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Effect of As(II) on kinetics of Fe?* bio-oxidation
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Abstract: Fe?" bio-oxidation influenced by toxic metal ions released from the dissolution of arsenic-bearing gold ores
was investigated. Fe?" bio-oxidation by moderately thermophilic microorganisms was studied under different initial
concentrations of Fe** and As(lll), and Monod equation was used to fit the Fe*" bio-oxidation under different
conditions. Results showed that the Fe?" bio-oxidation rate increased as the initial Fe?* concentration increased until it
reached 12 g/L.. As(Ill) severely inhibited Fe** bio-oxidation. When the As(II) concentration was 8 g/L, 9 g/L Fe*" was
more than 200 h. The Monod equation fitted the Fe?" bio-oxidation well. In the absence of As(IIl), the maximum
specific growth rate of the culture and the substrate affinity constant were 0.142 h™'and 0.053 g/L, respectively. As(IIl)
inhibited Fe?* bio-oxidation via competitive inhibition, and the inhibition constant was 0.0035 g/L.

Key words: moderately thermophilic microorganisms; Fe?* bio-oxidation; As(III); As-bearing gold concentrate; kinetics

1 Introduction

Many gold-bearing deposits are sulphidic in
nature and composed of invisible gold that is
inaccessible to a cyanide solution [1]. They often
contain gold particles that are finely disseminated in
sulphide ores. Aside from pyrite, arsenopyrite is
another common gold-bearing sulphide mineral.
Compared with other pre-treatment technologies for
refractory gold ores, biological oxidation is an
effective method that enables concealed gold to be
exposed for subsequent recovery and has certain
advantages in terms of economy and environmental
protection [2—4].

Fe?* bio-oxidation is an important sub-process
of the Dbiological oxidation process and
continuously provides Fe** as an oxidant for a
catalytic cycle that increases the metal dissolution
rate [5—7]. Bio-oxidation is a complex process that
is related to physical, chemical and biological

interactions, and it is affected by parameters such as
pH, temperature, dissolved oxygen concentration
and metal ion concentration. In industrial
production, pH, temperature and dissolved oxygen
concentration in a biologic oxidation tank can be
maintained through online monitoring and
regulation in the range of 1.0—1.5, 45-50 °C and
around 5 mg/L, which are suitable for the growth of
moderate thermophiles [8,9]. However, with the
continuous  dissolution  of  minerals, the
concentrations of various metal ions, such as Fe*’,
Fe’*, As(Ill) and As(V), in leaching solutions
increase gradually, thereby affecting the growth and
oxidation activity of microorganisms [10,11].

Given that arsenopyrite is the main mineral in
most As-bearing gold concentrates, investigations
on the effects of the initial concentrations of metal
ions such as Fe?", Fe'* and As(III) on microbial
growth and Fe** bio-oxidation help to predict the
Fe’* bio-oxidation rate under different initial
conditions and compare the inhibition degrees of
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the metal ions on Fe’" bio-oxidation [12,13]. The
effects of heavy metal ions on microbial growth and
Fe?" bio-oxidation have been fully elucidated and
discussed [14,15]. Many Fe*" oxidation kinetic
studies have mostly been conducted with mesophilic
microorganisms [16,17], and the inhibition kinetic
model of Fe'* on Fe?" bio-oxidation has been
proposed [18,19]. However, few Fe** bio-oxidation
kinetic studies have been performed with a mixed
moderately thermophilic culture [9,17,20], and the
inhibition type of As(IIl) on Fe*" bio-oxidation has
not been determined [21,22].

Therefore, this work was conducted to
investigate the effect of As(Ill) on the kinetics of
Fe’* bio-oxidation by a mixed moderately
thermophilic culture. The effect of different initial
concentrations of Fe?’* and As(IIl) on Fe*'
bio-oxidation was studied, and the kinetic models
of Fe*" bio-oxidation in the presence of Fe*" and
As(IIT) were developed. The inhibition degrees of
different metal ions on Fe®" bio-oxidation were
compared, and the Fe*' bio-oxidation rate under
different initial conditions was predicted.

2 Experimental

2.1 Microorganisms and culture media

The mixed moderately thermophilic micro-
organisms used in this study were collected from
the leaching solution of a sulphide copper heap
leaching operation in the Inner Mongolia
Autonomous Region, China. After adaptation to a
high As-bearing gold concentrate for 2 years, this
culture could tolerate more than 7 g/L. As(Ill). Two
distinct clones were sequenced through 16S rDNA
gene amplification the establishment of a clone
library, amplified ribosomal DNA restriction
analysis and amplified 16S rDNA sequencing. The
results indicated that one clone shared 99% identity
with Sulfobacillus thermosulfidooxidans DSM 9293
(a ferrous iron and sulfur oxidiser) [23], and the
second clone shared 96% identity with
Acidithiobacillus caldus DSM 8584 (a sulphur
oxidiser but not a ferrous iron oxidiser) [24]. The
culture was enriched and grown in 100 mL of 9K
basal salt medium at pH 1.2 in 250 mL shake flasks
by wusing a rotary shaker (rotational speed:
300 r/min) at 45 °C. The 9K basal salt medium was
composed of the following compounds: 3 g/L
(NH4)2S04, 0.5 g/L KoHPO4, 0.5 g/ MgSO4- 7H,0,

0.1 g/L KCl and 0.01 g/ Ca(NOs), [25]. The
moderately thermophilic microorganisms
supplemented with 0.01% yeast extract. The
microbial culture was sub-cultured into basal salt
medium supplemented with 2% As-bearing
concentrate as an energy source. The suspension
containing microbial cells was harvested and
centrifuged at 9000 r/min for 20 min, and the
collected cells were suspended in 9K basal salt
medium without any energy source for the
experiments.

WwWere

2.2 Methods
2.2.1 Fe** bio-oxidation experiments

Fe* bio-oxidation experiments were performed
in a 1.5 L mechanically stirred reactor with a stirrer
speed of 300 r/min at 48 °C. Then, 1.0 L of 9K
basal salt medium was added to the reactor, and the
air injection rate was adjusted to 1 L/min. The
microorganism culture was inoculated to obtain an
initial cell concentration of 10% (volume fraction).
The initial pH was adjusted to 1.2 with 20% H>SOs.
The culture was exposed to different Fe*' and
As(IIT) concentrations to study the effects of Fe**
and As(III) on the microbial growth and Fe**
bio-oxidation. Solution samples were periodically
withdrawn and measured to determine the Fe®'
and cell concentrations. Sampling loss was
compensated by adding the same volume of iron-
free 9K basal salt medium, and the evaporation loss
was supplemented with distilled water (pH 1.2).
2.2.2 Analytical methods

The solution pH values were measured with a
PHSJ—4A type pH meter by using a pH composite
electrode (65-1 type). The Fe** and As(III)
concentrations were measured by titration with
cerium sulphate [22]. In cerium sulphate titration,
under a certain concentration of mixed sulphur
acid—phosphorus system, sodium diphenylamine
sulphonate was used as an indicator, and ferrous
iron was titrated with a standard solution of cerium
sulphate. The cell concentration in the leaching
solution was measured by using a haemocytometer
(Shanghai Qiujing Biochemical Reagent Instrument
Co., Ltd) and a binocular electron microscope
(Olympus CX31, Shanghai Fenye Optoelectronic
Equipment Co., Ltd).
2.2.3 Establishment of kinetic model of Fe** bio-

oxidation
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In a microbial batch culture system, microbial
cell autolysis can usually be disregarded because of
its short cycle. Therefore, the growth of cells can be
expressed as [17,26]

s 1)
dr

where X is the cell concentration (cell/L); ¢ is the
growth time (h); and y is the cell specific growth
rate (h™).

[ 1s proportional to X and not a constant in a
batch culture system. It is related to restrictive
medium conditions, such as temperature, dissolved
oxygen  concentration, pH and substrate
concentration. In this study, the dissolved oxygen
concentration, temperature and pH of the medium
could be kept constant. Therefore, u is related to the
substrate concentration, that is, to the Fe*"
concentration. The Monod equation is the most
frequently used expression for microbial growth
[18,27,28], as

Hina S
7K +s @
where fimax 1S the maximum specific growth rate
(h™"); S is the Fe** concentration (g/L); K; is the
substrate affinity constant (g/L); pmex and K vary
with the culture temperature and ionic strength of
the medium [27,29].

As(III) inhibits microbial growth when As(III)
is added to the medium. Under this condition, the
Monod equation cannot describe the cell growth
well, and a term reflecting the influence of the
inhibitor must be added. The inhibition type of
As(Ill) on Fe** bio-oxidation has not been
determined, so the Monod equation should be
rewritten into a competitive inhibition type, as
shown in Eq. (3), after the addition of As(III) to the
medium, or it should be rewritten into a
noncompetitive inhibition type, as presented in
Eq. (4). The inhibition type must be determined by
comparing how well the two models fit the
experimental data:

— lumaxS (3)
# K (1+[As*]/K)+S
maxS
u £ @)

T (K, +S)(1+[AST K,

where [As*] is the As(III) concentration (g/L); Kiis
the competitive inhibition constant (g/L); Kj; is the
noncompetitive inhibition constant (g/L).

Yield coefficient (¥), which was proposed by
PANIKOV [30], is used to describe the relationship
between substrate consumption and microbial cell
growth, that is, the mass of microbial cells
produced by consuming a unit mass of substrate, is
expressed as
ds 1 dx
e (5)

dt Y dt
Equation (6) is obtained by integrating Eq. (5):
_X-X,

Y =
Sy—S

(6)

where Xj is the initial cell concentration, and Sy is
the initial Fe** concentration.

Equations (7) is obtained from Egs. (1), (5)
and (6):

as_ _
o=y Kt =9 (7)

Equations (8)—(10) are obtained by substituting
Egs. (2)—(4) into Eq. (7), respectively,
ﬁ__:umaxS[XO +Y(SO _S)]

dr Y(K,+S)

(in the absence of an inhibitor) (8)

d_S__ IumaxS[XO + Y(SO _S)]
dt  Y[K,(1+[As*VK;)+S]
(competitive inhibition by As(III)) 9)

dS g, SIX, +Y(S, —8)]

dt YK, +S)1+[As*]/K})
(noncompetitive inhibition by As(III)) (10)

Within the range of #—¢ and Sy—S, the
relationship formula of the Fe** concentration with
time is obtained using the mathematical software
Maxima to integrate Egs. (8)—(10), as shown in
Egs. (11)—(13), respectively. Equations (11)—(13)
establish the relationship between the Fe®*
concentration and the kinetic parameters (imax, Y,
K, Ki, Ki) of microbial growth. According to Eq.
(6), the yield coefficient (¥) can be plotted on Xo—X
and So—S under various initial concentrations of
Fe?* and As(Ill). The slope of the straight line
obtained by linear fitting is Y. According to the
change of the Fe*" concentration as a function of
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time, the parameters (umax, Ks, Ki, Kii ) can be
calculated using the nonlinear fitting software
package of MATLAB 7.0.
(S +K)Y + X, In SyY =SY + X, N
e S, Y +X, X,
YK S
s . In=2°
SY+Xx, S
(in the absence of inhibitor) (11)

(S+K,+[As™ K /K)Y + X,
SY+X,

S =SV + X, ([As™]+K,)Y

X, S,Y+ X,

max _[

SO
1 0 1+[ In=2]

(competitive inhibition by As(IIl)) (12)

[As3+])[(S0 +K)Y + X,
K. S,Y + X,

Sy -SY+ X, YK S,
n + *—.In—]
X, S,Y +X, S

(noncompetitive inhibition by As(III)) (13)

Mot =1+

\

3 Results and discussion

3.1 Fe** bio-oxidation by mixed moderately

thermophilic culture
3.1.1 Effect of initial Fe*" concentration on Fe**

bio-oxidation

Figure 1 shows Fe?" bio-oxidation (a) and
microbial cell growth (b) as a function of various
initial Fe*" concentrations. As shown in Fig. 1, the
lag phase of the microorganisms gradually
increased as the initial Fe** concentration increased
from 1 to 10 g/L. When the Fe** concentration was
less than 5 g/L, the lag phase was not obvious, and
Fe*" could be completely oxidized within 18 h.
When the Fe** concentration increased to 10 g/L,
the lag phase reached 10 h,
completely oxidized in 22 h. After the exponential

and Fe’" was

phase, the oxidation rate (the slope of the Fe*'
oxidation curve) increased as the initial Fe**
concentration increased. When the initial Fe®*
concentration reached 10—12 g/L, the Fe* oxidation
rate did not change remarkably. The results
indicated that the increase in the Fe* concentration
did not inhibit Fe*™ oxidation by the
microorganisms within the initial Fe** concentration
(1-12 g/L).
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—=— 1 g/L
—— 3 g/L
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Fe?* concentration/(g-L™")
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Time/h
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Time/h

Fig. 1 Fe?' bio-oxidation (a) and microbial cell growth (b)
under various initial Fe?>" concentrations with pH 1.2 at
48 °C

3.1.2 Effect of As(IIl) concentration on Fe*" bio-

oxidation

According to previous studies [31,32], in the
biological pre-oxidation of As-bearing gold ores,
As(Il) is released into an aqueous solution, thus
harming microbial cell growth and inhibiting the
oxidation activity of the microorganisms. Figure 2
shows Fe®" bio-oxidation (a) and microbial cell
growth (b) under various As(II) concentrations.
The results revealed that the Fe’" oxidation rate
greatly declined as As(III) was added (Fig. 2(a))
compared with that in the case without As(II)
(Fig. 1(a)). The time required for complete Fe**
oxidation increased from 45 h in the presence of
1 g/LL As(Ill) to 200 h in the presence of 8 g/L
As(II). As shown in Fig. 2(b), the addition of
As(Ill) affected the microbial cell growth. The
higher the As(IIl) concentration, the lower the cell
concentration. As(III) inhibited microbial growth
because As(IIl) bound to active sulphydryl groups
of most enzymes (including enzymes in the
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respiratory chain) to inactivate enzymes, thereby
obstructing cell metabolism [1,33]. The results also
demonstrated that the microorganisms could still
oxidize Fe?' in the presence of 8 g/L As(IIl).
However, low As(Ill) concentrations must be
maintained to improve the oxidation efficiency of
Fe?".

3.2 Kinetics of Fe’* bio-oxidation
3.2.1 Effects of different metal ions on microbial

cell yield

Microbial cell yield is an important parameter
of Fe’" bio-oxidation kinetics, and it refers to
microbial cell growth after a unit mass of Fe*" is
consumed [17]. The change in cell concentrations
(Xo—X) versus that in Fe’" concentrations (Sp—S)
was plotted according to Eq. (6), as shown in
Fig. 3, to obtain the yield coefficient (Y) of
microorganisms under different initial
concentrations of Fe’™ and As(Ill). The points
(experimental results) in Figs. 3(a) and (b) were

10

As(IIT) concentration (a)
—=— 1 g/L
—e—3 g/L
—a—5¢g/L
 ——Tg/L
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Time/h
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calculated by the experimental results in Figs. 1 and
2, respectively. The initial Fe®* concentration
increased from 1 to 12 g/L (Fig. 3(a)), whereas the
concentration was 10 g/L (Fig. 3(b)). The slope (Y)
of the fitting line was the yield coefficient of Fe**
bio-oxidation (Tables 1 and 2). From Tables 1 and 2,
Y with the addition of As(IIl) was lower than that
without As(IIl). As the As(II) concentration in the
growth environment increased, the energy obtained
by Fe®" oxidation could not be fully used for cell
growth and reproduction, leading to decreased
microbial cell yield. When the As(III) concentration
increased from 1 to 3 g/L, the time required for
complete 10 g/L Fe’" oxidation increased from 44 h
with the initial 1 g/L As(III) to 82 h with the initial
3 g/L. As(Ill). The change in the cell concentration
(Xo—X) decreased from 20.02 (10°cell/L) to
18.36 (107 cell/L). Therefore, Y obviously decreased
from 2.135x10%cell/g to 1.82x10°cell/g. As the
As(IIT) concentration continued to increase from 3
to 8 g/L, the increase in the cell concentration was

25

As(IIT) concentration (b)
—=— 1 g/L
—e—3¢g/L
——5¢g/L
——7¢g/L
—+—8g/L #
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Fig. 2 Fe?* bio-oxidation (a) and microbial cell growth (b) under various As(11I) concentrations at pH 1.2 and 48 °C

M@ </
/7
25 B *//*/
2 20}
o)
Q
‘é 15 Initial Fe**
= concentration
> = 1g/L
g < o 3g/L
= A 59/l
5 * 10 g/L
S 12glL
0 8 10 12

(S=S)/(g-L™

20 1 (b)

15t

D

i «

g 10 77 o As(l)

= u concentration

>F =1 g/L

& 5 ® 3o/l
A 59/l
* 7 g/l

8 g/L

0 1 2 3 4 5 6 7 8 9 10
(So=S)/(g-L™)

Fig. 3 Determination of yield coefficient (Y) by linear fitting of data under various initial concentrations of Fe* (a) and
As(I1I) (b) with pH 1.2 at 48 °C (Point—Experimental; Line—Fitting results)
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Table 1 Microbial yield coefficient (¥) under various

initial Fe?* concentrations
Initial Fe**

concentration/(g-L™")

Y/(10° cell-g ™) R?

1 5.55 0.95
3 3.04 0.93
5 2.92 0.95
10 2.63 0.97
12 2.68 0.96

Table 2 Microbial yield coefficient (Y) under various
initial As(IIT) concentrations
As(III) concentration/

Y/(10° cell-g ™) R?

(g'L™h
1 2.13 0.98
3 1.82 0.96
5 1.86 0.98
7 1.89 0.96
8 1.87 0.99

gradually reduced, and the time required for
complete Fe?* oxidation increased to 200 h in the
presence of 8 g/L. As(Ill). According to the fitting
results in Tables 1 and 2, Y slightly changed and
was maintained in the range of (1.8—1.9)x10° cell/g.
3.2.2 Kinetic parameters of Fe’" bio-oxidation
under various initial Fe** concentrations

According to Fe*" bio-oxidation data under
initial Fe**
corresponding yield coefficients (Y) in Table 1, the
parameters  (Umax=0.142h™" and K=
0.053 g/L) of microbial growth were obtained by
using Eq. (11) to perform nonlinear fitting of the
Fe*" oxidation curves at different initial Fe*
After compiling the
parameters (umax and K;) available in the literature
for the growth of Acidithiobacillus ferooxidans,
NEMATI et al [20] pointed out discrepancies in the
reported kinetic parameters. LIU et al [34] reported
Umax=0.11 h™" for Thiobacillus ferooxidans with pH
1.8 at 35°C. GOMES and CANTERO [35]
observed umaxas0.14 h™'. BOGDANOVA et al [36]
observed a higher value of pmax (0.35h™") for
Sulfobacillus in the presence of 9.82g/L
FeSO4-7H,0 at the optimum temperature of 40 °C.
The value of umax in this work was lower than that
(0.25 h™") achieved by PINA et al [17] in the Fe**
concentration range of 10—20 g/L. Furthermore, K

various concentrations and the

kinetic

concentrations. kinetic

in this work was much lower (0.053 g/L. versus
0.396 g/L). VITAYA et al [37] also demonstrated
that the growth of Sulfolobus acidocaldarius has
lower values of fmax=0.06 h™' and K= 0.04 g/L.

The kinetic parameters (umax and Ks), initial
Fe?* concentrations (Sp), initial cell concentrations
(Xo) and yield coefficients (Y) were substituted into
Eq. (13) under various initial Fe** concentrations to
test the accuracy of the obtained model parameters.
Then, the theoretical curve of the change in
Fe?* concentrations under various initial Fe*'
concentrations was plotted with Origin 8.0 (Fig. 4).
The determination coefficients (R*) corresponding
to different Fe** concentrations (1-12 g/L) were
0.93, 0.71, 0.94, 0.99 and 0.92, respectively (Fig. 4).
Therefore, the calculated values of the model was in
good agreement with the experimental values.

12

Initial Fe?" concentration

10 —— 1 g/L
—o— 3 g/L
—— 5 ¢g/L
8 —— 10 g/L
—— 12 g/L

Fe?* concentration/(g-L™")

16 20 24
Time/h
Fig. 4 Fitting of Fe?" bio-oxidation under various Fe?'

concentrations with pH 1.2 at 48 °C

The change in the Fe*' concentration as a
function of the incubation time under different
initial conditions could be predicted theoretically
based on the kinetic parameters of microbial growth.
For example, when the initial Fe** concentration
was 10 g/L, and umax and K, were substituted
into Eq.(11), the relationship between Fe**
concentrations and incubation time could be
expressed as

01427 = 2:63(10+0.053) + X,
10x2.63+ X,
1 10x2.63-2.635 + X, 2.63x0.053 10
X, 10x2.63+X, S
(14)

The calculated Fe*" concentration with various
initial cell concentrations (inoculation amount) is
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shown in Fig. 5. The Fe?" concentration increased
as the initial cell concentration increased, that is,
the larger the inoculation amount, the faster the Fe**
bio-oxidation rate.

Fe?" concentration/(g-L™")

Fig. 5 Theoretical prediction of Fe?' bio-oxidation
under various initial cell concentrations (So=10 g/L,
Umax=0.142 ™!, K= 0.053 g/L, ¥Y=2.63x10° cell/g)

Fe?" concentration with the time was plotted
by changing different kinetic parameters (umax and
K) in the kinetic model of microbial growth. This
approach could predict the effect of changes in gmax
and K on the Fe’" bio-oxidation rate (Figs. 6 and 7,
respectively). The Fe** oxidation rate increased as
Umax increased, indicating that the faster the bacteria
grew, the faster the Fe’" became oxidized (Fig. 6).
The substrate affinity constant (K) represented the
affinity between enzymes and substrates. The
smaller the value of K, the stronger the affinity
between the enzymes and substrates. According to
Fig. 7, Fe?* oxidation rate declined as K increased,

Fe?" concentration/(g-L™")

0 10 20 30 40
Time/h

Fig. 6 Theoretical prediction of effect of umax on
Fe*" bio-oxidation (S¢=10 g/L, X=1.5x10° cell/L, K=
0.053 g/L, Y=2.63x10 cell/g)

10

0.029 g/L
5| 0.229 g/L

Fe?* concentration/(g-L™")

0 5 10 15 20 25
Time/h

Fig. 7 Theoretical prediction of effect of K value change
on Fe?* bio-oxidation (S¢=10 g/L, Xo=1.5%10° cell/L,
Lmax=0.142 h™!, ¥=2.63x10° cell/g)

indicating that the affinity between Fe** and Fe*'
oxidase decreased, and vice versa. The results
showed that the combination of Fe*' and Fe®*
oxidase was affected in the presence of toxic
substances in the medium, resulting in decreased
Fe?* concentration.

3.2.3 Kinetic parameters of Fe?' bio-oxidation

under various As(III) concentrations

Few studies [18,19] have explored the effect of
As(IIT) on the kinetics of Fe*" bio-oxidation, but
they have not determined the inhibition type of
As(1II) in Fe** oxidation. A competitive inhibition
model (Eq. (12)) and a noncompetitive inhibition
model (Eq. (13)) were used to fit the experimental
data of Fe*" bio-oxidation. The type of As(III)
inhibition could be determined by comparing how
well the two models fit the experimental data.

In the medium supplemented with As(III), the
lag phase of the microorganisms was relatively long
(Fig. 2). During the lag phase, Fe** bio-oxidation
and microbial growth were not obvious and did not
conform to the microbial growth kinetic model.
Therefore, only the data in the exponential phase of
microbial growth could be fitted to obtain the
kinetic parameters of microbial growth.

According to the Fe?* bio-oxidation data under
various As(III) concentrations in the exponential
phase in Fig.2 and the corresponding yield
coefficients (Y) in Table 1, Egs. (12) and (13) were
used to perform nonlinear fitting of the Fe**
oxidation curves under  various  As(II)
concentrations, respectively. The kinetic parameters
of microbial growth obtained by nonlinear fitting of
the competitive inhibition model (Eq. (12)) were as



Qian WEI, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3434—3443 3441

follows: umax=0.142 h™', K=0.053 g/L, and K=
0.0035 g/L. The determination coefficients (R?) of 1,
3,5, 7 and 8 g/L As(IIl) were 0.994, 0.996, 0.822,
0.975 and 0.991, respectively. By comparison, the
kinetic parameters obtained by nonlinear fitting of
the noncompetitive inhibition model (Eq. (13))
were as follows: fmax=0.142 h™', K=0.053 g/L, and
K;=0.71 g/L.. Likewise, for 1, 3, 5, 7 and 8 g/L
As(III), R* is 0.794, 0.915, 0.981, 0.928 and 0.973,
respectively. The fitting results of the competitive
inhibition model were better than those of the
noncompetitive inhibition model. Therefore, As(III)
inhibited Fe’* oxidation via competitive inhibition
in the As(IIl) concentration range of 1-8 g/L
(Fig. 8).

The relationship between the  As(IIl)
concentrations and the Fe’" oxidation rate could be
obtained on the basis of the competitive inhibition
model (Eq. (9)), Y and the kinetic parameters (tmax,
K and Kj) of microbial growth obtained by
nonlinear fitting. The theoretical Fe*" oxidation rate
as a function of As(IIl) concentration at the initial
Fe?" concentration of 10 g/L and the initial cell
concentration of 1x107 cell/mL is presented in
Fig. 9. After Egs. (8) and (9) were compared, when
As(IlT) was added, K, in Eq. (8) was replaced by
K(1+[As**]/K;), which was equivalent to the
increase in the substrate affinity constant. This
finding indicated that the affinity of Fe** and Fe*
oxidase was reduced, resulting in a decreased Fe**
oxidation rate. The theoretical Fe** oxidation rate
was 0.265 g/(L-h) at the As(IIl) concentration of
1 g/L (Fig.9) and decreased remarkably to
0.089 g/(L-h) (5 g/L As(1ll)). Then, it gradually
0.0579 g/(L-h) (8 g/L As(IID));
obviously, the decrement gradually declined.

The kinetic evaluation of Fe** bio-oxidation in
the presence of different metal ions is one of the
keys to reactor design because the kinetics must be
considered in the determination of residence time
and dimension. The results showed that the kinetic
models were applicable to Fe** bio-oxidation as
long as the kinetic parameters were determined for
special metal ions and the microorganisms.
Moreover, the inhibition degree of different metal
ions on Fe’" bio-oxidation may be compared and
Fe?" bio-oxidation may be theoretically predicted
under different initial conditions. Consequently,
a reference could be provided for the scale-up
of bio-oxidation reactors and the control of process

declined to

10
As(11T) concentration ()

s n]g/L
T8r e3¢/l
e A5g/L
2 *7g/L
£ 6f 8 g/l
g
s
:
3
&
b oot

0 50 100 150 200 250

Time/h

1

° ®)
= ol As(III) concentration
= B n ] g/l
) *3g/L
1 A5gL
S oy x7g/L
g x 8 g/L
=
E 4
3
& 2f

0 150 200 250

Time/h
Fig. 8 Fitting of Fe?* bio-oxidation with competitive
inhibition model (a) and noncompetitive inhibition
model (b) under various As(III) concentrations with
pH 1.2 at 48 °C

0.3

e
[\S)
T

e
—
T

(dS/dn/(g-L"+h)

1 1 1 1 1 1 1 1

O 1 2 3 4 5 6 7 8 9
As(11I) concentration/(g-L™")

Fig. 9 Fe* As(IIT)
concentrations (initial Fe>" concentration: 10 g/L; initial

oxidation rate at various

cell concentration: 1x107 cell/mL)

conditions. However, for different raw materials
and leaching systems, the adaptability and tolerance
of microorganisms differ. Therefore, in future
investigations, the effects of different metal ions on
Fe’" bio-oxidation process by microorganisms
should be explored in combination with production
practice.
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4 Conclusions

(1) The Fe* bio-oxidation rate increased as the
initial Fe** concentration in the medium increased
until the Fe’" concentration reached 12 g/L. The
Fe?" bio-oxidation rate was severely inhibited by
As(III). When the As(III) concentration was 8 g/L,
Fe’" oxidation was completely oxidized more than
200 h.

(2) Microbial growth and Fe’" bio-oxidation
conformed to the Monod equation. According to the
kinetic model of Fe?' bio-oxidation, the kinetic
parameters of Fe?" bio-oxidation were obtained
through nonlinear fitting. Under different initial
Fe’" concentrations, the maximum specific growth
rate constant (umax) was 0.142 h™!, and the substrate
affinity constant (Ks) was 0.053 g/L. As(III)
inhibited Fe** bio-oxidation through competitive
inhibition. Under different As(IIl) concentrations,
Umax Was 0.142h7') K was 0.053 g/L, and the
competitive inhibition constant (K;) was 0.0035 g/L.

(3) This study could predict and compare the
inhibition degree of different metal ions on Fe**
biological oxidation. It also provides a reference for
further studies and scale-up of biological oxidation
reactors.
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