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bstract

The removal of organic pollutants from a highly complex industrial wastewater by a aluminium electrocoagulation process coupled with
iosorption was evaluated. Under optimal conditions of pH 8 and 45.45 A m−2 current density, the electrochemical method yields a very effective
eduction of all organic pollutants, this reduction was enhanced when the biosorption treatment was applied as a polishing step. Treatment reduced
hemical oxygen demand (COD) by 84%, biochemical oxygen demand (BOD5) by 78%, color by 97%, turbidity by 98% and fecal coliforms by

9%. The chemical species formed in aqueous solution were determined. The initial and final pollutant levels in the wastewater were monitored
sing UV–vis spectrometry and cyclic voltammetry. Finally, the morphology and elemental composition of the biosorbent was characterized with
canning electron microscopy (SEM) and energy dispersion spectra (EDS).

2006 Elsevier B.V. All rights reserved.
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. Introduction

Electrocoagulation is an electrochemical method of treat-
ng polluted water whereby sacrificial anodes dissolve due to a
otential difference, producing active coagulant precursors (usu-
lly aluminum or iron ions). At the same time cathodic reactions
ccur, in many cases involving the evolution of hydrogen gas [1].

Recent research has shown that electrocoagulation is an
ffective technique for removing pollutants from lowland sur-
ace water [2], urban wastewaters [3] synthetic colloid-polluted
astes [4], restaurant effluents [5], metal plating wastes [6],

nd in actual industrial discharges [7,8]. The results from these

tudies show that this technique is one of the most promising
ethods for treating wastewater polluted with colloidal pollu-

ants. Electrochemical methods offers two main advantages over

∗ Corresponding author. Tel.: +52 722 2173890; fax: +52 722 2175109.
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ial wastewater treatment

raditional chemical treatment: less coagulant ion is required and
ess sludge is formed [2,3,6].

On the other hand, adsorption is a physicochemical wastew-
ter treatment process, which is gaining prominence as a means
f reducing metal ion concentrations in industrial effluents [9].
he biosorbents derived from dead biomass, are considered the
heapest and most abundant environmentally friendly option
10,11]. The development of inexpensive adsorbents for the
reatment of wastewater is an important area in the environmen-
al sciences [12,13]. However, raw biosorbents tend to leach
arge amounts of organic compounds during water treatment, as
ndicated by the green or yellow color of the water after biosorp-
ion [14]. In order to prevent this phenomenon, a biosorbent
hould be conditioned before its use.

The use of an electrochemical treatment as a pre-treatment

tep to enhance adsorption capability of biosorbents can be
ustified if the resulting wastewater quality expressed as color
nd COD removal is good. The techniques to be coupled must
e carefully evaluated, because technical incompatibilities may

mailto:cbarrera@uaemex.mx
dx.doi.org/10.1016/j.jhazmat.2006.10.015
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rise. Thus, the coupling of electrochemical and sorption pro-
esses might prove a judicious choice for treating industrial
astewater with mixtures of different types of pollutants.
In this study an aluminium electrocoagulation process is cou-

led with a biosorption step to address limitations of treating
ixed industry wastewater. The effectiveness of aluminum elec-

rocoagulation before and after a biological reactor, and the
nfluence of different operating parameters were evaluated and
ptimized. Then, the electrochemically treated water is pol-
shed using biosorption. The selected biosorbent is Ectodemis
f Opuntia, which is chemically conditioned prior its use. This
iosorbent has been shown to be effective in improving water
uality, particularly in removing metal ions [15]. Raw and
reated wastewater was characterized by UV–vis spectroscopy
nd cyclic voltammetry. The physicochemical characteristics
f the wastewater before and after applying the electrochem-
cal + biosorption treatment are presented. The combined treat-

ent reduced chemical oxygen demand (COD) by 84%, bio-
hemical oxygen demand (BOD5) by 78%, color by 97%,
urbidity by 98% and Fecal Coliforms by 99%. Finally, the
iosorbent morphology and composition was evaluated by scan-
ing electron microscopy (SEM) and energy dispersion analysis
EDS).

. Materials and methods

.1. Wastewater samples

Samples of wastewater were collected from a treatment plant
ocated at the end of an industrial park. This facility receives the
ndustrial discharge of 144 different factories. Table 1 indicates
he distribution and the nature of the wastewater that is being
reated in the wastewater treatment plant.

All of the industrial effluents enter the wastewater treatment
lant together. The plant has the following treatment opera-

ions: shredder, sand separator, oil and grease separator, pri-

ary clarifiers, biological activated sludge reactors, secondary
larifiers and chlorine disinfecting contact units. Influent and
ffluent samples were collected in plastic containers and cooled

able 1
ompanies that discharge effluents to the wastewater treatment plant

ndustrial sector No. of companies

hemical 39
etal finishing 34

extile 22
ood 11
eather 6
onstruction 5
utomotive 4
harmaceutical 3
urniture 3
lastics 7
aints 1
ervices 9

otal 144
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Fig. 1. A schematic diagram of the electrochemical reactor.

o 4 ◦C, then transported to the laboratory for analysis and
lectrochemical–sorption treatments.

.2. Electrochemical reactor

A batch electrochemical reactor was constructed for the elec-
rocoagulation step. The electrode system is monopolar. The
eactor cell contains an array of 10 parallel Al electrodes. Each
lectrode dimensions are 0.11 m long and 0.06 m wide. Each
lectrode has an area of 0.0132 m2 for a total anodic surface,
a of 0.066 m2. Each 4 dm3 batch of water was treated in a
ucket which served as the supply vessel for the reactor. A
c power source supplied the system with 1–4 A at 13 V, cor-
esponding to a current density of 15.15–60.60 A m−2. Fig. 1
hows a schematic diagram of the electrochemical reactor.

.3. Conditioning of Ectodermis of Opuntia

The Ectodermis of Opuntia was collected from the city of
oluca in the central part of the state of México. The raw mate-
ial was rinsed with distilled water; sun-dried for 5 days, then
ehydrated at 80 ◦C for 48 h. Once the biomass cooled, it was
rushed, milled and sieved through a no. 40 mesh. Thereafter, the
aterial was stored in a desiccator. The main goal of using the

iomass is to eliminate or reduce the color present in wastewater;
herefore, this material needs conditioning to prevent leaching of
olored organic components of the material itself during batch
ontact experiments [14]. In order to condition the biomass, the
ctodermis of Opuntia was treated with concentrated H2SO4

n a weight ratio of 1:1.8 peel to acid for 6 h at 160 ◦C. The
cid-treated biomaterial was rinsed with deionized water sev-
ral times and then dried at 105 ◦C for 6 h [15,16].
.4. Methods of analysis

The initial evaluation of the electrochemical and sorption
reatments was determined by analysis of the COD and color
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the pH range of 6–8. In both cases a reduction of the COD
is observed beyond pH 10. These results agree with previous
research, which indicates that the maximum COD removal in
oil and grease contaminated restaurant wastewater is observed

Table 2
Selected properties of wastewater at the inlet and outlet of the biological reactor

Parameter IB OB

COD (mg dm−3) 1700–2500 800–1267
BOD5 (mg dm−3) 930 373
Color (Pt–Co U) 2500–4750 1500–2500
42 I. Linares-Hernández et al. / Journal o

Pt/Co scale) at different time intervals. However, once the
ptimal conditions were found the raw and treated wastewater
amples were analyzed using the BOD5 and COD, aluminum
ontent, pH, total coliforms and turbidity, as indicated in the
tandard Methods procedures [17].

.5. Cyclic voltammetric measurements

Cyclic voltammetry of crude and treated wastewater was per-
ormed using a standard three-electrode cell. The waveforms
ere generated by a potentiostat model BAS-100 W, controlled
y BAS software. The carbon paste electrodes (CPE) were circu-
ar with a surface area of about 3.5 mm2. The CPE was prepared
rom a 1:1 mixture of 99.99% pure single crystal graphite (Alfa
ESAR) and nujol oil (Fluka). The paste was transferred into a
VC tube and compacted to eliminate trapped air then a copper
onductor was inserted before the paste set. The surface of the
lectrode was renovated after each potential scan [18]. The scan
ate was 100 mV s−1. The reference electrode was an Ag/AgCl
aturated with KCl and the counter electrode was a platinum
ire.

.6. Batch contact experiments

Adsorption studies were carried out by batch technique to
btain rate and equilibrium data following a previously pro-
osed methodology [19,20]. A series of test tubes contain-
ng equal 10 mL volumes of adsorbate solutions of varying
oncentration were employed, at the resulting electrochemi-
al treated wastewater pH (8). A known amount of adsor-
ent (0.1 or 0.05 g) was added into each test tube and agi-
ated intermittently from 5 min to 24 h. Adsorption increased
ith increasing mixing time to a maximum at 0.5 h. Shak-

ng for anytime between 1 and 24 h gave practically the same
ptake.

The adsorbent material was dried and characterized using
EM, while the aqueous supernatant was analyzed for color and
OD concentration using the previously described methods. All
xperiments were replicated.

.7. UV–vis spectrometry

UV–vis spectra were obtained from samples of raw and
reated wastewater using a double beam Perkin-Elmer 25
pectrophotometer. The scan rate was 960 nm s−1 within the
00–200 nm wavelength range. The samples were scanned in
uartz cells with a 1 cm optical path.

.8. Biomass characterization

The raw and conditioned biomass samples were analyzed by
canning electron microscopy (SEM) and X-ray microanalysis.
he analysis was performed on a Phillips XL-30 microscope to

bserve the composition and configuration of the structure. SEM
rovides images of rough material with resolution down to frac-
ions of a micrometer, while energy disperse X-ray spectroscopy
ffers in situ elemental analysis.
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rdous Materials 144 (2007) 240–248

.9. Thermodynamic analysis

The existence of Al(III) complexes in aqueous solution has
een reported [21,22]. Using this information the distribu-
ion diagrams of chemical species were calculated using the

EDUSA program [23].

. Results

.1. Actual performance of the wastewater treatment plant

The actual wastewater treatment plant consists of shredders,
and separators, oil and grease separators, primary clarifiers,
iological activated sludge reactors, secondary clarifiers and a
hlorine disinfecting unit. The COD and BOD5 values are high,
ith a yearly average of 3500 and 1300 mg dm−3, respectively.
he actual treatment reduces these values by 60%, which still
oes not comply with environmental discharge standards. Thus,
dditional techniques are needed to improve the quality of the
ater.
In this study, we focus on treating wastewater at the inlet

IB) and outlet (OB) of the biological reactor. Table 2 shows the
hysicochemical characteristic of the actual treated wastewater.

Note that although the actual biological treatment reduces the
OD5 by around 60%, other parameters such as the COD, color,

urbidity and total solids still remain high. The BOD/COD ratio
f wastewater entering the biological reactor is around 0.372,
mproving to 0.294 after the treatment. These results indicate
hat applying a biological method alone to treat this wastewater
s not very effective, supporting the need for alternative methods.

.2. Preliminary effect on the wastewater
lectrocoagulation at different pH conditions

Wastewater samples were taken from the inlet and outlet of
he biological treatment tank, then electrochemically treated
sing the reactor described earlier, adjusting the pH (using
aOH or H2SO4) and applying 3 A of current. Tables 3 and 4

how the COD removal as a function of treatment time at differ-
nt initial wastewater pH values.

Tables 3 and 4 show the maximum COD removal occurs in
urbidity (NTU) 1400 900
H 8 8.3
ecal coliforms, MPN (mg dm−3) 110,000 55,000
otal solids (mg dm−3) 5360 4820
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Table 3
COD removal from IB wastewater at different pH

Time (min) pH 2 pH 4 pH 6 pH 8 pH 10 pH 12

COD at different wastewater pH (mg dm−3)
0 1910 1910 1910 1920 1920 1930
10 1570 1290 1270 1260 1580 1680
20 1300 1100 1090 1080 1420 1650
30 1200 1100 1080 1060 1290 1600
40 1150 1060 1070 1040 1250 1580
50 1120 1050 1060 1040 1220 1540
60 1100 1040 1030 1030 1200 1530

Removal (%) 42.41 45.55 46.07 46.35 37.50 20.73

Table 4
COD removal from OB wastewater at different pH

Time (min) pH 2 pH 4 pH 6 pH 8 pH 10 pH 12

COD at different wastewater pH (mg dm−3)
0 1000 1020 1010 980 890 970
10 640 630 610 510 660 790
20 490 450 400 370 520 650
30 380 360 360 310 390 490
40 350 340 340 290 380 470
50 320 300 310 260 350 450
60 300 290 280 250 340 420
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n
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Table 5
Pollutant reduction using different current densities

Time (min) Current density (A m−2)

15.15 30.3 45.45 60.6

0 1910 1910 1910 1910
10 1482 1421 1379 1364
20 1158 1126 1119 1103
30 1134 1080 1051 1012
40 1065 1057 1040 1012
50 1053 1046 1006 966
60 1053 1046 961 944

Removal (%) 44.80 45.20 49.70 50.50

Table 6
IB and OB pollutant reduction using aluminum electrocoagulation

Parameter Initial IB IB (removal,
%)

OB OB (removal,
%)

COD (mg/dm−3) 1910 940.5 50.8 233.5 87.8
C
T

t
i

3

p
f

c

emoval (%) 70.00 71.57 72.28 74.49 61.80 56.70

round pH 7; the pH effect in the COD removal is not very
ignificant in the pH range of 3–10. Nevertheless, COD removal
ropped dramatically at pH values larger than 10 [5].

The pH in the COD removal in the range of 3–10 is not sig-
ificant since the predominant aluminum chemical specie in this

ange is Al(OH)3(s) as can be observed in Fig. 2. However, it is
nteresting to note in Fig. 2 that at pH greater than 10 there is the
resence of a new aluminum chemical specie in the system. This
hemical specie Al(OH)4 is soluble an directly affects the pollu-

ig. 2. Aluminum species distribution in wastewater as a function of pH. The
nfluence of the ionic strength is to displace to the right the Al species distribution
n wastewater.
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olor 4800 825 82 725 84.9
urbidity (NTU) 1975 700 69.6 500 74.7

ant removal. The electrocoagulation mechanisms are explained
n Section 3.5.

.3. Optimum conditions applied to wastewater

As previously discussed, COD removal is quite similar from
H 4 to 8. Since the actual pH of wastewater is around 8.0,
urther experiments were performed in this condition.

Table 5 shows the variation of the COD as a function of
urrent density, note that the best removal rate is achieved under
5.45 A m−2 and no significant increase in the COD removal is
bserved when the current density is increased to 60.6 A m−2.
able 6 shows the COD, color a, color and turbidity removal at
H 8.0, with a current density of 45.45 A m−2 for 60 min on the
B and OB wastewaters.

As shown in Table 6, the best removal rates are achieved using
he wastewater that has been treated in the biological reactor. A
etailed analysis of the treated wastewater is shown in Table 7.
It is important to note that not only has the COD content
een diminished using the electrochemical treatment, but also
he BOD5. The fecal coliform concentration and color are also
educed by 99.8% and 70%, respectively. Similar behavior is

able 7
haracteristics of the OB wastewater before and after electrocoagulation

arameter OB wastewater Electrochemically
treated OB wastewater

OD (mg dm−3) 1176 392
OD5 (mg dm−3) 373 147
olor (Pt–Co U) 2500 750
onductivity (S cm) 58,800 37,600
urbidity (NTU) 900 210
H 8.4 9.6
ecal coliforms, MPN (mg dm−3) 55,000 >3
luminum (mg dm−3) 1.0 21.4
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In our experimental conditions:

Watt = 45.45 A m−2 × 3 V = 136.35
44 I. Linares-Hernández et al. / Journal o

bserved for other parameters. However, the treated water does
ave a higher concentration of aluminum.

.4. Current efficiencies

The Al concentration in wastewater plays an important role
n pollutant removal. Concentration and pH define the different
ossible Al chemical species present in aqueous solution. Using
araday’s law to calculate the maximum amount of Al produced

n the electrochemical process in Eq. (1), with the experimental
onditions of 3 A of current and 60 min of electrolysis along
ith the Faraday constant (F 96 500 C mol−1) and the charge
n the cation (z = +3), it is possible to calculate the maximum
mount of Al, in this case 0.036 mol or 972 mg:

= It

zF
(1)

The Al concentration in solution can be calculated using Eq.
2):

M] = n

V
(2)

here n is the number of moles and V is the volume
4 dm−3) of the reactor. The maximum Al concentration is thus
42 mg dm−3.

A particular effect that has been recently noted is the so-called
superfaradaic efficiencies”. This term describes the difference
etween the theoretical amount of aluminum in aqueous solu-
ion and the actual Al detected. The detected Al concentration
n aqueous solution in the mixed solution is 558 mg dm−3 (pre-
ious to settling). The theoretical calculation corresponds to
42 mg dm−3, this implies that there is an excess of 230%.

A possible explanation of this difference is that a chemical
rocess takes place at the cathode promoting aluminum dissolu-
ion. The electrochemical oxidation and reduction of water can

odify the pH on the anode and cathode surfaces with respect
o the bulk pH. This is especially important on the cathode,
here the pH can become strongly alkaline. This can justify the

mportant contribution of the aluminum chemical dissolution in
he cathode to the total dissolution rate [4].

.5. Electrocoagulation mechanisms

The chemical dissolution process corresponds to the oxida-
ion of the aluminum sheets with the simultaneous reduction of
ater to form hydrogen [24], as shown in Eq. (3):

Al(s) + 6H2O → 2Al(aq)
3+ + 3H2(g) + 6OH(aq)

− (3)

On the other hand, the electrochemical processes that occur
n the anode and on the cathode surfaces are represented in
qs. (4)–(6). On the anode, aluminum dissolution and oxygen
volution can compete. On the cathode, hydrogen evolution is
he main expected reaction. Hydrogen is generated in both the

hemical and the electrochemical processes:

l(s) → Al(aq)
3+ + 3e− (4)

H2O → O2(g) + 4H(aq)
+ + 4e− (5)

F
I
o

ig. 3. COD biosorption kinetics using the electrochemically treated wastewater
rom the inlet of the biological reactor (IB) and the outlet of the biological reactor
OB) at different doses of the treated Ectodermis of Opuntia (50 and 100 mg).

2O + e− → (1/2)H2(g) + OH(aq)
− (6)

The aluminum and hydroxide ions are expected to form
l(OH)3(s).
Once the aluminum is dissolved (chemically or electrochem-

cally), different aluminum species can be formed, depending
n the pH of the solution and the presence of other ions in the
queous media. In Fig. 2, the distribution of aluminum species
n the actual solution taking into account the influence of the
onic strength is shown as a function of pH.

.6. Energy consumption

Once that the required volts are obtained and from the exper-
mental test and the optimal current is know then is possible to
stimate the amount of Watts required as shown in

att = V × A (7)
ig. 4. Bisorption kinetic data fitted to a pseudo-second-order model from the
nlet of the Biological reactor (IB) at different doses of the treated Ectodermis
f Opuntia 50 (�) and 100 mg (�).
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ig. 5. UV–vis spectra of the raw outlet of the biological reactor wastewater, the
lectrochemically treated water and water after the electrochemically + sorption
reatment.

Then, this quantity should be converted in kWh dividing by
000 and multiplying for the process time, which results in
.181 kWh. In this way it is obtained the total amount of energy
equired for the electrolysis. At this time the cost of 1 kWh in
SA is 8.39 cents/kWh it gives 68.6 cents [25].

.7. Biosorption kinetics

Fig. 3 shows the COD adsorption kinetics of the electro-
hemically treated wastewater from the inlet and the outlet of
he biological reactor. It also shows the effect of different quan-
ities of biomass. The initial decrease in COD occurred rapidly
n all cases, with no additional changes over longer periods of

ime. Larger COD decreases were observed in the IB wastewater
uring the first 100 min of contact time. Biosorption in both IB
nd OB reached equilibrium in 100 min. The equilibrium COD
ptake was 30–35% in the IB wastewater, whereas a 5–20%

e

able 8
comparison of the Freundlich and Langmuir adsorption constants obtained from th

astewater Langmuir

Q0 (mg L−1) KL (L mg−1)

B 4.0 0.184
B 2.0 0.344

able 9
haracteristics of the raw OB wastewater before and after applying the electrochemic

arameter OB wastewater Electrochemica

OD (mg dm−3) 1176 187
OD5 (mg dm−3) 373 82
olor (Pt–Co U) 2500 75
onductivity (S cm) 58,800 23,400
urbidity (NTU) 900 10
H 8.4 9.6
ecal coliforms, MPN (mg dm−3) 55,000 >3
luminum (mg dm−3) >1.0 >1.0
ig. 6. Cyclic voltammograms recorded at the 3.5 mm2 CPE over the potential
indow from −1.3 to 1.2 V of the raw OB, electrolytic treated and electrochem-

cal + sorption treated wastewater at a scan rate of 0.1 V s−1.

OD removal was observed for the OB wastewater. After the
quilibrium time of 100 min, no more COD was absorbed for any
astewater suggesting that the available sites on the biosorbent

re the limiting factor.
Different mathematical models were employed to fit the

xperimental data, for all cases, a pseudo-second-order describes
he process. The pseudo-second-order equation can be written
s

dqt

dt
= k2(qe − qt) (8)

here k2 (g mg−1 min−1) is the rate constant. Integration of this

quation and rearranging in a linear form gives

t

qt

= 1

k2q2
e

+ 1

qe
t (9)

e Freundlich and Langmuir adsorption isotherms of IB and OB wastewater

Freundlich

r2 KF (mg g−1) 1/n r2

0.993 1.1 0.140 0.854
0.997 1.11 0.313 0.852

al + biosorption treatment

l + biosorption treated OB wastewater Global efficiency removal (%)

84
78
97
60.2
98.8
–

99.9
–
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Fig. 4 shows the pseudo-second-order kinetic regime, associ-
ted with the COD sorption at the inlet of the biological reactor
sing the Ectodermis of Opuntia: it can be observed that the
odel describes the experimental behavior. The rate constant

or 100 IB is 0.0167 and 0.0153 for 50 IB. Similar results were
btained for the sorption of metal ions in Ectodermis of Opuntia,
he removal of nickel using wine processing waste sludge and
emoval of dyes using dried activated sludge [26–28].

The adsorption constants evaluated from the linearized Fre-
ndlich and Langmuir adsorption isotherms of COD are pre-
ented in Table 8. The Langmuir and Freundlich constants were
sed to compare the biosorption capacity of the Ectodermis of

puntia. From Table 8, very high regression correlation coeffi-

ients (>0.99) were found for the Langmuir model. This suggests
hat the Langmuir model is suitable for describing the biosorp-
ion equilibrium from the IB and OB wastewater. The values of

t
s
r

Fig. 7. Micrograph of the natural (a), conditioned (b), and used (c) Ectodermis o
rdous Materials 144 (2007) 240–248

0 found in this study are similar to the Q0 obtained when wine
rocessing waste sludge was used for pollutant removal [27].

.8. Electrochemical + sorption treatment

Table 9 shows the physicochemical characteristics of the OB
astewater and the results obtained when the coupled treatment

s applied to this wastewater. Note the effectiveness of the cou-
led treatment in pollutant removal.

.9. UV–vis spectra
The UV–vis spectra of the raw, electrochemically and sorp-
ion treated wastewater are shown in Fig. 5. There is a continuous
ignal curve in the region around 220–420 nm in the spectra cor-
esponding to components of the wastewater. It is interesting that

f Opuntia. The photographs were recorded at the indicated magnification.
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he intensity of the curves decrease as electrochemical and sorp-
ion treatments are applied. The peak around 220 nm decreases
y 50% when electrochemical treatment is applied (absorbance
ecreases from 3.3 to 1.6) and by 70% using further sorption
reatment. These results indicate that there is a significant color
eduction of the raw wastewater when the electrochemical and
orption treatments are both applied. Color removal is associ-
ted with both electrocoagulation and biosorption processes that
re taking place when the combined treatment is carried out.

.10. Cyclic voltammetry

To determine the electrochemical characteristics of the raw
nd treated wastewater, and processes occurring at the elec-
rodes, a series of cyclic voltammetry experiments were per-
ormed using a CPE as the working electrode. Cyclic voltamme-
ry results indicate that a chemically irreversible oxidation peak
n the wastewater is detectable at potentials lower that those cor-
esponding to oxygen evolution as shown in Fig. 6. This peak
orresponds to the direct electrochemical oxidation of pollutants
resent in wastewater. It is important to note that when cyclic
oltammetry is applied after wastewater is electrochemically
reated, the peak does not appear in the voltammogram indi-
ating that pollutants in the solution have been oxidized. Thus,
hese voltammograms clearly indicate that there are processes
ttributable to direct oxidation of pollutants and these phenom-
na contribute to the destruction of organic matter present in the
olution, when electrochemical treatment is applied and no other
rganic pollutants are introduced into the biosorption treated
astewater. Finally, this study confirms that wastewater quality

s improved using the electrochemical biosorption treatment.

.11. Scanning electron microscopy microphotographs

SEM and EDS provides information about the morphol-
gy and elemental composition of the Ectodermis of Opun-
ia in its natural, chemically treated and post-sorption states.
he microphotographs in Fig. 7 show different morphological

mages of the Ectodermis of Opuntia. In Fig. 7a the Ectoder-
is of Opuntia presents a continuous structure with Ca and K
eedle-like structures on the surface. When the biosorbent is
hemically modified with H2SO4, the morphology changes into
he porous structure in Fig. 7b. Finally, when the biosorbent is
dded to treated wastewater in Fig. 7c, bright points appear on the
urface indicating that Al metal has been sorbed. This technique
lso allows elemental analysis of the sample, as shown in Fig. 7.
he peaks in Fig. 7a indicate that carbon, oxygen, calcium and
otassium are the main elements present in the natural Ecto-
ermis of Opuntia. After the chemical conditioning, the peak
ntensities of Ca and K decrease and S is detected (Fig. 7b).
he used biosorbent has aluminum particles generated by the
lectrolysis (Fig. 7c).
. Conclusions

The proposed electrochemical + sorption method used in
his study reduces the concentration of pollutants in industrial

[

rdous Materials 144 (2007) 240–248 247

astewater. Cyclic voltammetry and UV–vis spectroscopy con-
rm the improvement in the wastewater quality and removal of
ollutants by the coupled treatment. Finally, the morphology of
he biosorbent is revealed by scanning electron microscopy and
he presence of carbon, oxygen, aluminum and sulfur in this
orbent is confirmed by elemental analysis.
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