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Different metal-oxides nanoparticles (MONP) including a-Al,03, ZnO and Al(OH);, were utilized as
adsorbents to immobilize anthraquinone-2,6-disulfonate (AQDS). Immobilized AQDS was subsequently
tested as a solid-phase redox mediator (RMs) for the reductive decolorization of the azo dye, reactive
red 2 (RR2), by anaerobic sludge. The highest adsorption capacity of AQDS was achieved on Al(OH);
nanoparticles, which was ~0.16 mmolg-! at pH 4. Immobilized AQDS increased up to 7.5-fold the rate
of decolorization of RR2 by anaerobic sludge as compared with sludge incubations lacking AQDS. Sterile
controls including immobilized AQDS did not show significant (<3.5%) RR2 decolorization, suggesting
that physical-chemical processes (e.g. adsorption or chemical reduction) were not responsible for the
enhanced decolorization achieved. Immobilization of AQDS on MONP was very stable under the applied
experimental conditions and spectrophotometric screening did not detect any detachment of AQDS dur-
ing the reductive decolorization of RR2, confirming that immobilized AQDS served as an effective RMs.
The present study constitutes the first demonstration that immobilized quinones on MONP can serve
as effective RMs in the reductive decolorization of an azo dye. The immobilizing technique developed
could be applied in anaerobic wastewater treatment systems to accelerate the redox biotransformation
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of recalcitrant pollutants.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Several industrial sectors obtain great economical benefits due
to the large and continuous production of different chemicals [1].
Nevertheless, linked to these economical benefits, several toxic
and recalcitrant pollutants are discharged in large volumes of
wastewater. Many of these contaminants are electron-accepting
compounds, such as nitroaromatics, azo dyes, polyhalogenated
compounds and metalloids, due to the presence of electrophilic
functional groups in their structures, making difficult their treat-
ment by convectional aerobic processes [2]. On the other hand,
these pollutants can undergo reductive biotransformation under
anaerobic conditions, producing compounds susceptible to aerobic
biodegradation [3]. However, anaerobic reduction of recalcitrant
pollutants occurs slowly as a result of toxicity effects on anaerobic
consortia [4] or due to electron transfer limitations; consequently,
anaerobic bioreactors could have deficient performance or can even
collapse [5,6].
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In the last years, humic substances (HS) and quinones (main
redox reactive functional groups in HS) have been tested as
redox mediators (RM) during the reductive biotransformation of
electron-accepting priority pollutants [7-9]. RM decrease electron
transfer limitations, so that biotransformation of these contami-
nants is accelerated, which minimizes the toxic effects in anaerobic
microorganisms [4,6]. Nevertheless, water soluble RM, such as
anthraquinone-2,6-disulfonate (AQDS), need to be continuously
added to achieve increased reduction rates in anaerobic wastewa-
ter treatment processes; the continuous addition of RM increases
the cost of treatment and generates contaminated effluents.

Few studies have shown the use of solid-phase RM (RMs) during
the reductive biotransformation of priority pollutants. For instance,
activated carbon was tested as a RMs due to the presence of quinone
moieties in this material [10]. Moreover, quinoid RM has been
immobilized in polymeric matrixes [11], on anion exchange resins
[12], and on composites of polypyrrole [13]. In all these cases, the
immobilized catalysts were shown to enhance the anaerobic bio-
transformation of azo dyes [10-12] or nitroaromatics [13].

Few years ago, with the emergence of nanotechnology, new
materials have been designed and aimed to improve environmental
quality through pollution prevention and treatment processes [14].
Mainly, nanoparticles are used as adsorbent materials of differ-
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ent organic and inorganic compounds for water treatment [14,15],
including HS [16] and natural organic matter. Additionally, the
adsorption of AQDS and HS has been conducted on ferrihydrite
nanoparticles to evaluate the effect of adsorbed quinones on ferri-
hydrite reduction [17]. Furthermore, AQDS has also been adsorbed
on hematite in order to understand geochemical variables during
the reduction of iron oxides [18]. Nevertheless, to our knowledge,
RM adsorbed on metal-oxides nanoparticles (MONP) have never
been tested as RMs for the reductive biotransformation of priority
pollutants, such as azo dyes. In this work, the capacity of different
MONP to adsorb AQDS was evaluated. The catalytic properties of
immobilized AQDS were subsequently tested in the reductive bio-
transformation of the azo model compound, reactive red 2 (RR2).
RR2 is a very recalcitrant azo compound commonly used to rep-
resent reductive decolorization processes for textile wastewater
treatment [6,12,19].

2. Experimental
2.1. Reagents and nanoparticles

AQDS (98% purity, Sigma Aldrich) was selected as a model RM.
RR2 was purchased from Sigma Aldrich (purity of 40%) and used
without further purification. Nanoparticles used for the immobi-
lization of AQDS were the following metal-oxides: a-Al,03, ZnO
and AI(OH)s. All nanoparticles have a purity >99%, and were pur-
chased from Nanostructured & Amorphous Materials Inc. (Houston,
TX, USA).

2.2. Inoculum

Anaerobic granular sludge was used as inoculum, and was col-
lected from a full-scale upflow anaerobic sludge bed (UASB) reactor
treating effluents from a malt-processing factory (Lara-Grajales,
Puebla, Mexico). The sludge was previously acclimated in a lab-
scale UASB reactor (1.5L) operated at a hydraulic residence time
of 12 h. Glucose was used as a sole energy source for the UASB
reactor, which showed stable efficiencies in terms of chemical oxy-
gen demand (COD) removal (>90%) during steady state conditions.
Prior to incubations, stabilized sludge was washed with distilled
water and disintegrated with sterile needles (Microlance 3, 25G5/8,
0.5mm x 16 mm); in the same step, the sludge was stored in a
glass serum bottle containing basal medium as describe in Section
2.4, and anaerobic conditions were established by saturating the
inoculation bottle with a gas mixture of N,/CO, (80%/20%).

2.3. Characterization of nanoparticles

Nanoparticles were characterized by nitrogen adsorption at
77K, using a Physisorption equipment (Micromeritics ASAP 2020,
Norcross, GA, USA) to calculate surface area (SA), applying the BET
method. Before adsorption, samples were degassed at 383 K for 3 h.
Pore volume (Vp,) was calculated from the maximum adsorption
amount of nitrogen at p/po=0.99 applying the Harkins and Jura
method. Additionally, batch experiments were used to determinate
the surface charge of all nanoparticles at different pH values under
a CO,-free atmosphere. N, was bubbled for 15 min into the solu-
tions and also in the headspace of vials before sealing. First, 30 mg
of nanoparticles were dispensed in vials, and portions of 0.1 M NaCl
were used to keep a constant ionic strength. Initial pH values (3-11)
were obtained by adding NaOH or HCI 0.1 M, for a total volume
of 15mL. After 7 days in stirring, the final pH was measured and
the surface charge (expressed as the amount of ions released) was
obtained with a mass balance based on pH change.

2.4. Immobilization of AQDS on nanoparticles

The capacity of MONP to immobilize AQDS was conducted by
adsorption isotherms using the batch equilibrium technique. Dif-
ferent concentrations (50, 100, 200, 300, 400, 500 and 600 mgL~1)
of AQDS were prepared and the pH was adjust to 4.0 using 0.1 M
HCL. Then, 50 mg of nanoparticles and 10 mL of AQDS solution were
mixed in vials. Vials were placed on a shaker (180 rpm at 25 °C) until
the equilibrium was accomplished. After centrifugation (5000 rpm,
10min) the supernatant was analyzed in order to determine the
equilibrium concentration of AQDS and the adsorption capacity.

The saturated materials were exposed several times to basal
medium (pH 7.2) in order to verify the adsorption strength of
AQDS on MONP. The basal medium was prepared according
to the typical nutritional requirements for anaerobic wastew-
ater treatment systems [4,6,10,12], which composition was as
follows (mgL~1): NaHCO3 (3000), NH,4Cl (280), K;HPO,4 (250),
MgS04.7H,0 (100), CaCl,.2H,0 (10), and 1 mLL-! of trace element
solution, which composition was as follows (mgL~1): FeCl,-4H,0
(2000), H3B0O3 (50), ZnCl; (50), CuCl,-2H,0(38), MnCl,-4H, 0 (500),
(NH4)6Mo070,4-4H,0 (50), AlCl3-6H,0 (90), CoCl,-6H,0 (2000),
NiCl,-6H,0 (92), Na,Se0-5H,0 (162), EDTA (1000), and 1 mLL~! of
HCI (36%). The produced materials were characterized by Fourier
transform infrared (FTIR) spectrometry and were compared with
the FTIR spectra of AQDS and nanoparticles, as mentioned in Sec-
tion 2.6. In addition, energy dispersive X ray (EDX) analysis was
determined as previously established [12].

2.5. Decolorization assays of RR2

Decolorization assays were performed in 120 mL serum glass
bottles with the basal medium described above; NaHCO3 was
change to 5000mgL-! to create the proper buffer capacity (pH
7.2). Portions of basal medium, for a total volume of 50 mL, were
dispensed in the bottles, which were then sealed with rubber stop-
pers and aluminum caps. The atmosphere in the headspace (70 mL)
of the bottles was changed with a mixture of N,/CO, (80%/20%)
in order to create anaerobic conditions. Once the atmosphere was
changed, the bottles were inoculated with anaerobic sludge (dis-
integrated) at 1g of volatile suspended solids (VSS) per liter. All
bottles were supplied with glucose (1 g COD L~1) and pre-incubated
during 12 h at 25°C and 180 rpm. After the pre-incubation period,
the bottles were flushed again with the same gas mixture and sup-
plied with a second glucose pulse (2g COD L-1). RR2 was added
from a stock solution prepared with sterile basal medium, and
the initial concentration in the incubations was 0.3 mM. Different
treatments and controls were tested in order to elucidate the cat-
alytic effect ofimmobilized AQDS on nanoparticles. The treatments
included three different concentrations (1.2, 2.4 and 4.8 mM) of
AQDS in soluble and immobilized form. The controls were: first,
a control without AQDS in any form, but including glucose, basal
medium and sludge. Second, sterile controls with soluble or immo-
bilized AQDS at 4.8 mM and basal medium. Finally, a control with
nanoparticles, basal medium, sludge and glucose, but in the absence
of AQDS. All conditions were carried out by triplicate and incubated
at25°Cand 180 rpm.

2.6. Analytical methods

AQDS concentration was spectrophotometrically measured
at 328 nm. Liquid samples were firstly centrifuged (10 min at
10,000 rpm) and diluted in bicarbonate buffer (60 mM, pH 7.2).
RR2 decolorization was also documented spectrophotometrically
at the maximum wavelength of visible absorbance (539 nm). Sam-
ples (0.75 mL) were centrifuged and diluted in a 0.1 M phosphate
buffer at pH 7.0. FTIR spectra were obtained at a resolution of



270 L.H. Alvarez et al. / Journal of Hazardous Materials 184 (2010) 268-272

Table 1

Characterization and adsorption capacity of AQDS on the different nanoparticles tested.

Nanoparticle Dp? (nm) SAP (m2g-1) Vi, (cm? g~1) pHpzcd Ques® (mmolg—1)
a-Al;03-1 35 10.05 0.018 7.9 7.03 x 103
a-Al,03-2 150 8.89 0.015 7.9 1.56 x 103
ZnO 20 37.97 0.159 7.5 6.31x 103
Al(OH); 15 62.40 0.138 4.8 1.05 x 10!
2 Particle diameter.
b Surface area.
¢ Porous volume.
4 pH of zero point charge.
¢ Adsorption capacity after various desorption cycles in basal medium.

4cm~! using a FTIR spectrometer (Thermo Scientific, Nicolet 6700) 0.2 8

equipped with an attenuated total reflection (ATR) accessory. Sam-
ples were previously dried at 40°C in an oven.

3. Results and discussion
3.1. Characterization of nanoparticles

Characterization of the evaluated MONP is summarized in
Table 1. The highest particle diameter (Dp) corresponds to o-
Al;03-2, while the smallest Dp value was found for AI(OH)s3. SA
of nanoparticles follows the order: Al(OH); >ZnO > a-Al,03-1> -
Al;03-2. Regarding Vp, data, nanoparticles showed different values
from 0.018 t0 0.159 cm? g~1. There is arelationship between the Vp,
and SA values, but an indirect relationship between SA and Dp val-
ues (e.g. the small SA found in a-Al,03-2 (8.89 m2 g~1) is attributed
to its relatively large Dp and small Vp, value).

Surface charge data at different pH values are given in Fig. 1.
Surface charge of all MONP decreased with the increase of pH. Both,
a-Al;03-1 and a-Al,03-2 had positive charges on their surfaces
below its pH point of zero charge (pHpzc), and negative charges
over its pHpyzc; the pHpzc of these nanoparticles was 7.9. The highest
surface charge at pH 3.0 corresponds to Al(OH)s3, but relatively low
surface charge values were observed at the pH range between 5
and 11. Finally, the pHpzc identified for ZnO nanoparticles was 7.5.

3.2. Adsorption of AQDS on nanoparticles

Adsorption isotherms of AQDS on nanoparticles are presented
in Fig. 2. The highest adsorption capacity was achieved on Al(OH)3
nanoparticles, while similar adsorption capacity was observed for
the two types of a-Al;03 and ZnO. The isotherm with Al(OH);
showed an initial slope for the lower concentrations of AQDS
tested, then a plateau and maximum adsorption capacity was
observed (~0.16 mmolg~1). AQDS adsorption on Al(OH)s is pH

11 (A)
038+
0.6
0.4

0.2 1

-0.2 1

lonsReleased (mmol g1)

-0.4 1

-0.6

pH

0.15 1

pHT.0
0.1 1

Adsorption Capacity (mmol g-1)
a
Adsorption Capacity (umol g-}

0 0.2 0.4 0.6 0.8 1
Equilibrium Concentration (mmol L)

Fig. 2. Adsorption capacity of AQDS on MONP at pH 4; the initials AQDS concen-
trations were 50-600 mgL~'. Symbols: (W) a-Al,03-1, (O) a-Al,03-2, (4) ZnO, (A)
Al(OH); and (a) Al(OH); at pH 7.0.

dependent (Fig. 2); a lower adsorption capacity was achieved at
pH 7.0 compared to that obtained at pH 4.0, with values of 0.099
and 0.168 mmol g~1, respectively. The adsorption of AQDS on the
two types of a-Al,03 and on ZnO was similar and within the
range of 8.4 x 10~2 to 1.2 x 10~2 mmol g~!; one order of magnitude
lower than the adsorption capacity accomplished with AI(OH)3. The
adsorption capacity of Al(OH); is much higher than that achieved
with previously tested materials such as hematite, a-alumina and
ferrihydrite [17,18], which immobilized AQDS for different pur-
poses to that aimed in the present study. The adsorption capacity
of Al(OH)j3 is also higher than that obtained during the immobiliza-
tion of AQDS on an anion exchange resin, which was subsequently
shown to effectively increase the reductive decolorization of sev-
eral azo dyes by serving as a RMs [12].
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Fig. 1. Surface charge of MONP using NaCl 0.1 mM to maintain a constant ionic strength. (A) Surface charge considering all pH values tested. (B) Approach of panel A to
identify the pHpzc of MONP. Symbols: (W) a-Al,03-1, (O) a-Al;03-2, (#) ZnO and (A) Al(OH)s.
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Table 2

First-order rate constant of decolorization (k,) of reactive red 2 using immobilized redox mediators and anaerobic sludge?.

Condition RM concentration (mM) kq (d=1) Increase in kq° Decolorization efficiency (%)
AQDS-im*¢ 1.2 0.71 £ 0.01 4.77 £ 0.11 30.1 + 0.60

24 0.83 + 0.05 5.57 + 0.47 34.2 + 1.65

4.8 1.13 £ 0.01 7.52 £ 0.10 43.2 +£ 043
AQDS-so¢ 1.2 347 £0.27 23.11 + 1.81 81.2 £2.55

24 3.31+0.14 22.04 + 0.97 80.9 + 1.43

4.8 341 +£0.14 22.68 + 0.95 81.8 + 1.31

3 Conditions: glucose concentration, 2 g COD/L; sludge concentration (disintegrated), 1 g VSS/L; RR2 concentration, 0.3 mM.
b Increase observed on kq with respect to the control lacking AQDS (k4 in quinone-amended cultures/k, in control), which was 0.151 d~". Data represent average of triplicate

determinations + standard deviation.
¢ AQDS immobilized on Al(OH); nanoparticles.
d Refers to quinones, which were not immobilized, but provided in soluble form.

According to the surface charge values (Fig. 1), AQDS adsorption
could be attributed to electrostatic interaction between positive
charges of the nanoparticles at pH 4.0, and negative charges of ion-
ized sulfonate groups (SO3~) of AQDS, similar to the interaction of
AQDS with hematite [18]. Nevertheless, it could be possible that an
additional mechanism, such as affinity, might be involved for AQDS
adsorption on Al(OH)s3; this is implied by the superior adsorption
capacity observed with this material even though its surface charge,
at the pH at which adsorption took place (4.0), is lower than that
found on a-Al;03-1, and ZnO (Fig. 2).

In order to verify the strength at which AQDS was immobilized
on the different MONP evaluated, the saturated materials were
exposed to four desorption cycles with a basal medium, which
resembles the typical nutritional conditions prevailing in anaer-
obic wastewater treatment systems. All saturated MONP showed
desorption of AQDS during the first desorption cycle, probably due
to detachment of quinones not electrostatically interacting with
MONP, but forming multi-layers during the adsorption process.
The amount of AQDS desorbed after the desorption cycles, was (%):
Al(OH)3 (37.8), Zn0 (32.1), a-Al;03-1 (16.8) and a-Al;03-2 (85.8).
Immobilized AQDS remained stable after this washing procedure
and throughout its application during the reductive decolorization
of RR2 (see below). The adsorption capacities of AQDS on MONP
after desorption cycles are listed in Table 1.

EDX analysis confirmed adsorption of AQDS on nanoparticles
of AI(OH)3 as an increase in the content of C and S was detected
in the surface of AQDS-amended Al(OH)3; nanoparticles, compared
with their counterpart lacking this quinoid RM; whereas a decrease
in the content of Al and O occurred once AQDS was adsorbed on
this material (Table S1, Supplementary data). Finally, FTIR spec-
tra revealed that carbonyl groups of AQDS, which are the redox
mediating groups of this catalyst, remained available once adsorbed
on AI(OH)3 (SD, Supplementary data, Fig. S1). Certainly, the char-
acteristic spectral signal of both carbonyl (C=0) and sulfonate
(SO3~) groups at 1700-1630cm~! and 1200-1100cm™!, respec-
tively, were detected in FTIR spectra of AQDS-amended Al(OH)3
nanoparticles. These functional groups were also detected in the
spectra of AQDS, but not in Al(OH); nanoparticles lacking AQDS.

3.3. Decolorization of RR2 with immobilized AQDS

Nanoparticles of AI(OH); were selected as immobilizing mate-
rial of AQDS to verify if the synthesized composite could efficiently
increase the reductive decolorization of the azo model compound
RR2 by serving as RMs in sludge incubations. Decolorization of RR2
followed first-order kinetics and the first-order rate constants of
decolorization were calculated according to the following equa-
tion:

A= Aoe—kdt

where A is absorbance at a given time; A, is the initial absorbance;
kg is the first-order rate constant of decolorization and ¢ is time.

Typical decolorization profiles are shown in SD (Supplementary
data, Fig. S2). Sterile controls provided with the highest concen-
tration of AQDS tested (4.8 mM), either immobilized (AQDS-im)
or soluble (AQDS-so), did not show significant (<3.5%) decol-
orization of RR2 indicating that physical-chemical processes (e.g.
adsorption or chemical reduction) were not responsible for the
reductive decolorization of RR2 achieved in sludge incubations.
Controls including biologically active sludge incubated without
AQDS achieved only 7.2% of RR2 decolorization. The catalytic effect
of AQDS-im could be confirmed by the increased k; values achieved
during the reductive decolorization of RR2 by anaerobic sludge
when the immobilized RM was included in sludge incubations
(Table 2). The rate of decolorization of RR2 was increased up to 7.5-
fold in the presence of AQDS-im as compared with the biologically
active control lacking AQDS. The catalytic effect of AQDS-im was
also favorably reflected in a greater extent of decolorization of RR2.
Indeed, up to 43.2% of RR2 decolorization occurred in sludge incu-
bations supplied with AQDS-im after 12 h of incubation, whereas
only 7.2% of RR2 decolorization was achieved in sludge incubation
without AQDS during the same incubation period. Spectropho-
tometric screening (SD, Supplementary data, Fig. S3) performed
during the decolorization of RR2 (and even after 5 days of incuba-
tion) in the presence of AQDS-im did not detect any detachment of
AQDS confirming that the enhanced decolorization achieved could
exclusively be attributed to the redox mediating capacity of the
immobilized catalyst.

Previous studies reported different approaches to apply RMs
during the redox biotransformation of azo dyes [10-12,20] and
nitroaromatics [13]. Some disadvantages of these immobilizing
techniques are the gradual loss of the redox mediating capacity
due to either wash-out of the RMs from bioreactors [10] or disrup-
tion of the immobilizing material [11] and mass transfer limitations
because a major fraction of the RMs remained entrapped within the
immobilizing material [11]. To our knowledge the present study
constitute the first demonstration that quinoid RM immobilized in
MONP can serve as an effective RMs in a reductive decolorization
process.

A series of experiments with AQDS-so was also conducted in
order to compare with the results derived from sludge incubations
provided with AQDS-im. As expected, the rates of decolorization
achieved in incubations amended with AQDS-so were higher than
those achieved with AQDS-im. AQDS-so increased up to 23.1-fold
the decolorization rate of RR2 as compared with the control lacking
AQDS, which allowed decolorization efficiencies of up 81.8% after
12 h of incubation. Despite the lower decolorization rates achieved
with AQDS-im as compared with those obtained with AQDS-so,
there are several advantages for considering MONP as immobiliz-
ing material of RM. Firstly, MONP can economically be synthesized.
Secondly, MONP have a larger capacity to immobilize quinoid RM
or HS compared to other materials [17,18]. Moreover, MONP have
the proper physical-chemical properties to prevent disruption of
the immobilized catalysts. Furthermore, mass transfer limitations
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occurring with other immobilizing materials could be overcome
by using MONP to immobilize RM. Certainly, AQDS immobilized
on an anion exchange resin and tested as a RMs, under the same
experimental conditions applied in the present study, increased the
rate of the decolorization of RR2 only by ~2-fold [12], whereas an
enhancement of up to 7.5-fold was achieved in the present study by
using nanoparticles of AI(OH)3 as immobilizing material. The redox
mediating capacity of AQDS immobilized in MONP is also superior
to other RMs immobilized by different approaches [11,13], which
also have mass transfer limitations. Further experiments in our
group have revealed that MONP can also serve as an effective matrix
to immobilize HS and this immobilized material efficiently increase
the redox biotransformation of different electron-accepting pollu-
tants, such as azo dyes and carbon tetrachloride.

Perminova et al. [21] developed a procedure to covalently bind
HS to alumina particles by alkoxysilylation and this material was
shown to efficiently remove Np(V) and Pu(V) by the sequestering
properties of the immobilized HS [22]. However, this immobilized
material has not been tested in redox reactions yet, but seems to
fulfill the requirements to serve as a RMs feasible for remediation
purposes.

Finally, although the catalytic effect of AQDS-im was demon-
strated in the present study, the use of MONP in anaerobic
wastewater treatment systems requires some important consider-
ations in order to prevent their wash-out. An alternative to warrant
the maintenance of this RMs in anaerobic bioreactors is by creat-
ing granules in which HS-amended MONP and anaerobic sludge are
simultaneously immobilized. This will be the subject of an upcom-
ing research.

4. Conclusions

Immobilized AQDS on nanoparticles of AI(OH); could serve as
an effective RMs during the reductive decolorization of RR2 by an
anaerobic sludge. Compared with the control lacking quinones,
incubations with AQDS-im increased up to 7.5-fold the rate of
decolorization of RR2. Spectrophotometric screening did not detect
any detachment of AQDS during the reductive decolorization of
RR2, indicating that the enhanced decolorization achieved could
be exclusively attributed to the immobilized catalyst. Mass transfer
limitations could be decreased by using nanoparticles to immobi-
lize RM in comparison with other materials previously explored.
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