of products can be seen in Fig. 12, where three representative 
micrographs are presented. At the lowest pH, an amorphous 
hexagonal-like solid is obtained, whereas a well-defined solid 
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Fig. 6. Plot of XRD intensity of the characteristic peaks of goethite and 
magnetite vs. the flow of air. 

is synthesized for the highest pH. The compounds proposed 
by other researchers as intermediates in the synthesis of 
goethite, ferrihydrite and lepidocrocite, were not detected at 
any of the tested experimental conditions. 

These results indicate that the synthesis of goethite at pH 
3.5 or pH 4, when the oxidation conditions are poor, requires 
the nucleation of G.R. II as an intermediate. It is very improb- 
able that G.R. II is nucleated directly from Fe( II) solutions, 
and the most probable route is via the formation of G.C. II as 
an initial intermediate. The micrographs shown in Fig. 3 sup- 
port this mechanism, because goethite is observed growing 
over amorphous particles with high sulphur concentration 
(Table 2). However, G.R. II is not formed at pH 4-4.8; 
therefore, G.C. II must be nucleated before the precipitation 
of ru-FeOOH, due to the impossibility of the direct transfor- 
mation of Fe( II) into goethite. This mechanism is confirmed 
by the correlations obtained in the kinetic control studies: the 
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Fig. 7. Plot of the XRD intensity of the characteristic peaks of goethite and 
magnetite vs. the flow of oxygen. 

process is controlled by a complex or equilibrium reaction 
model at low pH, which is characteristic of reactions with 
more than one involved intermediate. 

6.2. Magnetite 

The mechanism for the nucleation of magnetite at 343 K 
begins with the rapid precipitation of part of the Fe( II) which 
can be observed macroscopically. The analysis of this solid 
shows that it is amorphous with Fe( II) as the main constit- 
uent, although a small amount of Fe(II1) can be detected 
(approximately 1%) This suggests that the solid must be 
Fe( OH)2, which is partially redissolved, FeOH+ being the 
stable form. The latter cation reacts to nucleate an interme- 
diate complex which precipitates as Fe,O,. This complex 
must have the same Fe(II)/Fe(III) ratio as magnetite, as 
discussed in Section 1. Probably, the formation of the inter- 
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Table 5 

Fe(U) elimination vs. oxygen flow 

Fixed conditions: pH 5, N= 1000 rpm 

T(K) Q,, (1 min-‘) C%,u,o (g/l) cm,,,,,,, (g/l) CmFe,rTI,f (g/l) ‘%Fe,, t (min) 

298 5 54.60 1.27 - 98.0 35 

10 46.69 0.14 - 99.7 25 

15 47.81 - - 99.9 20 

20 41.73 0.14 99.7 23 

318 5 43.49 0.11 0.21 99.7 27 

10 38.69 0.06 - 99.8 30 

15 39.13 0.14 - 99.6 20 

20 36.00 0.14 0.02 99.6 20 

343 5 44.5 1 0.02 - 99.9 25 

10 53.35 0.2 1 - 99.6 30 

15 46.08 0.11 - 99.8 22 

20 41.82 0.11 - 99.8 25 

Table 6 
Experimental ranges for the systematic study of the synthesis of goethite 
and magnetite 

Variable Goethite Magnetite 

PH 3.5-4.5 5.5-6.5 
Temperature (K) 3 18-343 3 18-343 

Stirring speed (rpm) 500-1000 250-1000 

Oxidizer Air and OL Air 

Flow (l/min) l&20 5-10 

Oxygen Air 

T= 343 K /- 

io 60 do Ii0 ho lb0 

T=318K 

T= 343 K 

Time (min) 

Fig. 8. Plot of Fe,, (a) obtained at N=500 rpm and Q= 10 1 min-’ 

mediate occurs over the surface of the precipitated Fe( OH) 2 
particles (as proposed by Kiyama [ lo], although for higher 
pH values), producing a solid similar to that shown in Fig. 4, 
where several agglomerates growing over a broad layer can 
be seen. 

0 30 60 90 120 

Time (min) 
Fig. 9. Plot of Fe,, (8) obtained at N= 250 rpm, Q, = 5 1 mm ’ and T= 

343 K. 

60 90 120 I50 

Time (min) 
Fig. 10. Plot of Fe,, Cc/o) obtained at N= 625 ‘pm, Q,=7.5 1 min- ’ and 
T= 343 K. 

When the pH is fixed at intermediate values, mixtures of 
goethite and magnetite are obtained without the observation 
of precipitation. It is probable that the intermediate complex 
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Table 7 
Correlation indices for chemical reaction of order one, two or three with respect to Fe( II) and diffusion of Oz. Goethite synthesis range 

PH T(K) Oxidizer N (rpm) Q (l/min) t?l=l m=2 m=3 Diffusion 

3.5 318 Air 500 

1000 

343 
02 500 

Air 500 

1000 

02 500 

1000 

4.0 318 Air 750 

343 
0, 750 15 
Air 750 15 

4.5 318 

343 

02 330 
750 

1170 

Air 500 

02 500 
Air 500 

1000 

02 500 

1000 

4.8 343 02 750 

10 

20 
IO 
20 

IO 
10 
20 
IO 
10 
20 

IO 
20 

15 

15 
6.6 

15 

23.4 
15 

10 
10 

10 
20 
20 
IO 

20 
IO 
20 

15 

0.878 0.913 0.931 0.874 

0.896 0.324 0.949 0.897 
0.891 0.909 0.924 0.895 
0.919 0.926 0.914 0.916 

0.876 0.901 0.924 0.885 
0.878 0.913 0.93 1 0.87 1 
0.948 0.960 0.968 0.945 
0.977 0.987 0.983 0.978 
0.986 0.994 0.959 0.985 
0.983 0.986 0.959 0.982 
0.979 0.985 0.917 0.964 
0.936 0.976 0.994 0.93 1 

0.868 0.883 0.877 0.863 
0.923 0.944 0.94 1 0.920 
0.987 0.995 0.984 0.985 
0.984 0.975 0.935 0.983 
0.985 0.990 0.964 0.985 
0.928 0.715 0.557 0.953 
0.993 0.929 0.650 0.986 
0.997 0.960 0868 0.997 
0.982 0.979 0.976 0.962 

0.997 0.967 0.90 1 0.995 
0.990 0.886 0.534 0.992 
0.983 0.862 0.697 0.978 

0.978 0.985 0.983 0.976 
0.983 0.865 0.741 0.993 
0.916 0.772 0.664 0.919 
0.964 0.964 0.93 I 0.964 
0.982 0.904 0.795 0.983 
0.954 0.802 0.669 0.97 1 
0.984 0.88 1 0.736 0.992 
0.985 0.859 0.772 0.996 
0.987 0.860 0.737 0.996 

0.987 0.860 0.737 0.996 

01 0 ’ 1 ’ 1 
10 20 30 40 50 60 70 

20 (“) 
Fig. 1 1. XRD pattern of the product obtained at pH 3.0, N = 750 rpm, Q,= 
10 I min and T= 343 K. 

for the synthesis of magnetite is nucleated from G.C. II. This 
mechanism was confirmed by periodic sampling: all samples 
were a mixture of a-FeOOH and magnetite, with the same 
approximate ratio between the two compounds until the end 

of the experiment. This ratio varies as a function of the exper- 
imental conditions. Fe(OH), was not observed in the 
mixtures. This confirms that magnetite is not formed previous 
to goethite and is not nucleated from precipitated ferrous 
hydroxide, suggesting its formation from G.C. II. This mech- 
anism explains the competing behaviour observed in previous 
experiments. 

At pH 6.5 or pH 6.8, when the temperature is fixed at 3 18 
K, the mechanism must occur by the formation of G.C. II, 
because Fe( OH)z was not detected during sampling. 

The correlations obtained during the kinetic study also 
confirm this mechanism. At the highest temperature and 
pH 2 5.5, the process shows shared control, with a slight trend 
to diffusion control, which is related to the formation of an 
intermediate solid. For the other experimental conditions, a 
second-order reaction controls the process, suggesting that 
more than one intermediate is involved. 

A scheme of the overall mechanism is shown in Fig. 13. 
The most important variable is the pH, which is responsible 

for the type of process which occurs and therefore for the 
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Table 8 

Correlation indices for chemical reaction of order one, two or three with respect to Fe(H) and diffusion of Oz. Magnetite synthesis range 

PH T(K) Oxidizer N (rpm) Q (I/min) m=l m = 2 m=3 Diffusion 

5.2 343 Air 625 7.5 0.948 0.776 0.487 0.955 

5.5 343 Air 250 5 0.938 0.750 0.504 0.949 
10 0.984 0.792 0.484 0.990 

1000 5 0.939 0.726 0.646 0.950 
10 0.93 I 0.753 0.578 0.938 

6.0 343 Air 0 1.5 0.910 0.142 0.520 0.915 

625 3.3 0.935 0.741 0.5 17 0.942 
7.5 0.945 0.807 0.614 0.964 

0.982 0.914 0.617 0.983 
I 1.7 0.91 I 0.748 0.6 19 0.916 

1255 7.5 0.973 0.892 0.608 0.974 

6.5 318 Air 

343 Air 

250 5 0.958 0.997 0.93 I 0.955 
10 0.95 I 0.987 0.934 0.947 

1000 5 0.998 0.945 0.847 0.996 
10 0.968 0.989 0.92 I 0.959 

250 5 0.930 0.845 0.586 0.949 
IO 0.897 0.714 0.523 0.907 

1000 5 0.966 0.834 0.572 0.950 
10 0.990 0.91s 0.546 0.992 

6.8 318 Air 750 7.5 0.945 0.972 0.877 0.933 
343 Air 7so 7.5 0.969 0.889 0.721 0.62 I 

Table 9 
Kinetic constants for first-order reactions in the goethite synthesis range 

PH T(K) Oxidizer N 

(rpm) 

Q (limin) K’ IO’ ( 1 iatm min) 

4.0 318 02 750 15 

343 Air 750 IS 

4.5 318 

343 

02 330 

750 

Air 

02 
Air 

02 

1170 

SO0 
500 
500 

1000 
SO0 

4.8 343 O* 750 

15 

6.6 
1s 

23.4 
IS 

IO 
IO 
10 

20 
20 
IO 
20 
IO 

20 

15 

1.16 
5.97 
5.7 1 
2.54 

7.36 
3.25 
3.25 
2.99 
7.48 
4.63 

5.91 
2.99 

11.20 

4.78 
7.35 
4 83 
6.02 

2.01 
I .93 

14.51 

phase obtained. Only at intermediate pH values (pH 7 at 298 
K, pH 6 at 318 K and pH 5 at 343 K), do the rest of the 
variables influence the development of one of the two proc- 
esses. However, increasing temperature improves the speed 
of the reaction and promotes the synthesis of magnetite. 

7. Conclusions 

The elimination of Fe( 11) by oxyprecipitation is kinetically 
controlled by a second-order or higher reaction at pH < 4, 
but with increasing pH, the control is shared by diffusion 
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Table 10 
Kinetic constants for first-order reactions in the magnetite synthesis range 

PH T(K) Oxidizer N 

(rpm) 

Q (I/min) K~lOZ(I/atmmin) 

5.2 343 Air 625 

5.5 343 Air 250 

1000 

6.0 343 Air 0 
625 

6.5 

1255 

343 Air 250 

1000 

343 Air 750 

7.5 

5 
10 

5 
10 

1.5 
3.3 
7.5 

11.7 
7.5 

5 
10 

5 
10 
7.5 

2.11 

2.28 
2.37 

3.54 
3.51 

2.97 
2.63 
5.19 

4.09 
3.33 
3.75 

2.28 

3.06 
3.54 
2.96 
8.72 

Fig. 12. Micrographs of products synthesized at T= 343 K, N= 750 rpm, Q, = 10 I min ’ and pH 3 (a), pH 4 (b), and pH 4.5 (c) 

processes and a first-order reaction. In the higher pH range, The proposed reaction mechanism is summarized in 
at 3 18 K, a second-order reaction is the controlling stage. At Fig. 13. The reactions produced as a function of pH at 343 K 
343 K, control is again shared by diffusion processes and a are as follows: ( 1) Goethite is obtained in a three-step proc- 
first-order reaction. ess: G.C. II is nucleated, G.R. II is formed from the latter 
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PH 
,3 

Fig. 13. Proposed reaction mechanism. 

complex and, finally, goethite is precipitated. (2) Goethite is 
precipitated directly from G.C. II. (3) Magnetite is formed 
from a three-step mechanism: formation of G.C. II, nucleation 
of a complex with the same Fe( II) /Fe( III) ratio as magnetite 
and precipitation of the oxide. (4) Fe(OH)* is precipitated, 
followed by its redissolution as FeOH+; the complex men- 
tioned in (3) is formed from FeOH+ and precipitates as 
magnetite. 

t time (min) 
T temperature (K) 
Fe,, (%I Fe( II) elimination rate (( Cm,,,,,,/Cm,,(,,,,) 

x 100) 
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