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Electrocoagulation: Part 3: Copper Smelter Wastewater

Treatment
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' Departamento de Ingenieria Quimica y Ambiental, Universidad Técnica Federico Santa Maria,

Avenida Esparia, Valparaiso, Chile

2Department of Civil Engineering, Technical University of Denmark, Lyngby, Denmark

The arsenic content in wastewater is of major concern for copper
smelters. A typical complex wastewater treatment is needed with a
combination of chemical and physical processes. Electrocoagulation
(EC) has shown its potential for arsenic removal due to the forma-
tion of ferric hydroxide-arsenate precipitates. This work evaluates
the feasibility of EC as a treatment process at various stages during
conventional copper smelter wastewater treatment — with a focus on
arsenic. The reactor used is a batch airlift electrocoagulator. The
results showed that raw copper smelter wastewater was difficult to
treat for arsenic and heavy metals with EC, mainly due to the very
low pH. On the other hand, after a preliminary Ca(OH), treatment
for sulphate and heavy metal removal, arsenic could be removed
totally by EC. In addition, EC could also be applied as a final
remediation control tool for arsenic since the national threshold
value for wastewater discharge could rapidly be reached when the
conventional method did not clean the wastewater sufficiently.

Keywords airlift reactor; current density; electric field; heavy
metals; iron electrodes

INTRODUCTION

The pyrometallurgic copper processing generates large
amounts of arsenic that vaporize as arsenic trioxide. This
compound is absorbed from the gas flow, creating a highly
arsenic contaminated wastewater flow. Typically, a complex
wastewater treatment is needed with a combination of
chemical and physical processes. Wastewater from copper
smelters is acidic and contains typically considerable
amounts of copper, lead, cadmium, arsenic, and mercury (1).

At the Codelco El Teniente copper smelter, the
wastewater treatment is generally as shown in Fig. 1 (2).
Indicated on the figure is an initial oxidation step with
H,0, to oxidize all species, in particular arsenic, in the
wastewater. Metals such as copper and zinc are mainly
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precipitated as hydroxides together with calcium sulphate
in the first precipitation step but a large amount of arsenic
remains in the slightly alkaline wastewater. Combined
Fe3(SO,4), and FeCl; addition in acid deals with the arsenic
but since the arsenic concentration in the gas phase changes
due to the batchwise operation of the smelter, it is difficult
to predict and control the chemical dosage for the
precipitation of the arsenic compounds. Typical arsenic
concentrations in the wastewater during conventional
processing are in the range of 5000—15000mgL~" (raw
wastewater), 100-1000mgL~" (after Ca(OH), addition)
and 0.1-5mgL~" (after Fe3(SO,),/FeCls addition). Since
the Chilean norm for wastewater discharge in rivers is
0.5mgL~" and the internal Codelco norm for wastewater
reuse as process water is 1 mg L™, in some cases the waste-
water has to be recirculated back into the treatment process
or reused with a higher content of arsenic. Both these
options are undesirable for the copper smelter.
Electrocoagulation is by now a well known process and
has treated a variety of different wastewaters (3-6). Lately
electrocoagulation has shown to be efficient for arsenic
removal from different water streams (7-11). Treatment
of arsenic containing wastewater is a high priority environ-
mental necessity. Hansen et al. (10) proposed a newly
designed airlift electrocoagulation cell. Cylindrical iron
plates were used as sacrificial electrodes to produce Fe*"
cations in the electrocoagulation process with frequent
current reversal to avoid passivation of the anodes. Turbu-
lence (and mixing) was achieved by both the air flow
(produced by the airlift principle) and the gases from the
electrode reaction. The oxygen in the airflow also oxidized
Fe*" to Fe*", which promoted the precipitation of FeAsO,
and adsorption of arsenic onto Fe(OH)O colloids. Arsenic
removal efficiencies in batch experiments were found to be
higher than 98% —starting with concentration of
100mgL~" of As(V). Even with a concentration in syn-
thetic wastewater samples as high as 5000mgL~' of
As(V) efficient arsenic removal was found (10). Still it
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FIG. 1. Actual copper smelter treatment scheme.

had to be analyzed if real copper smelter wastewater could
be treated for arsenic by the method.

This work focuses on the treatment of real copper
smelter wastewater with an airlift batch electrocoagulation
reactor. The efficiency of the process will be tested for the
raw wastewater and wastewater from different stages in the
actual wastewater treatment plant. Parameters that would
be analyzed are the treatment time and the applied electric
current. The results are evaluated in terms of arsenic
removal efficiency.

EXPERIMENTAL
Analytical

Before and after the experiments each solution was
filtered (paper filter grade 131), and As, Cu, Pb, and Cd
contents were determined by an Atomic Absorbance
Spectrophotometer (AAS).

The pH was measured by a standard combination pH
electrode connected an ORION, model 370, pH-meter.

Wastewater Characteristics

The arsenic containing wastewater was sampled at the
Codelco El Teniente copper smelter, VI Region, Chile.
Three different samples were taken:

a. oxidized raw wastewater — WW1,
b. wastewater after Ca(OH), precipitation — WW2, and
c. treated wastewater — WW3,

These samples correspond to the points a, b, and c,
respectively, on Fig. 1. Table 1 gives specific details on
these wastewater samples. Each sample was initially
measured for As, Cu, Pb, Cd, and Zn in triplicate. More
than 99% of the arsenic was found to be As(V) for all three
wastewater samples.

Experimental Setup

Figure 2 shows the experimental setup used in this work.
The cylindrical acrylic cell (thickness 2.5 mm) had an inner
height and diameter of 20 cm and 10 cm, respectively. The
total volume (without electrodes) was approximately
1.5L. Inside the cell were placed two iron cylinders — one
of 7cm diameter (outer cylinder) and one of 5cm diameter
(inner cylinder). The height of the cylinders was 10 cm, and
they were maintained approx. 3 cm from the bottom of the
cell. In the gap between the two iron cylinders at the bot-
tom, a perforated PVC tube was placed in order to produce
an oxygen flow in between the cylinders. This oxygen flow
sucked liquid with it and when reaching the top, the oxygen
“lifted” the surface level of the liquid, and the generated
liquid flow created turbulence in the reactor. The electrode
surface area/volume (S/V) ratio for the reactor was
estimated to 16.7m?/m”.

An Extech power supply, a homemade electric current
reverser, a multimeter, and an air compressor/oxygen gas
container were used in the different experiments.

TABLE 1
Characteristic data of the different wastewater samples
Sample type Sample code  CaymgL~! CeumgL™! CpymgL~! CeqmgL™! pH
a) Raw wastewater WWi1 5250 £ 150 720 £+ 30 450425 40+1.0 0.7+£0.3
b) After Ca(OH), treatment WWw2 910+ 40 6.0+0.3 50+0.3 <0.1 9.9+0.1
¢) Treated wastewater Ww3 4.38+£0.22 0.20+0.10 <0.2 <0.1 7.0£0.1
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Iron
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FIG. 2. Experimental set-up. Cell height: 20 cm, Cell diameter: 10cm,
outer iron electrode diameter: 7cm, inner iron electrode diameter: 5cm,
electrode height: 10 cm.

Electrocoagulation Experiments
A total of thirty-two electrocoagulation experiments
were carried out on the three wastewater samples:

1. oxidized raw wastewater (WW1),
2. wastewater treated with calcium hydroxide (WW2), and
3. final treated wastewater (WW3).

See Table 2 for operational details. Since the arsenic
concentration in the final treated wastewater still was too
high for discharge, this wastewater sample was tested with
electrocoagulation too.

The experiments were done by treating 1 L wastewater
samples in batch; each experiment lasted a pre-determined
period of time. After the experiment, the sample was
filtered and element concentration was measured. The
initial and final pH was recorded too. The same oxygen
flow was used in all experiments: 5L min~'. The constant
current was reversed every second minute in order to mini-
mize passivation of the iron anodes.

TABLE 2
Experimental plan

Sample
Sample type code Time Current
a) Raw wastewater WWI1  60—300min 2-5A
b) After 1st WW2  15—120 min 2-5A

precipitation

c) Treated wastewater WW3 2—20min  0.8—5A

TABLE 3
Electrocoagulation results for raw wastewater (WW1)
Time 1 Final CAs CCu Cpb CCd
(min) (A) pH (mgL™") (mgL™") (mgL™') (mgL™)
60 207 5100 710 430 4.5
120 2 0.7 5150 690 440 3.9
300 2 09 5300 700 450 4.2
60 3 07 5050 710 440 3.8
120 3 08 5400 710 430 4.2
300 3 1.1 5200 730 440 3.9
60 5 07 5400 700 440 4.5
120 5 08 5320 730 460 3.7
180 5 1.0 5300 700 440 4.0
240 5 14 4990 660 425 3.6
300 5 1.8 4750 610 410 3.0

RESULTS AND DISCUSSION

From Table 1 it can be seen that all elements analyzed
are found in elevated concentrations in the raw wastewater
but after the calcium hydroxide treatment only arsenic is
the real concern. In the final treated wastewater arsenic is
still found in too high a concentration—in contrast to the
other elements—and arsenic has to be removed from this
solution before discharge. In this work, the focus is on
arsenic removal—only when treating the raw wastewater,
the removal of the other elements is followed too.

Tables 3-5 show the electrocoagulation results for
WWI1, WW2, and WW3, respectively. When first
analyzing the oxidized raw wastewater (WW1) in Table 3
it can be noted that the arsenic and heavy metal removal

TABLE 4
Electrocoagulation results for raw wastewater after
Ca(OH), precipitation (WW?2). Initial arsenic
concentration: 910mgL~!

Time Final  Cug Arsenic  Fe-to-As ratio
(min) I (A) pH (mgL™') removal (%) (molmol™})

30 2 9.9 600 34.1 4.5

60 2 9.9 320 64.8 4.7

90 2 103 170 81.3 5.7
120 2 103 70 92.3 6.6
180 2 104 17 98.1 9.4
240 2 105 <0.02 >99.9 12.3

30 5 100 330 63.7 6.0

60 5 100 150 83.5 9.2

90 5 104 49 94.6 12.2
120 5 106 9.7 98.9 15.5
180 5 107 <0.02 >99.9 23.0
240 5 109 <0.02 >99.9 30.7
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TABLE 5
Electrocoagulation results for treated wastewater (WW3).
Initial arsenic concentration: 4.38 mg L~

Time Final Cpxg Arsenic  Fe-to-As ratio
(min) I (A) pH (mgL™") removal (%) (molmol™")
2 0.8 7 0.08 98.2 8.7
5 0.8 7 <0.02 >99.5 21.3
20 0.8 7 <0.02 >99.5 85.1
2 2 7 <0.02 >99.5 21.3
5 2 7 <0.02 >99.5 53.2
20 2 7 <0.02 >99.5 213
2 5 7 <0.02 >99.5 53.2
5 5 7 <0.02 >99.5 133
20 5 7 <0.02 >99.5 532

seems very slow. Only for the experiments carried out at SA
and longer than 240min duration some indication of
removal was observed. In fact, only in these two experi-
ments some amounts of orange/brown solids were formed
during the EC process. In these experiments the final pH
reached 1.4 and 1.8, respectively. Probably the pH was
too low in the other experiments to form the necessary
ferric hydroxides or hydrous ferric oxides (HFO), which
are known to adsorb arsenic and heavy metals efficiently
(12). Therefore, the EC process should have been carried
out for a longer time in order to first neutralize the waste-
water to a certain pH level before any arsenic removal
could be an option. For practical implementation at this
stage of the wastewater scheme shown in Fig. 1, it would
be convenient with first a neutralization step with reagent
addition, such as Ca(OH),, in small amounts to reach a
pH of around 2 to 4 followed by electrocoagulation.

Another option could be the implementation of the EC
process after the actual Ca(OH), addition — at point b on
Fig. 1. This specific treatment has several objectives:

a. to remove sulphates,

b. to increase the pH to around 10 in order to precipitate
heavy metal cations, and

c. to precipitate some arsenic as Caz(AsQOy),.

The clarified solution from the sedimentation was
sampled and called WW2 in this work. From Table 4 it
can be observed that arsenic could be removed to less than
the detection limit after 240 minutes with 2A when treating
WW2 with EC. Increasing the current to 5A, complete
removal was obtained after 180 minutes. In this work the
behavior of the heavy metals during EC of WW2 was not
followed due to the relative low concentration in this
sample (see Table 1).

Figure 3 shows the arsenic removal from the WW2
sample with time together with an identical series of
experiments recently published in this journal (10) with a

synthetic wastewater sample of 1000mgL~'. As it can be
seen from the figure, the removal tendencies are similar
with time for the real and the synthetic wastewater. There-
fore, the behavior of the real wastewater could be
simulated well by the synthetic wastewater sample. Arsenic
would also be expected to be the main species in this sam-
ple, since the Ca(OH), treatment has removed considerably
the heavy metals, sulphates, and acidity. Increasing the cur-
rent, the arsenic removal increases with time too, meaning
that the current could be an efficient Fe’™ dosage mech-
anism. For both currents investigated in this work on
Ca(OH), treated copper smelter wastewater, arsenic could
be removed completely.

From Table 5 it can be seen that arsenic is removed rap-
idly from the treated wastewater WW3. For a 2min treat-
ment, using the lowest current (0.8 A), already 98% of the
arsenic has been removed. For higher currents, at 2 min
the arsenic concentration is below the detection limit. The
same is the case for longer treatment at all applied current
densities. For all experiments, the arsenic concentration
after treatment was below the Chilean norm for discharge.
During EC of WW3, iron hydroxides were formed in all
experiments and the amounts produced were in proportion
with the applied current and treatment time. This means that
the EC process could be a very efficient control option for
the treated wastewater. Therefore, the Fe(OH); dosage
could be controlled with the applied current as shown above.

Considering that the only reaction at the anode is
Fe — Fe?™ +2 ¢ (which would be the case when no passi-
vation of the anode is occurring), then the theoretical
amount of produced Fe*" can be calculated when knowing
the total electrical charge passed through the system:

C
Fe=—
2F
# Synthetic w astew ater (2A) [10] uWW2 (2A) A WW2 (5A)
1200
A o 1000i
£
c 800 |
L
=
8 600 [ ]
c
3
g 400 *
o A ]
(7]
< 200 a -
A [ §
0 A i !
0 50 100 150 200 250
Time (min)

FIG. 3. Results for the EC treatment of WW?2 and synthetic wastewater
with 1000mgL~" (10).
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where Fe is mol Fe*" produced, C are the coulombs passed
through the system and F is Faradays constant.

It must be stated that the theoretical amount of
dissolved iron due to Faraday’s law does not take into
account any chemically dissolved iron. The amount of As
removed is measured, and then the ratio Fe-to-As in
mol/mol can be estimated (see Tables 4 and 5). It can be
seen from Table 4 (WW2) that the Fe-to-As ratio is quite
low (around 4 to 6) in the beginning of the EC process.
It is here where most of the As is removed. When the con-
centration of arsenic is getting lower, e.g., after some EC
time, a considerably larger amount of iron is needed to
reach the threshold value. The Fe-to-As ratios are in the
same order than previous experiments done on synthetic
arsenic wastewater (10). At any rate, a Fe-to-As ratio of
12 to remove all arsenic is not high compared with conven-
tional ferric ion treatment (13,14). Here values of 5 up to
100 are reported considering a lower initial arsenic concen-
tration in the wastewater. From Table 5 it can be noted
that the Fe-to-As ratio is much higher when treating
WW3. In other words, the majority of the experiments with
WW3 have been producing an excess of cationic iron, and
all the arsenic has been removed long before the end of the
experiments. In fact, only exp. 1 can be used to evaluate
correctly the effect of the ratio, since the EC process is still
active. Here the Fe-to-As ratio is comparable with the
WW?2 treatment.

CONCLUSIONS

This work evaluates the feasibility of EC as a treatment
process at various stages during conventional copper
smelter wastewater treatment with the focus on arsenic.
The reactor used is a batch airlift electrocoagulator.

The results showed that raw oxidized copper smelter
wastewater was difficult to treat for arsenic and heavy
metals with EC, mainly due to the very low pH.

On the other hand, after a preliminary Ca(OH), treat-
ment for sulphate and heavy metal removal, arsenic could
be removed totally by EC. Therefore, for a new treatment
plant this would be the most convenient option.

In addition, EC could also be applied as a final remedia-
tion control tool for arsenic since the national threshold
value for wastewater discharge could rapidly be reached
when the conventional method did not clean the wastewater

sufficiently. In an actual wastewater plant, this option
would be interesting since it could be a feasible add-on
process to the existing treatment scheme.
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