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bstract

Inhibition of the respiration of activated sludge has been tested as a convenient method to estimate toxicity of aqueous solutions containing copper
nd cyanide, such as metal finishing effluents; according to this method, an EC50 of 0.5 mg/l was determined for CN− and 3.0 mg/l for copper.
olar detoxification of cyanide-containing solutions was studied using TiO2, but this process was unfavourable because of the inhibitory role that
lays the copper ions present in real effluents on the oxidation of cyanide. On the other hand, the oxidative effect of hydrogen peroxide was greatly

nhanced by Cu2+ and solar irradiation, as complete elimination of free and complexed cyanide could be accomplished, together with precipitation
f copper, in experiments carried out at pilot plant scale with real metal finishing effluents. Under these conditions, total detoxification was achieved
ccording to respirometric measurements although some remaining toxicity was determined by more sensitive Vibrio fischeri luminescent assay.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Generation of important volumes of effluents polluted with
azardous chemicals is one of the most serious environmental
oncerns related with industrial activities. Toxicants have to be
emoved before water can be either re-used, or discharged into
quatic systems [1]. Furthermore, toxic compounds are not com-
atible with activated sludge-based biological reactors, which
re among the most widely employed methods for wastewater
reatment [2]. For this reason, development of specific methods
o remove efficiently these pollutants seems meaningful.
Primary elimination of most inorganic or organic hazardous
pecies can be accomplished using chemical processes. In par-
icular, considerable information is now available on the use of
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dvanced oxidation methods to treat a wide range of chemi-
als such as pesticides, antibiotics, phenols and chlorophenols,
yestuffs, surfactants, cyanides or paper industry contaminants
3–6]. However, a study on the remaining toxicity of the treated
ffluent appears to be a key factor in order to evaluate the
pplicability of the chemical treatment, above all, when deal-
ng with real wastewaters [7]. Furthermore, in most cases the
nal goal of photocatalysis is to improve the biocompatibil-

ty of the effluent in order to apply a biological treatment
8–10].

There are several ways to measure toxicity, but in all cases
ioassays are employed and results are rather variable [11,12];
hus, the effect of toxicants towards living systems is not easy to
redict. The inhibition of the bioluminescence of Vibrio fischeri,
marine microorganism, is commonly employed in toxicity

etermination [13]; however, results obtained by means of this

ssay cannot be easily related with the effect of the toxicant
owards biomass of biological reactors, as V. fischeri seems to
e too sensitive [14]. Assays involving activated sludge could
e more suitable for this purpose, as this sludge consists in a

mailto:aarques@txp.upv.es
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t30 W = UVacVi

30VT
(1)
06 L. Santos-Juanes et al. / Journal of H

onsortium of microorganisms commonly present in biological
eactors [15].

Respiration of activated sludge could be a good parameter to
e used for this purpose, as the concentration of dissolved oxy-
en can be easily determined, and it can be employed in oxygen
ptake rate (OUR) calculation [16,17]. Inhibition of the respira-
ion of activated sludge has proven to be a useful tool to estimate
heir response towards toxicants. In particular, an adaptation of
he OECD test 209 has been used to estimate detoxification of
queous solutions of several commercial pesticides when sub-
itted to TiO2-based solar photocatalysis [18–20]; this method

roved to be suitable to determine the short-term effect of the
ollutant on the microorganisms.

The use of activated sludge respirometry to estimate solar
etoxification by photocatalysis of the wastewaters of a metal
nishing industry seems interesting. A number of papers have
een published dealing with the use of photocatalytic methods
o remove cyanides; titanium dioxide [21–24] and hydrogen
eroxide [25–27] have been shown to oxidise efficiently this
oxicant using UV lamps or even sunlight [28,29]. However,
s far as we know, the effect of the treated solutions towards
ctivated sludge remains to be explored. With this background,
his work studies the solar detoxification of a real metal fin-
shing effluent containing important amounts of copper and
ree and complexed cyanides, using catalytic TiO2 or sacri-
cial H2O2. The role of the copper ions has been checked
nd toxicity has been determined according to activated sludge
espirometry and compared with the widely employed V. fischeri
est.

. Experimental

.1. Reagents

Sodium cyanide (95%) employed to prepare synthetic
astewaters was purchased from Aldrich. Degussa P-25 tita-
ium dioxide was used as photocatalyst. Hydrogen peroxide
30%, v/v, Panreac) was used as oxidising agent in some
photo)-reactions; all the other chemicals were also pur-
hased from Panreac, but sodium cyanate which was obtained
rom Aldrich. Solutions were prepared with Milli Q grade
ater.
Real cyanide-containing wastewaters were supplied by a

etal finishing factory from Eastern Spain; they were taken
rom the inlet of the wastewater treatment system. The main
arameters of this effluent were systematically inside the fol-
owing ranges: pH, 10.5–11.0; conductivity, 2.2–2.5 mS/cm;
ree cyanide, 100–150 mg/l; copper, 250–350 mg/l; total car-
on, 500–800 mg/l; less than 30 mg/l organic carbon and trace
mounts of other metals, such as zinc or nickel.

Activated sludge employed in the respirometric experiments
as taken from the wastewater treatment plant of Alcoy (East
pain). The initial amount of suspended solids was in the range

–3 g/l; before the experiments they were diluted to adjust
his value to 1–1.5 g/l. Sludge was employed without previous
daptation to the pollutants. Lyophilised bioluminescent bac-
eria (Vibrio fischeri, NRRL B-11177) were purchased from
ous Materials 153 (2008) 905–910

acherey-Nagel; they were kept at −18 ◦C until they were
sed.

.2. Reactions

Preliminary experiments were carried out with synthetic solu-
ions containing an initial concentration of cyanide of 100 mg/l,
repared from solid NaCN. When titanium dioxide was used
s photocatalyst, its amount was in the range 0.2–1.0 g/l. In
ome cases, 50 mg/l of Cu2+ were added to the cyanide solution.
inally, different amounts of hydrogen peroxide were employed
s sacrificial oxidising agent in some experiments. Reactions
nvolving real wastewaters were also carried out either adding
atalytic titanium dioxide (0.2–1.0 g/l) or hydrogen peroxide.

Laboratory scale reactions were performed in 250 ml open
lass vessels. They were irradiated by means of a solar simulator
Oriel Instruments, Model 81160) equipped with a 300 W xenon
amp, whose spectrum closely matches that of sunlight reach-
ng the Earth surface. In all cases, magnetic stirring was kept
ll along the reaction time and water was periodically added in
rder to compensate for evaporation losses. Reactions with real
astewaters were scaled up using a pilot plant for wastewater
etoxification (Solardetox Acadus-2006). It was based on com-
ound parabolic collectors [30], CPCs, able to treat up to 50 l of
astewater (3.0 m2 irradiated surface, 24 l irradiated volume). A
icture of the plant can be observed in Fig. 1. Accumulated and
nstantaneous UV radiation was measured by means of a UV
adiometer and expressed as t30 W. This is a convenient param-
ter to normalise the changing irradiation conditions typical of
olar experiments: t30 W is calculated by considering an aver-
ge intensity of 30 W/m2, which is typical for sunny days in
he South East of Spain [18]. Eq. (1) has been used in the t30 W
in seconds) calculations, where UVac is the accumulated solar
adiation (J/m2), Vi the irradiated volume (l) and Vt the total
Fig. 1. Picture of the pilot plant for solar detoxification of wastewater.
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.3. Analysis

Samples were periodically taken from the reactors to be
nalysed; all of them were filtered through nylon filters
0.45 �m) before analysis. Different standardised procedures
ave been employed for CN− determinations [31]. High con-
entrations of free cyanide (above 10 mg/l) were analysed
otentiometrically (106613 electrode, from WTW), while the
,3-dimethylbarbituric acid spectrophotometric method was
sed for lower concentrations. In order to measure total cyanide,
he solution was submitted to an acidic distillation before anal-
sis; briefly, it consists in adding HCl to the effluent to convert
ree and complexed cyanide into gaseous HCN which is bub-
led through a NaOH solution to obtain NaCN, which can be
etermined as free cyanide. Total dissolved carbon (TC) was
etermined by means of Shimadzu model TOC-V CSH pro-
ided with an autosampler; carbonates were precipitated with
alcium chloride and the samples filtered before TC analyses.

Dissolved metals (copper, zinc, nickel) were determined
y inductively coupled plasma-optical emission spectroscopy
ICP). An ICP Optima DV2000 apparatus, supplied by Perkin-
lmer was employed.

Respirometric assays were carried out using an activated
ludge respirometer BM3-LAB (Neurtek) equipped with an oxy-
en sensor (WTW-Cell Ox). Oxygen uptake rate was calculated
rom the difference in the concentration of oxygen in the acti-
ated sludge when it is pumped to the oxygen sensor through
wo different length pathways [32]. The OUR inhibition experi-

ents were based on the standardised norm ISO 8192; activated
ludge (500 ml) was brought to its maximum oxygen uptake
ate (OURmax) by addition of solid sodium acetate (1 g). Then,
sample of the effluent (in the range 1–250 ml) was added and

he final oxygen consumption (OURf) was measured; the per-
entage of inhibition (I) was calculated by Eq. (2a). Dilution of
he sludge by addition of the liquid sample was responsible of
ome decrease in the OUR as determined by blank experiments
IB); thus, a corrected inhibition has to be calculated by means
f Eq. (2b):

= OURmax − OURf

OURmax
× 100 (2a)

C = I − IB

100 − IB
× 100 (2b)

Luminescent assays were carried out according to the
tandardised ISO 11348-3 norm, using lyophilised bacteria

Vibrio fischeri, NRRL B-11177). The standard procedure was
mployed for reconstitution of the bacteria, using a salty solu-
ion obtained from Macherey-Nagel. The luminescence was

easured by a Luminometer Lumifix-Bio-10, also supplied by
acherey-Nagel. Toxicity was determined after 15 min incu-

ation. Distilled water and zinc sulphate were used in control
xperiments. All samples were filtered and neutralised before
nalysis.

e
i
t
s
s
t
r
d

ig. 2. Inhibition of the oxygen uptake rate of activated sludge produced by
ifferent concentrations of cyanide (�) and copper cation(II) (�).

. Results and discussion

The toxicity of CN− and Cu2+ towards activated sludge was
stimated respirometrically. For this purpose, solutions con-
aining different concentrations of the toxicant were tested in
onsecutive experiments, and the corrected inhibition values (Ic)
ere calculated. A plot of the Ic vs. the concentration of CN−

nd Cu2+ can be observed in Fig. 2; qualitatively CN− resulted
o be more toxic, although copper ions also show a significant
oxicity at concentrations close to 1 mg/l. The EC50 is a use-
ul parameter to quantify and compare toxicities, as it expresses
he effective concentration of a toxicant causing 50% inhibi-
ion of the microorganisms activity [33]: a value of 3.0 mg/l was
btained for Cu+2 while that for CN− was 0.5 mg/l. On the other
and, the toxicity of cyanate, major intermediate in the oxidation
f cyanide [22,25] was also tested following the same procedure,
nd it resulted to be negligible in the range 1–100 mg/l.

Other authors have previously determined the toxicity
ccording to the inhibition of the luminescence of Vibrio bacte-
ia. A EC50 of 0.5 mg/l was obtained for the copper cation [34],
hile the EC50 of cyanide was 38 �g/l [35]. Trends are coinci-
ent with the respirometric assays, but the luminescent bacteria
eem to be more sensitive towards pollutants than activated
ludge; as stated in Section 1, this is a well-known behaviour
hat has already been reported for different pollutants [14].
or this reason, activated sludge-based measurements could be
mployed to predict the effect of the effluent towards wastewater
reatment plants, while the luminescent assay is more suitable
o ensure complete detoxification.

Variation in the toxicity of cyanide-containing solutions sub-
itted to solar-based photochemical treatments was studied.
irst, TiO2 solar photocatalysis was tested in a series of bench-
cale experiments: 250 ml of a 100 mg/l solution of cyanide were
rradiated with a solar simulator for 3 h in the presence of differ-
nt dosages of TiO2 (0.2, 0.5 and 1 g/l) in order to determine the
nfluence of this parameter. The final concentration of the pollu-
ant was determined potentiometrically and the inhibition of the
ludge respiration was measured by adding 10 ml of the cyanide

olution to 500 ml of activated sludge. Table 1 indicates that
he initial inhibition was 90%, and the photocatalytic process
esulted in a noticeable detoxification, although final toxicity
epended on the remaining amount of cyanide. The concentra-
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Table 1
Effect of the amount of TiO2 on the detoxification of cyanide-containing aqueous
solutions: inhibition of the OUR and cyanide concentration at the beginning of
the experiment (initial, first row) and after 3 h of irradiation using different
amounts of TiO2

Ic (%) CN− (mg/l) Total carbon (mg/l)

Initial (t = 0 h) 90 100 46
0.2 mg/l TiO2 (t = 3 h) 55 29 32
0
1
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.5 mg/l TiO2 (t = 3 h) 25 18 28

.0 mg/l TiO2 (t = 3 h) 21 14 20

ion of photocatalyst had some influence on the results: when
.2 g/l were used, 55% inhibition of OUR was detected after
h; the best results were obtained with the highest amount of
iO2 (1 g/l) where 85% of CN− was removed, and the final Ic
ecreased to 21%.

It is described in the literature that titanium dioxide catalyses
he oxidation of CN− into cyanate (CNO−) as major product,
hich in turn can react to form nitrate and carbonate [22]. Table 1

hows the total dissolved carbon remaining in the solution after
recipitation of carbonates; this indicates that important concen-
ration of cyanate and carbonate was still present at the end of
he treatment. However, the high toxicity of cyanide, together
ith the negligible effect that cyanate, nitrate and carbonate ions
ave in this range of concentrations towards respiration of the
ctivated sludge, could explain the important detoxification that
as achieved.
Real metal finishing effluents contain important amounts of

ransition metals such as copper, which might have a remarkable
nfluence on the process. To clarify this point, a 250 ml sample
f this kind of effluent (see Section 2.1. for more details) was
ubmitted to irradiation (solar simulator) for 3 h in the presence
f TiO2 (0.5 g/l). Respirometric curves obtained when 10 ml of
he treated and non-treated solutions are added to 500 ml of acti-
ated sludge in two separate experiments, are shown in Fig. 3;

hey indicate that although the Ic values were reduced from 95
o 50%, the persistent high toxicity might make this process
nattractive. Although some authors have reported high con-

ig. 3. Respirometric curves obtained for the effluent of a metal finishing indus-
ry before treatment (�), after 3 h of irradiation in the presence of titanium
ioxide (�) and after 15 min irradiation in the presence of hydrogen peroxide
�). In all cases, sodium acetate (1 g) was added to 500 ml of the sludge at
he beginning of the experiment to achieve its maximum OUR. Then, 10 ml
f the sample were added (t = 18 min) and the decrease in the respiration was
etermined.
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entration of copper to play a favourable role in the process
24], probably due to the enhanced degradation of complexed
yanides, the removal of more toxic free cyanides is inhibited by
competitive process [23]. Furthermore, the toxicity of copper,
hich is not efficiently eliminated from the solution, could also

xplain the important toxicity at the end of the process.
Hydrogen peroxide was tested to detoxify the solution. This

eagent has been employed to oxidise cyanide, and its effect is
reatly enhanced by the presence of some metal cations such as
opper [36]. As this reaction has been reported to be accelerated
y UV irradiation [25], the use of sunlight to treat metal finishing
s an attractive alternative.

A series of laboratory scale experiments were devoted to clar-
fy this point. First, hydrogen peroxide (5 mmol) was added to
50 ml of a cyanide solution (100 mg/l, approximately 1 mmol)
nd the mixture irradiated with a solar simulator. Total elimina-
ion of free cyanide was achieved after 90 min of photochemical
reatment (Fig. 4), corresponding to approximately 1.5 kJ in the
V-A range of the spectrum (6 kJ/l); on the other hand, H2O2 in

he dark was not able to remove significant amounts of CN− even
fter 3 h of reaction. Although efficient photolysis of hydrogen
eroxide only occurs under UVC irradiation, some formation of
ighly reactive hydroxyl radicals, which are able to react effi-
iently with the pollutant, should not be ruled out to explain the
nhanced oxidation of cyanide under sunlight irradiation [37]. In
greement with these data, respirometric assays indicated com-
lete detoxification at the end of the experiment carried out
nder irradiation. Although dissolved carbon only suffered a
light decrease after removal of carbonates, non-toxic cyanate
ould be the predominating species under these conditions and
urther chemical treatment of the effluent would be disadvanta-
eous. However it was not possible to decrease significantly the
mount of H2O2 employed in the reaction, as when the photo-
hemical experiment was performed with 2.5 mmol of hydrogen
eroxide, 10 ml of the treated sample produced and Ic of 50%.

Chemical photo-oxidation of cyanide with hydrogen perox-
de was also studied in the presence of Cu2+ in order to confirm
he possible photocatalytic role of this cation. After 1 h of irra-
iation, activated sludge assays indicated that detoxification of

he effluent was achieved. At this moment, potentiometric mea-
urement after acidic distillation indicated complete removal of
ree and complexed cyanide; furthermore, TC analysis after pre-
ipitation of carbonates, indicate that approximately 30% of the

ig. 4. Removal of cyanide in aqueous solution by hydrogen peroxide: (�)
olution irradiated with a solar simulator, (�) in the dark.
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Fig. 6. Treatment of metal finishing effluents with hydrogen peroxide under
sunlight in a wastewater treatment plant. Plot of the concentration of free cyanide
(�), total cyanide (×), total carbon (�) and copper (�) vs. irradiation, expressed
as t30 W.

Fig. 7. Treatment of metal finishing effluents with hydrogen peroxide under
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nitial CN− was oxidised to CO3
2−. In addition, a solid was

ormed during the photo-treatment; this precipitate has been
reviously observed by other researchers and characterised as
opper hydroxide [25]. Thus, the presence of copper favours the
VA-based elimination of cyanides by H2O2 as: (a) enhances

he photo-oxidation of cyanides, (b) copper is removed as non-
oluble hydroxide and (c) detoxification of the solution requires
horter irradiation periods.

The reaction was tested with real effluents at bench-scale,
howing that hydrogen peroxide in the presence of sunlight was
ble to remove 90% of the carbon present in the solution and
o free cyanide was detected in the effluent, probably due to
he photocatalytic effect of copper cation. In addition to this,
recipitation of metals occurred at basic pH (pH of the effluent
as around 10) and no copper was detected in the solution after
ltration (Fig. 5). In agreement with these data, complete detox-

fication of the solution was achieved after 3 h of irradiation.
xperiments were also carried out under sunlight and similar

esults were observed.
Experiments were then scaled up to treat real effluents which

ontained 360 mg/l of Cu2+, 120 mg/l of free cyanides and
50 mg/l of total cyanides; the pH of the solution was 10.9. The
lant was loaded with 50 l of the effluent and hydrogen perox-
de was periodically added throughout the experiment. Samples
ere periodically taken and analysed after filtration; data are

hown in Fig. 6. A very vigorous reaction was observed with
ormation of a green/brownish precipitate. The amount of total
N− was negligible even in the first sample (t30 W = 14 min),
ith a peroxide consumption of approximately 150 g. With these
ata, a ratio of 2.6 moles of H2O2 per mole of CN− was esti-
ated, well above the stoichiometric relationship (1:1) needed

or quantitative oxidation to cyanate; this is attributable either
o partial oxidation of cyanate into carbonate (as indicated by
he TC decrease) or to decomposition of H2O2. Copper ions
ere also removed by precipitation of Cu(OH)2 at the basic pH

onditions, after destruction of the cyanide.
As a consequence of these processes, detoxification of the
olution was achieved. The inhibition of the oxygen uptake rate
f activated sludge decreased from 100% of the untreated solu-
ion, to 0% in the sample taken at t30 W = 14 min (see Fig. 3).
lso more sensitive assay based on the inhibition of the lumi-

ig. 5. Concentration of dissolved carbon (TC), free cyanide and copper in a
etal finishing effluent before (white bars) and after 3 h of irradiation in the

resence of hydrogen peroxide (bench-scale experiment).

a
i
p
a
o
C
u

a
t
a
t

A

t
M

unlight in a wastewater treatment plant. Plot of the inhibition of the lumines-
ence of V. fischeri (�) and respiration of the activated sludge (�) vs. irradiation,
xpressed as t30 W.

escence of V. fischeri, showed a remarkable variation, form the
nitial 100% to the range 10–20% in the treated samples (see
ig. 7).

. Conclusions

Hydrogen peroxide has proven to be an efficient oxidising
gent to remove free and complexed cyanides from a metal fin-
shing effluent. The process was very fast under solar irradiation,
ossibly due to the photocatalytic effect of copper ions that are
lso present. Furthermore, precipitation of the metal cation also
ccurred once the complex was destroyed. On the other hand,
u+2 inhibits the catalytic effect of TiO2, making this process
nfavourable.

Complete detoxification of the solution has been achieved
ccording to respirometric measurements, once elimination of
he highly toxic Cu2+ and CN− was accomplished. This is in
greement with the high toxicity that these two species showed
owards the activated sludge.
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