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The surface chemistry of a commercial AC (AC0) was selectively modified, without changing signifi-
cantly its textural properties, by chemical oxidation with HNO3 (ACHNO3 ) and O2 (ACO2 ), and thermal
treatments under H2 (ACH2 ) or N2 (ACN2 ) flow. The effect of modified AC on anaerobic chemical dye
reduction was assayed with sulphide at different pH values 5, 7 and 9. Four dyes were tested: Acid
Orange 7, Reactive Red 2, Mordant Yellow 10 and Direct Blue 71. Batch experiments with low amounts
of AC (0.1 g L−1) demonstrated an increase of the first-order reduction rate constants, up to 9-fold, as

brought to you by Cadata, citation and similar papers at core.ac.uk

provided by Universidade do Minho: Repos
ctivated carbon
edox mediator
zo dye
eduction
ecolourisation

compared with assays without AC. Optimum rates were obtained at pH 5 except for MY10, higher at pH
7. In general, rates increased with increasing the pH of point zero charge (pHpzc), following the trend
ACHNO3 < ACO2 < AC0 < ACN2 < ACH2 . The highest reduction rate was obtained for MY10 with ACH2 at
pH 7, which corresponded to the double, as compared with non-modified AC. In a biological system using
granular biomass, ACH2 also duplicated and increase 4.5-fold the decolourisation rates of MY10 and RR2,

exper
respectively. In this last
range 0.1–0.6 g L−1.

. Introduction

Azo groups are the most common chromophore in acid, direct
nd dispersive dyes and are also frequently used as components in
eactive dyes. Their industrial applications include the use as tex-
iles dyes, leather, colouring agents in food and in pharmaceuticals,
osmetics and paper. Their environmental impact either as pollu-
ants or carcinogens is of major concern [1]. As very small amounts
f synthetic dyes in water (10–15 mg L−1) are highly visible, they
lso have an undesirable aesthetic impact. Dye removal from
astewater with traditional physicochemical processes, such as

oagulation, adsorption and oxidation with ozone is expensive, can
enerate large volumes of sludge and usually require the addition of
nvironmental hazardous chemical additives [2]. Azo dyes are gen-
rally persistent under aerobic conditions because oxygen is a more
fficient electron acceptor, therefore having more preference for

lectrons than azo dyes [3]. Under anaerobic conditions most azo
yes are reduced, although the rate of the reaction may be rather

ow, especially for dyes with high polarity or complicated structure,
uch as some sulphonated reactive azo dyes. This poses a serious

∗ Corresponding author. Tel.: +351 253 604 420.
E-mail address: lucianapereira@deb.uminho.pt (L. Pereira).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.08.005
iment, reaction rate was independent of AC concentration in the tested

© 2010 Elsevier B.V. All rights reserved.

problem for the application of high-rate anaerobic bioreactors for
the treatment of dying wastewater, because long hydraulic reten-
tion time is necessary to reach a satisfactory extent of dye reduction.
Enzyme cofactors like FAD are known as effective redox media-
tors for azo dye reduction [4]. Moreover, addition of compounds,
usually exemplified by soluble quinone compounds, has also been
proved to significantly accelerate the rate of azo dye reduc-
tion by favouring electron transfer from primary electron donor
(co-substrate) to terminal electron acceptor (azo dye). Among
them, anthraquinonedisulphonate (AQDS) and anthraquinone-2-
sulphonate (AQS), as model quinonoid compounds, have received
the greatest attention [5,6]. Using these redox mediators, higher
reductive efficiency can be achieved in anaerobic bioreactors, oper-
ated at hydraulic retention time realistic for wastewater treatment
practice [6,7,9]. However, the main problem limiting their appli-
cation in anaerobic bioreactors is that continuous dosing implies
continuous expenses of mediator as well as continuous discharge
of this kind of biologically recalcitrant compound. Activated carbon
(AC) has been shown as a feasible redox mediator [10,11]. An impor-

tant advantage in comparison with soluble redox mediators is that
it can be retained within the sludge bed. Furthermore, its ampho-
teric character enables to manifest reactivity for many organic and
inorganic pollutants. Adsorption on AC has also been proved to
be efficient in removing colour and organic matter from highly

https://core.ac.uk/display/55612169?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
dx.doi.org/10.1016/j.jhazmat.2010.08.005
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lucianapereira@deb.uminho.pt
dx.doi.org/10.1016/j.jhazmat.2010.08.005
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Fig. 1. Molecular s

oloured effluents [12–16]. Some publications outline the use of
C as a catalyst in chemical reactions: oxidative dehydrogenation
f ethylbenzene [16], NO and N2O reduction [18,19], reduction
f 2,4,6-trinitrotoluene [20] and decomposition of methane [21].
ther advantage of AC is that it can be modified physically and
hemically, in order to optimise its performance. The effect of
C chemical surface on dye adsorption was previously studied

12,22,23], and very recently Mezohegyi et al. [24] found that
ecolourisation rates, in upflow stirred packed-bed reactors, were
ignificantly influenced by the textural properties of AC and mod-
rately affected by its surface chemistry. However, these authors
erformed experiments in reactors with working volumes of 2 mL
nd 500 g AC L−1, which is too far from potential applicability.

In the present work, the redox mediating capacity of AC samples
ith different chemical superficial groups was explored in batch

ssays for the reduction of four azo dyes (acid, direct, mordant
nd reactive), at different pH values. Since sulphate is a common
ollutant present in textile wastewater being biologically reduced
o sulphide, during anaerobic treatment and sulphide has been
eported to be an azo dye reducing agent [25,26], sulphide was
nitially elected as chemical reducing agent. This choice was also
ased on its suitability to limit the system variability. AC samples
ere obtained by chemical/thermal treatments of a commercial AC.
iological assays were performed in the best conditions obtained
y the chemical dye reduction studies. Activated carbon was mixed
ith anaerobic granular sludge at final concentrations in the range

f 0.1–0.6 g L−1.

. Experimental
.1. Dyes

Reactive Red 2 (RR2, dye content 40%), Acid Orange 7 (AO7, dye
ontent 85%), Mordant Yellow 10 (MY10, dye content 85%) and
re of the azo dyes.

Direct Blue 71 (DB71, dye content 50%), were selected as azo dye
model compounds. The chemical structures of the dyes are illus-
trated in Fig. 1. Dyes were purchased from Sigma and used without
additional purification. Stock solutions of 14 mM were prepared in
deionised water. RR2 was hydrolysed under alkaline conditions (pH
12 adjusted with 1 M NaOH) by boiling the solution for 1 h; after
that period, solution was cooled down, pH was settled to 7 with
1 M HCl and final volume adjusted with deionised water.

2.2. Preparation of activated carbon samples

A Norit ROX 0.8 activated carbon (pellets of 0.8 mm diameter and
5 mm length) was used as supplied by Norit as a starting material
(sample AC0). In order to prepare AC with different chemical com-
position on the surface, maintaining the original textural properties
as much as possible, different treatments were performed accord-
ing to those previously described by Pereira et al. [12], as following:
(i) chemical oxidation of AC0 with 6 M of HNO3 at boiling temper-
ature for 3 h (sample ACHNO3 ) and (ii) starting from ACHNO3 , 1 h of
thermal treatment under N2 flow at 900 ◦C (sample ACN2 ) or H2
flow at 700 ◦C (sample ACH2 ). Gas oxidation of AC0 with 5% O2 at
425 ◦C for 6 h was made in order to prepare the sample ACO2 ; in
this case, some burning of the sample occurred (12.5%) which will
result in alteration of the textural properties [26].

2.3. Textural characterisation of activated carbons

The textural characterisation of the materials was based on N2
adsorption isotherms, determined at 77 K with a Coulter Omnisorp

100 CX apparatus. The BET surface area (SBET) was calculated using
the BET equation. The micropore volume (Wmicro) and mesopore
surface area (Smeso) were calculated by the t-method, using the
standard isotherms for carbon materials proposed by Rodriguez-
Reinoso et al. [28]. The adsorption data were also analysed with the
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ubinin equation. In all cases, a type IV deviation was noted [29].
wo microporous structures were taken into account, and the cor-
esponding volumes, W01 (smaller pores) and W02 (larger pores),
ere calculated [29]. The Stoeckli equation [30] was used to esti-
ate the average micropore width of the smaller pores (L1), using
value of 0.34 for the affinity coefficient of nitrogen.

.4. Surface chemistry characterisation of activated carbons

Activated carbon samples have amphoteric behaviour and in
eneral the more acidic samples are the less basic ones. Acidity
nd basicity are related with the chemical groups at the AC sur-
ace; the surface chemistry of AC samples was characterised by the
stimation of material acidity and basicity, the pH of point zero
harge (pHpzc) and CO/CO2 release by temperature-programmed
esorption (TPD) as described by Figueiredo et al. [27,31]. Briefly:

(i) The CO2 spectrum was decomposed into three contributions,
corresponding to carboxylic acids (low temperatures), car-
boxylic anhydrides (intermediate temperatures) and lactones
(high temperatures).

(ii) The carboxylic anhydrides decompose by releasing one CO and
one CO2 molecule. Thus, a peak of the same shape and equal
magnitude to that found on the CO2 spectrum was included in
CO spectrum. This peak was pre-defined from the deconvolu-
tion of the CO2 spectrum.

iii) In addition to the carboxylic anhydrides, the CO spectrum
includes contributions from phenols (intermediate tempera-
tures) and carbonyl/quinones (high temperatures).

he pHpzc is a critical value for determining quantitatively the net
harge (positive or negative) carried on the AC surface as a function
f the solution pH. Its determination was carried out as follows:
0 cm3 of 0.01 M NaCl solution was placed in a closed Erlenmeyer
ask. The pH was adjusted to a value between 2 and 12 with the
olutions 0.1 M HCl or 0.1 M NaOH. Then, 0.15 g of each AC sample
as added and the final pH measured after 48 h under agitation at

oom temperature. The pHpzc is the point where the curve pHfinal
s. pHinitial crosses the line pHinitial = pHfinal.

.5. Chemical dye reduction

Batch experiments were conducted in order to evaluate the
apacity of the synthesised AC samples as a redox mediator on the
eduction of different azo dyes by sulphide. Buffered solutions at
ifferent pH values, 20 mM of sodium acetate for pH 5.0 and 60 mM
odium bicarbonate for pH 7.0 and 8.7, were prepared. AC pellets
ere crushed to obtain particles with different size. A preliminary

creening showed that the size of AC particles significantly affects
heir role as a redox mediator for dye reduction by sulphide. An
ncrease of the rate of decolourisation was obtained with decreas-

ng the AC size. Therefore, all the experiments were conducted with
C particles with a diameter less than 0.315 mm. The flasks, con-

aining different samples of activated carbon (0.1 g L−1) and buffer,
ere sealed with butyl rubber stoppers and flushed for 5 min with

xygen-free N2 gas for pH 5.0 and 8.7 and with N2:CO2 (80:20%)

able 1
extural characterisation of the activated carbon samples.

Sample SBET (m2 g−1)
(±10)

Wmicro (cm3 g−1)
(±0.005)

Smeso (m2 g
(±5)

AC0 1032 0.382 138
ACHNO3 893 0.346 102
ACO2 1281 0.497 149
ACN2 947 0.359 90.5
ACH2 987 0.377 129
Materials 183 (2010) 931–939 933

for pH 7.0. After flushing, sulphide was added with a syringe from a
partially neutralised stock solution (0.1 M Na2S) to obtain an initial
total sulphide concentration of 1 mM for azo and 2 mM for trisazo
dyes. According to the stoichiometry of dye reduction by sulphide, 2
moles of sulphide are required per mole of azo dye when sulphide
is oxidised to elemental sulphur [10]. Controls without sulphide
were incorporated to correct for dye adsorption, as well as to verify
the stability of the dyes. The vials were pre-incubated (over night)
in a 37 ◦C rotary shaker at 135 rpm. After that time, 0.3 mM of dye
was added with a syringe (1 mL) to the reaction solution, from a
concentrated stock (14 mM). All the experiments were prepared in
triplicate. First-order reduction rate constants were calculated in
OriginPro 6.1 software, applying the equation Ct = Co + Cie−kt, where
Ct is the concentration at time t; Co, the offset; Ci, the concentration
at time initial time; k, the first-order rate constant (d−1) and t is the
accumulated time of the experiment.

2.6. Biological dye reduction

Biological assays using anaerobic granular biomass (1 g VSS L−1)
were performed in batch. The best conditions from the chemical dye
reduction were reproduced: sodium bicarbonate solution at pH 7
containing 0.3 mM of MY10 and 0.1 g L−1 of ACH2 . As controls, assays
without AC and with AC0 were also run. Co-substrates are required
as an electron source for the reduction; different carbon sources
were tested (2 g L−1): glucose, lactose, and volatile fatty acids
(VFAs): acetic, propionic and butyric acid, 1:10:10. As macronu-
trients, 2.8 g L−1 NH4Cl, 2.5 g L−1 KH2PO4, 1 g L−1 MgSO4·7H2O and
0.057 g L−1 CaCl, were added. All the assays were performed in
triplicate. The effect of AC concentration was evaluated by test-
ing increasing amounts of untreated (AC0) and treated AC (ACH2 )
ranging from 0.1 g L−1 to 0.6 g L−1.

2.7. Analytical techniques

Colour decrease was monitored spectrophotometricaly in a 96-
well plate reader (ELISA BIO-TEK, Izasa). At select intervals, samples
were withdrawn (300 �L), centrifuged at 1500 rpm for 10 min to
remove the AC and diluted, with the same buffer as of the reaction,
due to the high absorbance of the dye, even at low concentrations.
The visible spectra (300–900 nm) were recorded and dye con-
centration calculated at �max. Molar extinction coefficients were
calculated for each dye at �max: ε480 nm = 9600 M−1 cm−1 for AO7;
ε540 nm = 28,637 M−1 cm−1 for RR2; ε350 nm = 15,519 M−1 cm−1 for
MY10 and ε590 nm = 76,716 M−1 cm−1 for DB71. No changes were
observed in the visible spectra with the pH of the solution.

3. Results and discussion

3.1. Textural characterisation
A set of modified AC samples were prepared by different meth-
ods in order to obtain materials with different surface chemical
groups (acidic and basic) but maintaining their textural properties.
The results of textural characterisation resulting from the N2 equi-
librium adsorption isotherms at 77 K are presented in Table 1. No

−1) W01 (cm3 g−1)
(±0.005)

W02 (cm3 g−1)
(±0.005)

L1 (nm) (±0.1)

0.350 0.038 1.0
0.309 0.032 1.0
0.450 0.045 1.2
0.340 0.023 1.1
0.334 0.039 1.1
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Table 2
Chemical characterisation of the activated carbon samples.

Sample COa (�mol g−1) (±20) CO2
a (�mol g−1) (±20) Basicity (mequiv. HCl g−1)

(±0.005)
Acidity (mequiv. NaOH g−1)
(±0.005)

pHpzc (±0.2)

AC0 814 243 0.457 0.370 8.4
ACHNO3 2402 1103 −0.065 1.720 2.7
ACO2 4105 239 n.d. n.d. 4.5
AC 890 120 0.547 0.432 9.2

0.640 0.086 10.8
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ACH2 590 59

.d., not determined.
a Amounts release in TPD experiments.

ajor changes were observed in the textural properties of AC for
he liquid phase oxidations and thermal treatments, as expected.
owever, a slight decrease occurred in the surface area and pore
olume for the oxidation with HNO3. These changes may result
rom the collapse of some of the pore walls caused from the drastic
onditions of the treatment. On the other hand, sample prepared
y O2 oxidation presents an increase of the micropore volume and
verage micropore width. This effect is directly related with the
urn-off (BO) degree [26]. Consequently, an additional contribu-
ion of the textural properties of AC on its behaviour as a catalyst
n dye reduction may be expected for the last material. For the
ther AC samples, the behaviour may be attributed mainly to dif-
erences on the chemical surface properties produced by different
reatments (see below).

.2. Surface chemistry characterisation

Table 2 summarises the results obtained from the chemical char-
cterisation of AC samples used in this study. Surface oxygen groups
n carbon materials decompose upon heating, releasing CO and/or
O2 at different temperatures. According to this, it is possible to

dentify and estimate the amount of oxygenated groups on a given
arbon by TPD experiments. Table 3 shows the amount of each type
f oxygen-containing surface groups estimated from the deconvo-
ution of the TPD spectra (Fig. 2) following the method previously
roposed [26,30]. The highest amount of carboxylic groups was
enerated by the oxidation with HNO3, which presents a value
lmost 7 times higher than those generated with other treatments.
lthough to a lesser degree, this sample also presents the highest
mount of anhydrides and lactones groups. These acidic groups are
esponsible for the high acidity and the lower pHpzc value obtained.
n fact, the basicity and acidity of the samples are related with the
hemical groups at the surface, thus complementing the results
btained from TPD experiments. Higher CO2 release was obtained
or more acidic samples, ACHNO3 (pHpzc of 2.7) and ACO2 (pHpzc of
.5) which indicates that liquid and gas oxidation produce samples
ith a higher amount of surface oxygen-containing groups. The

as oxidation treatment (ACO2 ) was the most effective to introduce
henols and carbonyl/quinone groups, being almost the double

hen compared with the nitric acid treatment. Thermal treatments

t high temperature produce materials with low amount of oxygen-
ontaining groups and high basicity, resulting mainly from the
etonic groups remaining on the surface, from the low amount of
cidic groups, and from the delocalised �-electrons of the carbon

able 3
xygen-containing surface groups estimated from the TPD spectra deconvolution (±10%)

Sample Carboxylic acids
(�mol g−1)

Anhydrides
(�mol g−1)

AC0 110 79
ACHNO3 723 222
ACO2 0 90
ACN2 67 15
ACH2 48 0
Fig. 2. TPD spectra before and after different treatments: (A) CO2 evolution and (B)
CO evolution. Examples for ACHNO3 and ACH2 .
basal planes. These electrons are responsible for the high basicity
of the thermal treated samples. The acidic oxygen-surface groups
have a withdrawal character fixing those �-electrons [32]. Com-
paring the two thermal treatments, with H2 more basic materials

.

Lactones
(�mol g−1)

Phenols (�mol g−1) Carbonyl/quinones
(�mol g−1)

54 428 307
158 948 1232
149 1321 2694

38 307 568
11 249 341
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re generated (pHpzc of 10.8), since a stabilization of the reactive
ites by C–H bonds occurs [12,32] and also an enhanced effect of the
-electron system. N2 treatments leave unsaturated carbon atoms

hat are very reactive for subsequent oxygen adsorption, forming
gain some of the removed groups upon ambient air exposure. The
Hpzc of this sample is 9.2.

.3. Azo dye reduction

Chemical azo dye reduction using sulphide was conducted

nder anaerobic conditions at pH values of 5.0, 7.0 and 8.7, both

n presence and absence of AC0 (Table 4). Different classes of dyes,
cid (AO7), reactive (RR2), mordant (MY10) and direct (DB71), were
ested. Decolourisation was followed spectrophotometricaly and a
ecrease in the intensity of the maximum absorption band was

able 4
irst-order rates (d−1) of dye reduction by sulphide, calculated from the reaction at pH 5,

Dye pH No AC ACHNO3 ACO

AO7 5.0 0 2.2 ± 0.1 2.4
7.0 0.2 ± 0.1 0.7 ± 0.1 0.6
8.7 0 0.1 ± 0.1 0.2

RR2 5.0 0.9 ± 0.1 1.3 ± 0.1 1.2
7.0 0 0.9 ± 0.1 1.1
8.7 0 0.7 ± 0.1 0.9

MY10 5.0 1.1 ± 0.1 1.9 ± 0.3 3.8
7.0 1.4 ± 0.1 2.8 ± 0.2 6.2
8.7 0 2.3 ± 0.3 2.5

DB71 5.0 4.4 ± 0.6 4.9 ± 0.2 4.6
7.0 1.7 ± 0.3 1.6 ± 0.2 1.6
8.7 1.4 ± 0.1 3.3 ± 0.1 3.6
d AC0 (�), dye and Na2S (�) and dye, Na2S and AC0 (�). (A) AO7; (B) RR2; (C) MY10;

observed for all the dyes, indicating the cleavage of the aromatic
azo groups (data not shown), generally related to the formation of
lower molecular weight aromatic amines that may be more suscep-
tive to degradation under biological aerobic conditions. The spectra
of DB71 shifted from 590 to 550 nm and the solution changed from
blue to light violet colour. All the reactions followed a first-order
kinetic model (Fig. 3, example for pH 5) and the apparent rate
constants and degrees of colour removal were calculated from the
initial slope of the concentration vs. time data (Table 4). Undoubt-
edly, the pH of dye solution played an important role in the dye

reduction. In the assays without AC, only DB71 was reduced at
the three tested pH, but the rate was circa 3-fold higher at pH 5
(4.4 ± 0.6 d−1). The mordant dye was decolourised only at pH 5 and
7, 1.1 ± 0.1 and 1.4 ± 0.1 d−1, respectively. AO7 and RR2 were the
most resistant to the reduction by sulphide; very low rates were

7 and 8.7, in the absence and presence of different AC samples.

2 AC0 ACN2 ACH2

± 0.2 2.6 ± 0.6 3.0 ± 0.3 3.4 ± 0.3
± 0.1 0.5 ± 0.1 0.8 ± 0.1 1.2 ± 0.1
± 0.1 0.3 ± 0.1 1.1 ± 0.2 1.4 ± 0.2
± 0.1 1.2 ± 0.1 1.3 ± 0.1 1.2 ± 0.1
± 0.1 1.2 ± 0.1 1.2 ± 0.1 1.3 ± 0.1
± 0.1 0.2 ± 0.1 0.9 ± 0.1 1.0 ± 0.1
± 0.2 2.9 ± 0.2 4.3 ± 0.6 4.2 ± 0.4
± 1.1 5.9 ± 0.1 7.4 ± 0.7 12.1 ± 1.3
± 0.7 0.9 ± 0.1 2.9 ± 0.1 4.0 ± 0.8
± 0.1 4.9 ± 0.2 5.1 ± 0.2 5.6 ± 0.3
± 0.1 2.8 ± 0.4 2.9 ± 0.6 3.0 ± 0.1
± 0.1 3.2 ± 0.3 3.7 ± 0.2 4.8 ± 0.3
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ig. 4. First-order constant rates of dye reduction, calculated at different pH value
H 8.7. (A) AO7; (B) RR2; (C) MY10 and (D) DB71.

btained: 0.2 ± 0.1 d−1 at pH 7, for AO7 and 0.9 ± 0.1 d−1 at pH 5,
or RR2. The presence of AC in the reaction solution leads to an
mprovement of the reduction rates up to 5-fold for AO7, 4-fold for

Y10 and 3-fold for DB71. Moreover, the presence of AC turned
he decolourisation of all dyes possible at the three pH tested, with
etter results under acidic conditions, except for MY10, which was
aster decolourised at pH 7 (Table 4). Contrary to the other dyes, for
hich worse values were calculated under alkaline conditions, no

igger differences were obtained for DB71 in the presence of AC0 at
H 7 (2.8 ± 0.4 d−1) and 8.7 (3.2 ± 0.3 d−1). Activated carbon sam-
les have amphoteric character and, as a result, their surfaces might
e positively or negatively charged depending on the pH of the solu-
ion. Carbon surface becomes positively charged at pH < pHpzc and
egatively at pH > pHpzc. Because the four tested dyes are anionic,
dsorption and the transfer of electrons is more favourable when
he carbon surface is positively charged. Negatively charged sur-
ace sites on the activated carbon might cause the electrostatic
epulsion of the anionic dyes. Therefore, the worst performance
t pH 8.7 is expected considering the pHpzc of AC0 of 8.4. Simi-
arly, considering the pHpzc of all the samples, higher rates at pH 5
han 7 and 8.7 would be expected with samples ACHNO3 and ACO2 ,
ut not the bigger differences obtained with ACN2 and ACH2 ; how-
ver, decolourisation varies also with other parameters such as the
olecular structure, pKa and potential redox of the dye, and those

ave also a dependence on the solution pH. Under optimum con-

itions, MY10 was almost completely decolourised; the degrees of
ecolourisation for the other dyes were lower, 80% for DB71 and
0% for AO7 and RR2. Colour removal due to adsorption on acti-
ated carbon occurs only for the smaller dyes and at low extent:
25% for AO7 and 15% for MY10. Bigger molecules are more dif-
nction of the pHpzc of the modified activated carbons. (�) pH 5; (�) pH 7 and ( )

ficult to adsorb due to diffusion limitations. These data suggest
that the major role of AC was to enhance the chemical reduction
of dye, rather than dye adsorption; the low adsorption degrees
are also explained by the little concentration of the catalyst in the
solution and the high solubility of the used dyes. AC is the first elec-
tron acceptor, being chemically reduced by sulphide and secondly,
the electrons from the reduced AC are transferred to the azo dye,
the terminal electron acceptor. In previous experiments, chemical
reduction of AO7 could also be accelerated by low amounts of AC
[10]; with 0.5 mM of sulphide, AO7 removal of 80% was obtained
within 5 days in the presence of AC and only 40% within 2 weeks
in the absence. The amount of AC used was the same as in this
study, resulting in similar AO7 adsorption, 22%. In experiments with
higher AC concentration, the same reduction results were obtained,
but the degree of adsorption increased. In the same study, it was
demonstrated that the reduction of RR2 in a lab-scale bioreactor
was largely enhanced by AC [10].

3.4. Effect of AC surface chemical groups on azo dye reduction

Activated carbon treatments are known to produce significant
changes in carbon surface chemistry and these, in turn, can have
dramatic effects on the behaviour as adsorbent [12,14,15] and as
catalyst [17–21]. We investigated the influence of AC surface chem-
ical groups on its behaviour as a redox mediator for dye reduction

by sulphide. As pointed before, dye reduction is also dependent on
the pH of the solution; thus the reaction was carried out at differ-
ent pH values, in batch assays. The first-order rates are given in
Table 4. A dependence of dye reduction on the type of AC can be
observed, with higher rates for the reaction solutions containing
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Fig. 5. Biological MY10 and RR2 dye reduction at pH 7 with VFAs as substrate. (A
and B) MY10 decolourisation with increasing AC concentrations (AC0 and ACH2 ,
L. Pereira et al. / Journal of Haza

he most basic activated carbons (ACN2 and ACH2 ). These AC are
haracterised by a high content of electron rich sites on their basal
lanes (electrons �) and by a low concentration of electron with-
rawing groups. The electrons � are the responsible for the better
erformance as redox mediator, due to the high attainability by
he dye. Mezohegyi et al. [24] have also postulated that delocalised

electrons seemed to play a role in the catalytic reduction in the
bsence of surface oxygen.

Fig. 4 represents the dye reduction rates as a function of the
Hpzc of AC. In general, rates increased with increasing the pHpzc,
ollowing the trend ACHNO3 < ACO2 < AC0 < ACN2 < ACH2 . This
ehaviour was less pronounced for RR2 reduction, with similar
ates at all the conditions. Other deviations are the values for RR2
nd MY10 reductions with AC0 at pH 8.7, lower than the calcu-
ated with ACHNO3 and ACO2 . According to the previous sequence,

Y10 reduction at pH 5 and 7 with ACO2 is also higher than the
xpected; those results may be a consequence of the textural prop-
rties alteration due to the burn-off when treating this AC sample.
he higher content of quinone groups present in ACHNO3 and ACO2
ompared to ACN2 , ACH2 and the original AC would have promoted
higher decolourisation rates for the azo dyes studied considering

hat quinone groups have been proposed as the main electron-
ransferring groups in AC [10]. Nevertheless, the larger amount of
xygen-containing groups prevailing on the surface of ACHNO3 and
CO2 , compared to the other AC samples, also promotes a higher
epulsion between the azo dyes and the surface of the these AC,
hich seems to be the main factor affecting the overall kinetics of

he decolourisation process. As with AC0, the adsorption obtained
ith modified AC samples was also low (maximal of 30% for AO7

nd 18% for MY10 with ACH2 ). The low adsorption obtained is
xpected due to the small AC concentration used, therefore the total
ye removal in the chemical assays is mostly due to their reduc-
ion. It is worth to mention that high AC concentration limits the
rocess application, due to excessive costs. In their experiments,
ezohegyi et al. [24] have used 5000 times higher AC concentra-

ion than in our work. The effect of pH was also evident on the rates
f dye reduction. Except for MY10, which was better degraded at
eutral pH, higher rates were obtained at pH 5 with all type of
ctivated carbons. Reactive dye reduction was less influenced by
he type of AC and pH, since similar rates were obtained at all the
onditions (∼1 d−1), apart from the strange low value with AC0
t pH 8.7 (0.2 d−1). Comparing the four studied dyes, at the opti-
al conditions, better decolourisation was achieved in order of:
Y10 > DB71 > AO7 > RR2. In fact, MY10 was completely reduced
ithin 1 day, at a rate of 12 ± 1.3 d−1 with ACH2 , being 2-fold, 4-fold

nd 9-fold higher than the obtained for the dyes DB71, AO7 and RR2,
espectively. Its reduction was the largest improved by the pres-
nce of AC, with an increase of 9-fold as compared with the assay
ithout AC. Decolourisation rates are also related with the electron
ensity around the azo bond. Electro withdrawing groups such as
OH and –NH2 decrease the electron density around the azo bond
nd facilitate its reduction. A similar effect in a simple reduction of
he azo bond is observed for dyes carrying groups such as –SO3Na
nd –COOH [1]. NH group, on the other hand, are known to demote
t [33]. MY10 and DB71 are richer in those first groups and RR2 have
he secondary amine on is structure. Triazyl groups, also present in
R2, were found to give low dye reduction rates [25,26], explained
y the reducing equivalents required for the reductive dechlorina-
ion, which may compete with the azo chromophore. Redox medi-
tors are not only involved in the transfer of reducing equivalents,
ut also in minimizing the steric hindrance of the dye molecule [6].
.5. Biological MY10 reduction

One of the limitations of biological dye decolourisation is the
ow rate of the process, which can be overcome by the use of redox
respectively): (�) without AC; (�) 0.1 g L−1; (�) 0.2 g L−1; (�) 0.4 g L−1; (×) 0.6 g L−1.
(C) RR2 decolourisation with 0.1 g L−1 of AC0 (�) and ACH2 (�). Control without AC
(�) and without biomass (�) AC0 and (�) ACH2 .

mediators. The possibility of using AC as mediator in a biological
system was investigated by conducting batch experiments with
granular biomass. Different substrates were tested in the biolog-
ical MY10 reduction, in the absence and presence of AC, and 4-fold
higher rates were obtained with VFAs (data not shown). Our find-
ings are in agreement with previous studies that investigated the
role of various electron donors on the reduction of dyes, conclud-
ing that the rates vary with the type of substrate by stimulating
specific microorganisms in a mixed culture [5,8,9]. Fig. 5A and
B shows the results of biological MY10 reduction, with VFAs as
substrate, in the absence and presence of unmodified (AC0) and
modified (ACH2 ) activated carbon. Contrarily to the obtained chem-
ically, MY10 reduction rates in the absence and presence of AC0
were the same, 10.2 ± 1.4 d−1 (Fig. 5B; Table 5). However, with
the thermal treated AC (ACH2 ) the decolourisation rate duplicated

(19.4 ± 0.2 d−1). This result shows that, as observed in the chemi-
cal assays, AC surface chemistry plays a role in the biological dye
decolourisation and that thermal modification of AC improves its
capacity as redox mediator. Additionally, different AC amounts
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Table 5
First-order rates (d−1) and degree of biological MY10 reduction in the presence of
increasing unmodified (AC0) and modified (ACH2 ) activated carbon concentrations.

AC sample [AC] (g L−1) Rate (d−1) Decolourisation (%)

No AC 0 10.2 ± 1.7 87 ± 1
AC0 0.1 10.2 ± 1.4 86 ± 1

0.2 9.9 ± 0.5 85 ± 1
0.4 9.8 ± 2.2 83 ± 2
0.6 11.3 ± 1.2 78 ± 1
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ACH2 0.1 19.4 ± 0.2 87 ± 1
0.2 18.7 ± 1.3 90 ± 1
0.4 23.6 ± 3.8 88 ± 0
0.6 19.6 ± 1.5 89 ± 1

ere tested and it was found that increasing concentrations from
.1 g L−1 to 0.6 g L−1 lead to an increase of the dye adsorption (from
0% to 65% not shown) but the reduction rates were similar with
ntreated and treated AC (Fig. 5A and B; Table 5). This finding is
f great importance once activated carbon is costly and therefore
he use of low amounts is an advantage for biological processes
pplication.

Furthermore, as a redox mediator, AC is cycled from its oxidised
nd reduced states and thus should be very effect at low concentra-
ions. Biological reduction of RR2 with untreated AC0 and thermally
reated ACH2 was also studied. With this dye, previously found as a

ore recalcitrant one, untreated AC could increase 3-fold the rate
f decolourisation (Fig. 5C). Once more, thermal treated AC reveals
o be more effective, increasing 4.5-fold the dye reduction rate.

. Conclusions

The results obtained in the present work demonstrate the cat-
lytic effect, on azo dyes reduction rates, of activated carbon with
ifferent surface chemistry, obtained by chemical or thermal treat-
ents. Dye reduction rates increased up to 9-fold using an AC

oncentration of 0.1 g L−1, as compared with an assay not amended
ith AC. Amongst the four dyes tested, MY10, AO7, RR2 and DB71,

etter results were obtained at pH 5, except for MY10, with higher
ates determined at pH 7. AC performance as a catalyst was, in this
ase, improved by surface modification, applying thermal treat-
ents. In order to be an effective redox mediator for anionic dyes,

he carbon should have a high pHpzc. This means that at pH lower
han pHpzc, the carbon will be positively charged, favouring elec-
rostatic attraction between the carbon and the anionic dyes tested.
eduction rates increased with the activated carbon basicity as

ollowing: ACHNO3 < ACO2 < AC0 < ACN2 < ACH2 . Dye reduction
ates in the presence of AC also varied among the different dyes.
igher rates were obtained in order of: MY10 > DB71 > AO7 > RR2.
ye reduction by sulphide in the absence of AC was very lim-

ted, since only DB71 was reduced at the three pH tested and
Y10 at pH 5 and 7. AO7 and RR2 were more resistant to chem-

cal reduction. We have also demonstrated that surface modified
CH2 could duplicate and increased 4.5-fold the rates of MY10
nd RR2 decolourisation, respectively, in a biological assay which
as independent of the AC concentration in the tested range of

.1–0.6 g L−1. As AC can be retained in a reactor for prolonged time,
t is an attractive alternative to soluble redox mediators in a bio-
ogical reactor system. The low amount of AC used in this work
nd the positive results demonstrated for chemical and biological
atalysis constitutes a significant breakthrough in the field of redox-
ediated processes which will certainly open new perspectives for
astewater treatment processes of several xenobiotics.
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