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a b s t r a c t

The influence of seven commercial activated carbons (ACs) to promote hydrogen peroxide decomposition
and radical generation is assessed during four operating cycles. The amount of generated hydroxyl
radicals is estimated from quenching experiments using methanol as a radical scavenger. The change in
chemical surface composition of ACs upon contact with hydrogen peroxide after each operating cycle is
measured by Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and by following the
change in the value of the pH of the point of zero charge (pHPZC). Results reveal that when ACs are
exposed to hydrogen peroxide for extended periods, their chemical surface composition is modified,
reducing the capacity of these materials to promote hydrogen peroxide decomposition, and in turn
decreasing the generation of hydroxyl radicals. Moreover, DRIFTS analyses show that ACs with an
appreciable content of basic surface functionalities, such as chromene-type structures, would guarantee a
continuous radical generation, reducing the loss of catalytic activity.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Activated carbons (ACs) have been used over the years in a wide
range of environmental applications. A large surface area and
porous structure, together with variable surface chemical compo-
sition, have given ACs the most versatile application for the elimi-
nation of pollutants from both gas and aqueous phases [1,2].
Additionally, these materials have the peculiarity of being able to
initiate radical-type chain reactions, promoting the formation of
hydroxyl radicals by using oxidizing agents such as ozone and
hydrogen peroxide in advanced oxidation processes (AOPs) [3,4].

AOPs are based on radical formation, e.g. hydroxyl radicals (�OH)
[5]. Hydroxyl radicals are highly reactive and non-selective, with
organic reaction rate constants generally in the order of 105-
109 M�1 s�1 [6]. AOPs can be classified in homogeneous systems
(e.g. O3/H2O2, H2O2/Fe2þ and H2O2/UV) and heterogeneous systems
(e.g. O3/AC, H2O2/AC, O2/TiO2/UV and H2O2/TiO2/UV) [7]. One of the
main drawbacks of the homogeneous systems is the inhibition of
radical propagation reactions due to the presence of radical scav-
engers normally present in water such as carbonates, bicarbonates,
and natural organic matter [5,7]. They terminate the radical-type
chain reactions and consequently reduce the implementation of
homogeneous AOP systems for water treatment at industrial scale
[5,7]. In particular, when heterogeneous AOP systems are applied,
such inhibition effect has been documented to be reduced [8e11].
In the case of the use of ACs, their chemical surface characteristics
have been proved to play an important role, leading to an increase
in organic pollutant removal rates [8,9,12,13].

The search for highly influential characteristics of ACs on the
generation of hydroxyl radicals has been of great interest in the
research field. Textural and chemical surface properties of carbo-
naceous materials, as well as operating conditions such as pH,
oxidant concentration and temperature have been assessed [14,15].
Among them, the chemical nature of ACs has been claimed to play
an important role in hydrogen peroxide decomposition. It has been
suggested that the high content of basic surface active sites of AC
structure favor hydrogen peroxide decomposition via hydroxyl
radical formation [4,16,17]. Although acidic surface sites also tend to
decompose hydrogen peroxide, a non-radical reaction mechanism
has been invoked to take place [18,19].

Furthermore, it has been indicated that hydrogen peroxide
modifies the chemical and textural characteristics of ACs, resulting
in a more acidic material with a smaller specific surface area
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[14,20]. However, such parameters have not been taken into ac-
count in the loss of catalytic effects promoting radical generation
during AC application combined with hydrogen peroxide in a new
kind of advanced oxidation process.

Hydroxyl radical production in this hybrid process has been
estimated using quenching experiments [16]. However, the pro-
longed use of AC combined with hydrogen peroxide for extended
periods of time or under different operating cycles, and its impli-
cations on catalytic activity, have not been studied yet. Hence, the
search for an effective AC that promotes radical generation and
remains unchanged over time is of the utmost importance. Thus,
this study aims to assess the effect of prolonged contact with
hydrogen peroxide on AC features and its implications on the
effectiveness of hydroxyl radical formation during different oxida-
tive cycles.
2. Materials and methods

2.1. Materials

Seven commercial ACs were tested for hydrogen peroxide
decomposition and hydroxyl radical generation. AP4-60 (CC1),
SGL830 (CC2), FILTRASORB 300 (CC3) and AP-410 (CC4) were sup-
plied by Calgon Carbon (USA), while AIRPEL ultra DS (DS1), Airpel
1DS1 (DS2), Airpel 10 (DS3) were provided by Desotec (Belgium).
ACs were ground and sieved in order to achieve a particle size
between 300 and 425 mm. All AC samples were washed with ultra-
pure water and were subsequently dried overnight at 105 �C and
stored in desiccators before being used.
2.2. Activated carbon characterisation

The point of zero charge (pHPZC) was determined by the
acidimetric-alkalimetric titration method proposed by Stumm and
Morgan [21]. In the titration, HCl, NaOH and NaCl were the acid,
base, and electrolyte, respectively. For each AC sample, fifteen vials
were filled with 20mL of NaCl 0.001M solution and 0.2 g of sample.
Different amounts of HCl (0.1 M) and NaOH (0.1 M) were added
between 0.04 and 1.5 mL per sample, varying the pH range. The
equilibrium pH was measured after 48 h of shaking at 20 ± 0.1 �C.
This procedure was repeated for different ionic strength using NaCl
solution (0.001, 0.01 and 0.1 M).

The ACs' acid and base functional surface groups were deter-
mined by the selective neutralisation method proposed by Boehm
[22]. Solutions of NaOH (0.1 N), and HCl (0.02 N) were prepared
with deionised water. A volume of 30 mL of these solutions was
added to vials containing 0.3 g of AC sample. Moreover, two blanks
were prepared without AC addition. All samples were shaken until
equilibrium was reached. Afterwards, the excess of base or acid in
the solution was determined by back-titration, using HCl (0.01 N)
and NaOH (0.02 N), respectively.

Nitrogen isotherms of ACs were obtained using a TRISTAR
Micrometrics apparatus (Micromeritics, Norcross, Atlanta, USA)
at �196 �C. Prior to this, samples were outgassed at 250 �C for 3 h
under nitrogen flow. Specific surface areas (ABET) and micropore
volumes (Vmicro) of the samples were determined by applying BET
equation and Dubinin-Radushkevich equation, respectively. The
difference between the N2 adsorbed volume at 0.95 of relative
pressures and the micropore volumes was considered as mesopore
volumes of each sample (Vmeso) [23].

Bulk chemical composition of ACs samples was determined by
X-ray fluorescence (XRF) analysis on ZSX Primus II from Rigaku
equipped with a Rhodium X-ray generator. Five g of lithium tetra-
borate were mixed with 0.5 g of AC sample. Then, it was placed in a
Pt-Ru crucible, together with lithium iodine before spectrometric
analysis.

Thermogravimetric analysis (TGA) of the samples was per-
formed on a NET-ZSCH thermobalance ST409PC. Samples of 0.025 g
of each ACs were heated to 1000 �C (heating rate of 10 �C min�1)
under He flow (100 mL min�1) and the change in sample weight in
relation to change in temperature was registered (TG curve). A
derivative weight loss curve was also obtained as function of
temperature (DTG curve).

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was used to identify the chemical modification that takes
place on AC surface sites due to hydrogen peroxide action. DRIFTS
experiments were carried out using a PIKE DiffusIR™ diffuse
reflectance accessory installed in an infrared spectrometer from
Thermo Fisher Scientific Inc. (USA) equipped with a DTGS detector.
Prior to any DRIFTS assay, each sample was mixed at a 5% (w/w)
with KBr. Then, themixturewas transferred into a steel sample cup,
9.2 mm in diameter, and was subsequently placed into the Dif-
fusIR™ chamber. All spectra were measured at room temperature
in the 4000-600 cm�1 wavenumber range. A resolution of 4 cm�1

was applied and 60 scans per sample were taken. IR data were
processed using OMNIC 9.0 software.

2.3. Experimental procedure

The evaluation of AC performances toward hydrogen peroxide
decomposition and radical generation during prolonged exposure
was carried out through four successive oxidative tests, lasting
120 min each. Experiments were conducted in 250 mL batch re-
actors at 20 �C. The reactors were filled with 50 mL of hydrogen
peroxide solution (500 mg L�1) and 0.2 g of AC were added to the
solution at pH 3. Afterwards, the reactors were capped with rubber
caps andwere stirred in an orbital shaker at 75 rpm for 120min. For
each cycle, measurements were carried out at different exposure
times (5, 10, 15, 20, 25, 30, 40, 50, 60, 90 and 120 min). The decay of
hydrogen peroxide concentration along each cycle was determined
by a colorimetric method at 405 nm, using a commercial solution of
titanium (IV) oxysulfate (Sigma-Aldrich), as described elsewhere
[24]. Simultaneously, the evolution of oxygen generated from
hydrogen peroxide decomposition was monitored by a volumetric
method [25].

Additionally, radical trapping experiments were performed in
the same way, but in the presence of methanol, which acts as hy-
droxyl radical scavenger [26]. For that, a solution of 20 g L�1 of
methanol was added into each batch reactor. Under these condi-
tions, the decay of hydrogen peroxide concentration and the vol-
ume of oxygen generated were measured. Thus, comparing the
results obtained during the experiments with and without meth-
anol allows for indirectly determining the hydroxyl radical pro-
duction [25].

3. Results and discussion

3.1. Characterisation of as-received ACs

Table 1 summarises selected textural properties and chemical
characteristics of ACs, including ash content (%), acidic and basic
sites (meq g�1) and pHPZC.

Results regarding textural properties reveal that all tested ACs
present a highly developed porosity, with a surface area varying
between 783 and 1032 m2 g�1. Most of the AC samples have an ash
content above 8%. However, ACs DS1 and DS2 exhibit a higher
percentage of ash in their structure (15.09% and 10.89%, respec-
tively). Chemical surface characteristics obtained by selective
neutralisation analyses indicate the basic nature of the studied
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