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HIGHLIGHTS

« Column bioleaching of waste printed circuit boards by Acidithiobacillus ferrooxidans was examined.
« The kinetic process was fitted using conventional kinetic models and modified kinetic models.
« The column bioleaching of rate was controlled by the diffusion of ions through the liquid boundary layer.
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Application of bioleaching process for metal recovery from electronic waste has received an increasing
attention in recent years. In this work, a column bioleaching of copper from waste printed circuit boards
(WPCBs) by Acidithiobacillus ferrooxidans has been investigated. After column bioleaching for 28 d, the
copper recovery reached at 94.8% from the starting materials contained 24.8% copper. Additionally, the
concentration of Fe>" concentration varied significantly during bioleaching, which inevitably will influ-
ence the Cu oxidation, thus bioleaching process. Thus the variation in Fe** concentration should be taken
into consideration in the conventional kinetic models of bioleaching process. Experimental results show
that the rate of copper dissolution is controlled by external diffusion rather than internal one because of
the iron hydrolysis and formation of jarosite precipitates at the surface of the material. The kinetics of
column bioleaching WPCBs remains unchanged because the size and morphology of precipitates are
unaffected by maintaining the pH of solution at 2.25 level. In bioleaching process, the formation of jar-
osite precipitate can be prevented by adding dilute sulfuric acid and maintaining an acidic condition of
the leaching medium. In such way, the Fe?*-Fe®* cycle process can kept going and create a favorable
condition for Cu bioleaching. Our experimental results show that column Cu bioleaching from WPCBs
by A. ferrooxidans is promising.
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1. Introduction decontamination of the WPCBs are necessary for the protection

of the environment.

Waste printed circuit boards (WPCBs) is an important resource
of metal pollutions in the environment (Cui and Forssberg, 2003;
Veit et al,, 2005; Wu et al., 2008). In WPCBs, the main metallic ele-
ments include copper 20.19%, aluminum 5.7%, nickel 0.43%, iron
7.33%, tin 8.83%, lead 5.53% and precious metals such as silver
and gold about 0.3% (Yamane et al., 2011). WPCBs also contains a
large number of hazardous substances such as brominated flame
retardants and other heavy metals. Therefore recycling and
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The technologies used for treatment of WPCBs include
pyrometallurgical and hydrometallurgical (Pant et al, 2012;
Tuncuk et al., 2012). However, the process of recycling WPCBs
using pyrometallurgical and hydrometallurgical is difficult to meet
the requirements of the low-cost, green process and simple
production technology and management. In recent years,
bio-hydrometallurgical approach has increasingly gained
attentions for recovery of metals from WPCBs, since it is simple,
environmental friendly, and economical (Brandl et al., 2001;
Eriist et al., 2013; Wang et al.,, 2009). Bioleaching process, also
known as microbial leaching, is based on the ability of microorgan-
isms to recover metals via the production of metabolites. Both
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autotrophic and heterotrophic microorganisms have been reported
to be used in the bioleaching process (Li et al., 2014; Qu and Lian,
2013).

A number of researches (Ilyas et al.,, 2007; Xiang et al., 2010)
have demonstrated the ability of microorganisms in leaching met-
als contained in WPCBs. For example, several studies have reported
the ability of Acidithiobacillus ferrooxidans (A. ferrooxidans) in
bioleaching copper from WPCBs (Liang et al., 2013; Zhu et al,,
2011). sulfuric acid and ferrous ion are involved in the bioleaching
process, where ferrous ions are oxidized to ferric ions (Eq. (1)). Cu°
in WPCBs is in turn oxidized by Fe>*, while Fe3" itself is reduced to
Fe2* (Eq. (2)). In such a way, a Fe cycle is established in the leaching
process. As a result, the rate of the overall reaction is which signif-
icantly increased.

A ferrooxidans
—_—

4Fe** 4 4H" + 0, 4Fe*t 4+ 2H,0 1)

Cu + 2Fe*" — Cu** + 2Fe®* (2)

With rapid increase of the WPCBs as an electronic waste and
worldwide environment awareness, an effective industrial meth-
ods is necessary to treatment WPCBs (Wu and Qiu, 2014).
Bio-heap leaching processes are commercially used especially for
the recovery of copper from low-grade ores and mineral concen-
trates (Brierley, 2001; Olson et al., 2003). Therefore, the recycling
of WPCBs by bio-heap could be of an great importance in industrial
operation. Column leaching is used as a simulating model for heap
or dump leaching processes, which gives information about what
could be expected in heap or dump leaching and how leaching con-
ditions can be optimized (Ilyas et al., 2013; Mufioz et al., 1995; Qiu
et al,, 2011). Ilyas et al. (2010) recently employed column reactors
for bioleaching of WPCBs by moderately thermophilic bacteria,
which exhibited a recovery of copper (85%) in 300 d.

Many researches indicate that the information of kinetic is very
important to optimize the leaching parameters and to improve col-
umn bioleaching performance (Olson et al., 2003; Rohwerder et al.,
2003). However, up to now, no data on kinetic are available using
acidophilic microorganisms (such as A. ferrooxidans) in column
metal bioleaching of from WPCBs. Moreover, some papers show
that maintaining pH of leaching solution can achieves higher cop-
per extraction efficiency in a shaking flask experiment (Yang et al.,
2009; Zhu et al., 2011). Whether this method can apply to a col-
umn bioleaching and what is the effects on bioleaching of sulfuric
acid are questions need to be investigated.

The purpose of this study is to answer above questions, analyze
the kinetics of column bioleaching of copper and evaluate the per-
formance of A. ferrooxidans in such a reactor.

2. Materials and methods
2.1. Chemicals

All chemicals were of analytical grade (AR) and were used with-
out further purification. All aqueous solutions were prepared using
deionized water (Milli-Q Integral 5).

2.2. WPCBs sample

WPCBs used throughout this study were obtained from a local
electronic waste supplier in Mianyang, China. For the column
leaching experimental use, the scraps were crushed and screened
to size range of 4-10 mm after manually removing the main elec-
tronic components (e.g. capacitors, batteries and resistors). The
analytical results of selected elements of the WPCB sample is listed
in Table 1.

Because WPCBs contain some metallic oxides and alkaline sub-
stances, they were washed with dilute sulfuric acid (pH =2.0)
before used in column leaching. 250 g of pre-washed WPCBs sam-
ples was soaked in 5.00 L of dilute sulfuric acid (pH = 2.0). The pH
of effluent was monitored continuously and an appropriate
amount of 5.0 mol L~ of H,SO, was added gradually. After the sta-
bilization of pH, the samples, which settled down at the bottom of
every sample, was separated, then washed and dried to constant
weight. The sample was digested in aqua regia and the concentra-
tion of Cu in this sample is 24.5% + 0.041.

2.3. Bacteria and culture conditions

The bacterium used in this study was A. ferrooxidans SW-02
(A. ferrooxidans) (Yang et al., 2014). This bacterium was provided
by the Key Laboratory of Solid Waste Treatment and Resource
Recycle, Ministry of Education (Southwest University of Science
and Technology). After isolation, purification, 16S rDNA gene
amplification, its sequencing and checking homology by NCBI blast
search, it was submitted to GenBank for accession number
(KJ094412).

The bacterium was incubated in optimized 4.5 K medium salt
media (Fu et al., 2011). The optimized 4.5 K medium was com-
posed of mineral salts [(NH4),S04 2.0gL~!, K;HPO4 0.25gL",
MgS04-7H,0 0.25g L%, KCl 0.1 gL}, Ca(NOs), 0.01gL™!] and
222¢gL™! of FeSO47H,0. Medium components for further
experiment were the same as described here. The culture of
A. ferrooxidans was incubated in 250 mL Erlenmeyer flasks each
containing 100 mL of the medium and 1% (v/v) inoculum, on a
rotary shaker at 170 rpm and 30 °C. The initial pH of the cultural
medium was adjusted to pH 2.0 using a 5.0 M H,SO, solution
After several successive incubation steps, bacterial concentration
in the late logarithmic phase) reached to approximately
20 x 107 cellsmL™! and the pH of bacterial cultures was
2.25+0.05 at this time. To acclimatize the bacteria, 1.00 mL of
the inoculum was added to a 250 mL Erlenmeyer flask containing
100.0 mL of the prepared 4.5 K medium. The flasks were agitated
in a rotary shaker at 170 rpm and 30 °C. When the solution turned
red and the pH of the solution reached 2.25 + 0.05, 0.2 g WPCBs
chips was placed into the solution and leached for two days. The
bacteria was accustomed to WPCB substrate by gradually increas-
ing the quantity of WPCBs, started from 0.2 g and ended at 3.5 g, at
which no bacteria could grow any more. At each step, a 1% (v/v)
inoculation was performed using a sample obtained from the pre-
vious step. Finally, cells were harvested by centrifugation at
12,000g for 20 min. Cell pellets were washed twice with deionized
water and then incubated in the prepared 4.5 K medium until the
lag phase was reached.

2.4. Column leaching experiments

Four column reactors (height 20 cm, internal diameter 6.0 cm,
Fig. 1) were used for column bioleaching tests. First, every column
was filled with 250 g washed sample. In the tests with columns A
and B, a 4.95L of prepared 4.5 K medium (initial pH =2.0) and
0.05 L of A. ferrooxidans culture were added into a graduated incu-
bator whereas in the tests with column C and D, while only 5.00 L
45K cultural medium was added in the incubator (initial
pH = 2.25 £ 0.05). To maintain the feed at 30 °C, the column reactor
and the incubator were placed in a thermotank. Clean air was pro-
vided through an air compressor with the flow rate of 20 L min~".
All columns was fed with the leaching solution using a peristaltic
pump at the rate of 40 mL min~! after bacterial cultures in the late
logarithmic (the pH of bacterial cultures was 2.25 (+0.05) at this
time) phase in columns A and B. During the leaching process, the
pH of solution of columns A and C was maintained at 2.25
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Table 1
Chemical analysis the representative sample of the WPCBs.
Component Cu Ca Al Pb Fe
B(W[w) 24.8 +0.045 7.1+£0.037 2.5+0.041 0.57 £ 0.033 0.18 £ 0.047

The values represent means of those obtained from triplicate experiments.

.~ thermotank

ORP meter
pH meter

.
column reator

gas flow meter

peristaltic pump T air filter

bacterial incubator air sparger air confpressor

Fig. 1. Sketch of column bioleaching unit.

(+0.05) by adding an appropriate amount of 5.0M H,SO4.
Supernatant of 5.00 mL were collected, filtered, and acidified every
24 h to analyze the concentrations of Cu?*, Fe?*, Fe3" and the pH in
the culture medium. Evaporation losses of leaching solution were
supplemented by an equal amount of distilled water. When analy-
sis of leaching solution indicated that bioleaching had reached to in
lag phase in column A, the leaching solution of all columns was
allowed to drain off completely. The column charge was rinsed
with distilled water. The residues were then dried and prepared
for final analysis.

2.5. Analytical procedure and methods

For metal content analysis in the original WPCBs, the pulverized
samples (0.5 g) were added into a 20.00 mL aqua regia in a tight
sealed vessel and heated at 160 °C for 6 h to dissolve. The solution
was then cooled to room temperature and the volume was
adjusted to 50.00 mL for metal determination (Cu, Ca, Al, Pb, Fe)
by inductively coupled plasma atomic emission spectrometry
(ICP-OES, ThermoFisher iCAP6500, USA).

The concentrations of Cu?* and total iron (T-Fe) in cultural med-
ium were measured by an atomic absorption spectrophotometry
(PerkinElmer AA700, USA) during bioleaching process, whereas
Fe?* was analyzed by titration, using 4.903 g L~! potassium dichro-
mate as an titrant. pH of the solution w measured using a digital
pH meter (Mettler Toledo SevenMult S40, Germany) and
Oxidation Reduction Potential (ORP) was monitored by a 501
ORP Meter (Shanghai Precision & Scientific instrument, China).
The number of bacteria was counted during acclimatization of bac-
teria using a Helber bacteria counting chamber. SEM-EDX analysis
was performed with a field emission scanning electron microscope
(Carl Zeiss Ultra 55, Germany).

3. Results and discussion
3.1. Copper recovery on column bioleaching

Many researches (Wang et al., 2009; Zhu et al., 2011) have
demonstrated that copper can be leached efficiently using A. fer-
rooxidans in shake flasks. However, insufficient data are available
on the use of A. ferrooxidans in a column Cu bioleaching from
WPCBs and its potential for commercial exploitation. In order to

find the behavior of A. ferrooxidans on the column bioleaching of
WPCBs, the concentrations of Cu®* in the cultural medium was
analyzed regularly.

Fig. 2 showed Cu?* concentration in the bacterial culture and its
recovery during the leaching process, which reflects the bioleach-
ing activity. The recovery was calculated based the following
equation:

Cu recovery % = Wt Culeach_soln/Wt Cuclips

where Wt Cljeach.soin = [CU?"Jsoin x V_soln.

Wt Cugips = Multiply Wt of clips by percent of Cu contained in
the clips used fill in the leaching column.

In groups C and D (abiotic systems), copper recovery was very
low and no evidence of any significant metal leaching and no any
difference produced in incubated systems. This indicates that with-
out bacteria copper leaching was nil is unaffected even though the
pH of leaching solution is adjusted by adding sulfuric acid (column
C). In addition, in column B (without acid adjusting), only about
42.8% of copper was extracted in 28 d. The maximum copper
extraction was observed in column A, and about 94.8% of copper
was extracted in 28 d. Compared with column B, the bioleaching
solution pH in column A was maintained at 2.25 (+£0.05) with
adjustment with 5.0 M H,SO4 The result shows that maintaining
pH is very important to column bioleaching WPCBs. The results
showed that copper leaching is greatly influenced by both the pres-
ence of the bacteria and an adequate pH.

3.2. The mechanism of sulfuric acid addition

Sulfuric acid was added to adjust the solution pH and achieve a
higher copper extraction efficiency (Chen et al., 2011). The copper
recovery with A. ferrooxidans is affected significantly by adding
H,S04 as showed in Section 3.1. Further study of this phenomenon
is necessary.

In groups B and D, the pH of leaching solution was not adjusted
by H,SO,. Figs. 3 and 4 show the changes in pH, Fe?* and Fe** con-
centration during 28 d of bioleaching period. The pH in column D
increased quickly during the first 10 d of leaching, and then rose
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Fig. 2. The concentration and recovery of copper on column leaching. ((A) Column
A, bacteria, adding acid; (B) column B, bacteria, without adding acid; (C) column C,
without bacteria, adding acid; and (D) column D, without bacteria, without adding
acid).
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Fig. 3. The changes of pH in column leaching. ((B) Column B, bacteria, without
adding acid and (D) column D, without bacteria, without adding acid).

slowly from 11 d. Oxidization rate of ferrous by O, in the leaching
process (Eq. (3)) remained stable in D column after 11 d, due to the
constant flow rate of clean air. This indicates that biochemical
leaching occurs in the early phase which led the pH increase
quickly. Moreover, the changing trend in Fe** in groups C and D
was constant (Fig. 4), this indicates that Fe?* oxidation by O, in col-
umn leaching process is unaffected when the pH of leaching solu-
tion is adjusted by adding 5.0 M H,SO,4. And it explains why copper
recovery in groups C and D has no difference.

4Fe** 4 4H" + 0, — 4Fe*" + 2H,0 (3)

In column B, comparing with groups C and D, the consumption
of H" is mostly contributed to ferrous ions oxidation by A. ferroox-
idans (Eq. (1)). However, the changing trend of pH in groups B and
D has no significant differences during the first 7 d. The T-Fe ions
(the total Fe?" and Fe®*) concentration (Fig. 4) in group D changed
from 4.49 g L~! to 4.55 gL', while in group B the T-Fe ions con-
centration changed from 4.31gL"! to 0.26 g L~!. The experiment
result indicates that the hydrolysis of Fe>* (Eq. (4)) (Sasaki et al.,
1998) provides plenty of H* to buffer the pH in group B. The oxida-
tion of copper by Fe3" in solution was the reaction mechanism of
the bioleaching process (Eq. (2)). However due to the hydrolysis
of Fe** and formation of jarosite precipitation reduced large quan-
tity of Fe®*. Therefore, a lower bioleaching rate in B is expected. In
addition, a pH that was not low enough also caused a reduced bac-
terial activity, consequently lower leaching rate.

3Fe** +2S0; +R" + 6H,0 « KFe3(SO4),(OH)g + 6H" (4)

In the aforementioned equation, R* represents K* and NH3.

In group A, comparing with group B, the T-Fe ions concentration
changed from4.31 gL~ ! t0 0.53 g L~ in the during the first 7 d, and
its concentration remained at above 0.4gL~' after column
bioleaching 7 d, while in group B the T-Fe ions concentration
reduced to almost 0 g L™, This indicate that the hydrolysis process
of Fe** (Eq. (4)) can be inhibited by adding 5.0 M H,SO,4 to maintain
a constant low pH in the leaching solution. Moreover, the Fe?*-Fe**
cycle (Egs. (1) and (2)) was kept and more copper could be effec-
tively leached. This explains why the copper recovery increased
significantly when the pH was adjusted by adding 5 M H,SO,4 (in
Section 3.1).

3.3. Kinetics of column bioleaching

Bioleaching kinetics is very important to analyze the mecha-
nism of metal leaching from WPCBs. To determine a suitable
kinetic model, the following processes needed to be analyzed
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Fig. 4. The changes of Fe?* and Fe*' in column leaching. (The figure caption of
columns A, B, C and D refers to Fig. 2 legend. (a) The concentration of Fe?* during
leaching period and (b) the concentration of Fe** during leaching period).

(Mishra et al., 2009): (1) the diffusion of a reactants from a liquid
boundary layer to a solid product; (2) the diffusion of the reactant
through the solid product layer; (3) a chemical reaction in the
studied system; (4) the transfer of the resultant though the layer
of the solid phase; (5) diffusion of the resultants from the liquid
boundary layer to the solution.

The results of previous studies believed that leaching or
bioleaching kinetics are controlled by diffusion mass transfer of
either reactant or product ions through a liquid boundary layer
or a product metal deposit (Mishra et al., 2008). If the reaction rate
is controlled by a solid product layer diffusion, it can be described
by application of shrinking core model theory (Eq. (5)) (Goto et al.,
1996). When the leaching rate is controlled by a chemical reaction
at the particle’s surface, the leaching kinetics process can be repre-
sented by Eq. (6) (This equation describes a linear plot of gradient k
(the first-order rate constant for the surface reaction.)) (Mishra
et al., 2008). Because the progress of the leaching would be unaf-
fected by the presence of any product layer, the quantity of react-
ing material is proportional to the available surface of the
unreacted core. When no product layer is formed on the solid
phase, the reacting particle would be shrinked during the reaction,
finally the solid phase disappears. For small particle, this can be
explained by a Stokes regime (Eq. (7)) (Mishra et al., 2008). The
applicability of each kinetic model was derived using the metal
leaching data from Fig. 2. Results for each model are plotted in
Fig. 5(a, c and e).

kt =1—2/3F, — (1 —F)*? (5)
kt=1-(1-F)"3 (6)
kt=1—(1-F)*? (7)
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Fig. 5. The kinetics of copper leaching. (F; represents the fraction of metal mobilized; columns A and B refer to Fig. 2 legend. (a) The rate control by chemical reaction of
leaching in columns A and B. (b) The rate control by modified chemical reaction of leaching in columns A and B. (c) The Stokes regime model of leaching Cu in columns A and
B. (d) The modified Stokes regime model of leaching Cu in columns A and B. (e) The shrinking core model of bioleaching Cu in columns A and B. (f) The modified shrinking core
model of bioleaching Cu in columns A and B. Detailed data of column B was shown in the inserted figure (b), (d) and (f)).

In the aforementioned equation, t represents the leaching time;
F; represents the fraction of metal mobilized; k represents the rate
constant.

In kinetic studies of bioleaching systems, generally, it is
assumed that the concentration of the leaching agent (such as
Fe3") is constant (da Silva, 2004; Giaveno et al., 2007). However,
the concentration of Fe>* can vary significantly during a bioleach-
ing process (Fig. 4). This assumption may lead to inaccurate simu-
lation of the bioleaching process using conventional kinetic models
(Egs. (5)-(7)). Accordingly, the conventional kinetics models for a
bioleaching process should be modified by considering the varia-
tion of Fe** concentration in the column bioleaching solution.
The following equations was applied as the new rate-controlling
equations (Haghshenas et al., 2009). Among them, Egs. (8)-(10)
showed the bioleaching rate is controlled by solid product layer
diffusion, chemical reaction and liquid boundary layer diffusion,

respectively. The applicability of each new kinetic model was
derived using the metal leaching data from Figs. 2 and 4. Results
for each model are plotted in Fig. 5(b, d and f).

t
k/ Cpr-dt =1-2/3F, — (1 - F)*? (8)

0

ot
k/ Cosodt=1— (1 —F)'? 9)

JO

t
k/ Condt =1 (1 - F)?? (10)
0
In the aforementioned equation, t represents the leaching time;
F; represents the fraction of metal mobilized; k represents the rate
constant; Cgs. represents the Fe** concentration in the solution.
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Fig. 6. The SEM of precipitates. ((A) Column A, bacteria, adding acid and (B) column B, bacteria, without adding acid).

In column B, using conventional kinetic models, the shrinking
core model of Cu recovery (Fig. 5(e)) fits better than the Stokes
regime model (Fig. 5(c)) and the chemical reaction model
(Fig. 5(a)). However, using modified kinetic models, the Stokes
regime model of Cu recovery fit better than the shrink core model
and chemical reaction model. Further, the kinetic model in which
the variation of Fe** with time is taken into account predicts the
experimental data much better than the model in which variation
of Fe3* with time is negligible. These results indicate that it is fea-
sible to use modified kinetic models to analyze in column B, and
the liquid boundary layer diffusion is the controlling step of the
bioleaching.

However, in column A, the data analysis based on conventional
kinetic models are better than using modified kinetic models., Both
conventional and modified kinetics models showed that the liquid
boundary layer is the controlling step of the leaching process. In
columns A and B, the concentration of Fe>* has a notable difference
after bioleaching for 6 d (Fig. 4(b)). The variation of Fe3* with time
is assumed negligible due to the concentration of Fe** was kept
above 0.4gL™! in column A. This explained why conventional
kinetic models are better than modified kinetic models. In addition,
the kinetic process using modified models has a good compatibility
when the concentration of Fe** is significantly reduce to under
04glL.

The copper bioleaching rates in groups A and B were also
controlled by the external diffusion. This shows that the kinetic
of column bioleaching copper from WPCBs is unaffected by the
precipitation layer. However, shake flask level experiments reveal
that the production precipitations such as jarosite is not conducive
to bioleaching (Xiang et al., 2010). Thus it is necessary to analyze
the precipitation layer.

Fig. 6 shows the SEM-EDX analysis of precipitation on WPCBs
sample surface. The result shows that precipitates composition
and morphology have not significant difference between column
A and B by SEM-EDX. This shows that the precipitates composition
and morphology is unaffected by adding 5.0 M H,SO4. Also in col-
umns A and B, the structure of precipitates are loose and the size of
precipitates are less than or equal to 3 um. So the precipitation
layer has little effect to the transfer process of iron ions or copper

ions. This indicates that the transfer process of iron ions or copper
ions in leaching process is unaffected by the precipitation layer
comparing with the liquid boundary layer. This explains why the
kinetics of column bioleaching copper in groups A and B also are
controlled by an external diffusion.

4. Conclusions

The copper recovery from WPCBs by A. ferrooxidans the column
reactors has been well demonstrated. Experiment results show
that the rate of copper dissolution is controlled by external diffu-
sion rather than internal diffusion. The kinetics of column
bioleaching WPCBs remain unchanged because the size and mor-
phology of precipitates would be unaffected by maintaining the
solution pH. In the leaching process, the precipitation reaction
could be restrained under a constant pH maintained by adding
dilute sulfuric acid. Thus the Fe?*-Fe®* cycle process can be kept
continue and promotes copper recovery. Based on the obtained
result, column bioleaching copper from WPCBs by A. ferrooxidans
is feasible and increasing the concentration Fe** and the velocity
of leaching solution cycling may accelerate the kinetics of copper
bioleaching in column reactor.

Acknowledgments

This project was supported by the National Nature Science
Foundation of China (No. 21177101), and the Key Project of
Chinese Ministry of Education (No. 211165).

References

Brandl, H., Bosshard, R., Wegmann, M., 2001. Computer-munching microbes: metal
leaching from electronic scrap by bacteria and fungi. Hydrometallurgy 59 (2-3),
319-326.

Brierley, C.L., 2001. Bacterial succession in bioheap leaching. Hydrometallurgy 59
(2-3), 249-255.

Chen, P. et al., 2011. Bioleaching of realgar by Acidithiobacillus ferrooxidans using
ferrous iron and elemental sulfur as the sole and mixed energy sources.
Bioresour. Technol. 102 (3), 3260-3267.

Cui, ]., Forssberg, E., 2003. Mechanical recycling of waste electric and electronic
equipment: a review. ]. Hazard. Mater. 99 (3), 243-263.


http://refhub.elsevier.com/S0045-6535(15)00702-X/h0005
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0005
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0005
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0010
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0010
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0015
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0015
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0015
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0020
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0020

168 S. Chen et al./Chemosphere 141 (2015) 162-168

da Silva, G., 2004. Relative importance of diffusion and reaction control during the
bacterial and ferric sulphate leaching of zinc sulphide. Hydrometallurgy 73 (3-
4),313-324.

Eriist, C., Akcil, A., Gahan, C.S., Tuncuk, A., Deveci, H., 2013. Biohydrometallurgy of
secondary metal resources: a potential alternative approach for metal recovery.
J. Chem. Technol. Biotechnol. 88 (12), 2115-2132.

Fu, K., Lin, H., Mo, X., Dong, Y., Wang, H., 2011. Passivation of different genetic types
of chalcopyrite bioleaching. J. Cent. S. Univ. (Sci. Technol.) 11, 005.

Giaveno, A., Lavalle, L., Chiacchiarini, P., Donati, E., 2007. Bioleaching of zinc from
low-grade complex sulfide ores in an airlift by isolated Leptospirillum
ferrooxidans. Hydrometallurgy 89 (1-2), 117-126.

Goto, M., Roy, B.C., Hirose, T., 1996. Shrinking-core leaching model for supercritical-
fluid extraction. J. Supercrit. Fluids 9 (2), 128-133.

Haghshenas, D.F., Alamdari, E.K., Bonakdarpour, B., Darvishi, D., Nasernejad, B.,
2009. Kinetics of sphalerite bioleaching by Acidithiobacillus ferrooxidans.
Hydrometallurgy 99 (3-4), 202-208.

Ilyas, S., Anwar, M.A., Niazi, S.B., Afzal Ghauri, M., 2007. Bioleaching of metals from
electronic scrap by moderately thermophilic acidophilic bacteria.
Hydrometallurgy 88 (1-4), 180-188.

Ilyas, S., Ruan, C., Bhatti, H.N., Ghauri, M.A., Anwar, M.A., 2010. Column bioleaching
of metals from electronic scrap. Hydrometallurgy 101 (3-4), 135-140.

Ilyas, S., Lee, ].-C., Chi, R.-A., 2013. Bioleaching of metals from electronic scrap and
its potential for commercial exploitation. Hydrometallurgy 131-132, 138-143.

Li, S. et al., 2014. Bioleaching of a low-grade nickel-copper sulfide by mixture of
four thermophiles. Bioresour. Technol. 153, 300-306.

Liang, G., Tang, J., Liu, W., Zhou, Q., 2013. Optimizing mixed culture of two
acidophiles to improve copper recovery from printed circuit boards (PCBs). J.
Hazard. Mater. 250-251, 238-245.

Mishra, D., Kim, D.J., Ralph, D.E., Ahn, ].G., Rhee, Y.H., 2008. Bioleaching of spent
hydro-processing catalyst using acidophilic bacteria and its kinetics aspect. ].
Hazard. Mater. 152 (3), 1082-1091.

Mishra, D., Ahn, J.G., Kim, D.J., RoyChaudhury, G., Ralph, D.E., 2009. Dissolution
kinetics of spent petroleum catalyst using sulfur oxidizing acidophilic
microorganisms. J. Hazard. Mater. 167 (1-3), 1231-1236.

Muiioz, ].A., Blazquez, M.L., Ballester, A., Gonzdlez, F., 1995. A study of the
bioleaching of a Spanish uranium ore. Part III: Column experiments.
Hydrometallurgy 38 (1), 79-97.

Olson, G.J., Brierley, J.A., Brierley, C.L., 2003. Bioleaching review Part B. Appl.
Microbiol. Biotechnol. 63 (3), 249-257.

Pant, D., Joshi, D., Upreti, M.K, Kotnala, RK., 2012. Chemical and biological
extraction of metals present in E waste: a hybrid technology. Waste Manage.
(Oxford) 32 (5), 979-990.

Qiu, G. et al., 2011. Column bioleaching of uranium embedded in granite porphyry
by a mesophilic acidophilic consortium. Bioresour. Technol. 102 (7), 4697-
4702.

Qu, Y., Lian, B., 2013. Bioleaching of rare earth and radioactive elements from red
mud using Penicillium tricolor RM-10. Bioresour. Technol. 136, 16-23.

Rohwerder, T., Gehrke, T., Kinzler, K., Sand, W., 2003. Bioleaching review Part A.
Appl. Microbiol. Biotechnol. 63 (3), 239-248.

Sasaki, K., Tsunekawa, M., Ohtsuka, T., Konno, H., 1998. The role of sulfur-oxidizing
bacteria Thiobacillus thiooxidans in pyrite weathering. Colloids Surf., A 133 (3),
269-278.

Tuncuk, A., Stazi, V., Akcil, A., Yazici, E.Y., Deveci, H., 2012. Aqueous metal recovery
techniques from e-scrap: hydrometallurgy in recycling. Miner. Eng. 25 (1), 28—
37.

Veit, H.M. et al., 2005. Utilization of magnetic and electrostatic separation in the
recycling of printed circuit boards scrap. Waste Manage. (Oxford) 25 (1), 67-74.

Wang, J., Bai, J., Xu, J., Liang, B., 2009. Bioleaching of metals from printed wire boards
by Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans and their
mixture. ]. Hazard. Mater. 172 (2-3), 1100-1105.

Wu, W., Qiu, K., 2014. Vacuum co-pyrolysis of Chinese fir sawdust and waste
printed circuit boards. Part I: Influence of mass ratio of reactants. J. Anal. Appl.
Pyrolysis 105, 252-261.

Wuy, ], Li, J, Xu, Z., 2008. Electrostatic separation for recovering metals and
nonmetals from waste printed circuit board: problems and improvements.
Environ. Sci. Technol. 42 (14), 5272-5276.

Xiang, Y. et al., 2010. Bioleaching of copper from waste printed circuit boards by
bacterial consortium enriched from acid mine drainage. ]. Hazard. Mater. 184
(1-3), 812-818.

Yamane, L.H., de Moraes, V.T., Espinosa, D.C.R., Tenério, J.A.S., 2011. Recycling of
WEEE: characterization of spent printed circuit boards from mobile phones and
computers. Waste Manage. 31 (12), 2553-2558.

Yang, T., Xu, Z., Wen, J., Yang, L., 2009. Factors influencing bioleaching copper from
waste printed circuit boards by Acidithiobacillus ferrooxidans. Hydrometallurgy
97 (1-2), 29-32.

Yang, Y. et al,, 2014. Bioleaching waste printed circuit boards by Acidithiobacillus
ferrooxidans and its kinetics aspect. ]. Biotechnol. 173, 24-30.

Zhu, N. et al., 2011. Bioleaching of metal concentrates of waste printed circuit
boards by mixed culture of acidophilic bacteria. J. Hazard. Mater. 192 (2), 614-
619.


http://refhub.elsevier.com/S0045-6535(15)00702-X/h0025
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0025
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0025
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0030
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0030
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0030
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0035
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0035
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0040
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0040
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0040
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0045
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0045
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0050
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0050
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0050
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0055
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0055
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0055
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0060
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0060
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0065
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0065
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0070
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0070
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0075
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0075
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0075
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0080
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0080
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0080
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0085
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0085
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0085
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0090
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0090
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0090
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0095
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0095
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0100
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0100
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0100
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0105
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0105
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0105
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0110
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0110
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0115
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0115
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0120
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0120
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0120
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0125
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0125
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0125
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0130
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0130
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0135
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0135
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0135
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0140
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0140
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0140
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0145
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0145
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0145
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0150
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0150
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0150
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0155
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0155
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0155
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0160
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0160
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0160
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0165
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0165
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0170
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0170
http://refhub.elsevier.com/S0045-6535(15)00702-X/h0170

	Column bioleaching copper and its kinetics of waste printed circuit boards (WPCBs) by Acidithiobacillus ferrooxidans
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 WPCBs sample
	2.3 Bacteria and culture conditions
	2.4 Column leaching experiments
	2.5 Analytical procedure and methods

	3 Results and discussion
	3.1 Copper recovery on column bioleaching
	3.2 The mechanism of sulfuric acid addition
	3.3 Kinetics of column bioleaching

	4 Conclusions
	Acknowledgments
	References


