
Contents lists available at ScienceDirect

Catalysis Today

journal homepage: www.elsevier.com/locate/cattod

The pH effect on the kinetics of 4-nitrophenol removal by CWPO with doped
carbon black catalysts

Jose L. Diaz de Tuestaa,b,⁎, Asuncion Quintanillac, Jose A. Casasc, Sergio Morales-Torresd,
Joaquim L. Fariab, Adrián M.T. Silvab, Helder T. Gomesa,b

a Centro de Investigação de Montanha (CIMO), Instituto Politécnico de Bragança, Campus de Santa Apolónia, 5300-253 Bragança, Portugal
b Laboratory of Separation and Reaction Engineering - Laboratory of Catalysis and Materials (LSRE-LCM), Faculdade de Engenharia, Universidade do Porto, Rua Dr.
Roberto Frias, 4200-465 Porto, Portugal
c Departamento de Ingeniería Química, Facultad de Ciencias, Universidad Autónoma de Madrid, Cantoblanco, Ctra. de Colmenar km 15, 28049 Madrid, Spain
d Carbon Materials Research Group, Department of Inorganic Chemistry, Faculty of Sciences, University of Granada, Campus Fuentenueva s/n, 18071 Granada, Spain

A R T I C L E I N F O

Keywords:
Catalytic wet peroxide oxidation
Doped carbon black
Kinetic model
pH effect
Induction period
Nitrophenol

A B S T R A C T

P, B and N-doped carbon blacks prepared with H3PO4, urea and H3BO3 were tested as catalysts in the wet
peroxide oxidation of a concentrated 4-nitrophenol (4-NP) model solution (C4-NP=5 g·L−1). The highest cata-
lytic activity was found for P-doped carbon black (complete removal of 4-NP after 4 h at 80 °C, Ccat=2.5 g·L−1,

= −C 17.8 g·LH O2 2
1 and initial pH 3, whereas 44-19% removals were reached with the other catalysts). That was

ascribed to the strongest acidity (pHPZC=3.5) and hydrophilic character of the catalyst. Initial pH affected the
oxidation, allowing to increase strongly the conversion of 4-NP with the P-doped catalyst decreasing the initial
pH from 4 to 2 (4-NP removal from 20% to 99% after 8 h of reaction time at 50 °C, Ccat=2.5 g·L−1

and = −C 17.8 g·LH O2 2
1). An autocatalytic-power-law kinetic model was developed to predict the observed in-

duction period and the dependence on the pH of the 4-NP oxidation, H2O2 consumption and pH evolution (k4-
NP=2.2·10−5 M−2 min−1, = − − −k 4.0·10 M ·minH O2 2

6 3 1 and =+ − − −k 5.1·10 M minH
3 0.23 1 at 80 °C).

1. Introduction

The complexity of industrial wastewaters requires the development
of more efficient and economically viable treatment technologies. In
particular, nitrophenols (NPs), whether mono-, di- or tri-nitrophenols,
are contaminants commonly present in wastewaters of plastic, phar-
maceutical, paper, pesticide, synthetic dyes, insecticides, herbicides
and explosive industries, reaching high concentrations in these effluents
[1,2]. NPs are well-known to be highly toxic, inhibitory and bio-re-
fractory organic compounds [3,4]. The degradation rate of NPs is quite
slow in wastewater treatment plants, and moderate in soil, and both
acute and chronic effects have been reported for animals and humans
[4]. The United States Environmental Protection Agency (USEPA) in-
cluded those NPs in the list of priority pollutants [5] and reported
maximum allowable concentrations in water of 20 ppb [6].

Advanced oxidation processes (AOP) are particularly useful tech-
nologies to treat nondegradable compounds present in wastewaters in a
wide range of initial concentrations (0.001–10 g·L−1) [7–9], difficult to
remove by the conventional biological processes [10–14]. In this

context, different AOPs have been studied, such as ozonation [15,16],
photo-degradation [17,18] and electrochemical oxidation [19,20]. All
these techniques allow to remove completely 4-NP after 0.25–6 h de-
pending on conditions tested. The main drawback of these processes is
the expensive reagent and energy source necessities. Trapido and Kallas
evaluated the degradation of 4-NP by different AOPs, such as Fenton,
ozonation and photo-degradation, concluding that the Fenton reagent
was found to be the most promising for the abatement of 4-NP [21].
Thenceforward, the removal of 4-nitrophenol (4-NP) by oxidation with
hydrogen peroxide (H2O2) has been studied applying Fenton and in-
tensified Fenton treatments, such as photo-Fenton [3,22–24], micro-
wave-assisted Fenton [25] and electro-Fenton [26–28] processes. The
non-intensified Fenton process is able to totally remove 4-NP after 2 h
(considering 1mM of 4-NP at 25 °C, pH=3,>5mM of H2O2 and>
5mg/L of Fe2+) [29]. However, the Fenton process requires the re-
covery of the Fe catalyst at the end of treatment and a rigorous pH
control to efficiently run the process. Within this context, catalytic wet
peroxide oxidation (CWPO) appears more advantageous AOP [30,31],
since run with a heterogeneous catalyst which can be recovered after
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the process [11,32,33]. However, most of the studies regarding the
CWPO of 4-NP deals with the development of catalysts containing iron,
such as hybrid magnetic graphitic nanocomposites [34], nano-magne-
tite [35], fly ash [36], ferrous hydroxide colloids [37], Fe/Cu/Zr-clays
[38], or carbon nanotubes produced onto iron catalysts [34–37,39]. In
those studies, high conversions of 4-NP were achieved, but generally
ascribed to an homogenous contribution, as consequence of iron
leaching to the reaction media, which results in an additional con-
tamination. In a previous work [40], reduced graphene oxides (a metal-
free catalyst) were used in the CWPO of 4-NP, leading to maximum 4-
NP conversions of 60% after 24 h under the following operating con-
ditions: 50 °C, initial pH of 3 and concentration of 4-NP, H2O2 and
catalyst of 5.0, 17.8 and 2.5 g·L−1, respectively.

Among the operating conditions of the CWPO process, the pH of the
reaction medium can have a significant effect, depending on the pol-
lutant and catalyst considered [34,36,41,42]. In CWPO kinetic studies,
the pH effect is usually first studied in order to establish the adequate
pH range for the catalytic performance and the kinetic model is later
developed for that specific pH [43–45]. In this sense, it should be noted
that reports dealing with kinetic studies and investigating the effect of
the initial pH in CWPO do not consider the pH contribution in the
developed kinetic model (even observing a significant effect of pH),
neither the leached iron species nor the pH evolution of the medium
with the reaction time [43–45]. In the few kinetic studies related to the
peroxidation of 4-NP [35,46], the pH is never considered in the de-
velopment of the kinetic model.

It has been observed, in the CWPO process of some pollutants, that
the concentration evolution through the reaction time shows a transi-
tion regime between the initial slow degradation of the pollutant (in-
duction period) and the subsequent rapid concentration decay (S-
shaped curve) [34,36,47–51]. Some kinetic models are able to describe
the S-shaped curves for the degradation of compounds that have been
already reported in literature - as the autocatalytic model [52] or the
empirical Fermi equation (mostly employed in literature to describe
microbiological decays) [53]. Both of them have been employed or
adapted to predict data in oxidation processes [47–51].

The current work deals with the development of a kinetic model for
the CWPO of 4-NP, allowing the prediction of the effect of the aqueous
solution pH evolution with reaction time. Non-porous metal-free carbon
black (CB) is used as pristine material, since it was found to be an ef-
ficient and stable catalyst for CWPO [32] and since it is possible to
increase its catalytic activity by proper doping with P, N and B, as
previously demonstrated [33].

2. Materials and methods

2.1. Chemicals

CB was supplied in powder form by Chemviron (ref.:2156090).
Boric acid (H3BO3,> 99.5 wt.%), pyridine (99.8% w/v) and urea
((NH2)2CO,> 99wt.%), used as precursors in the preparation of the
doped catalysts, were supplied from Sigma-Aldrich. The other precursor
used, phosphoric acid (H3PO4, 85% w/v), was purchased from Panreac.
H2O2 solution (30% w/v), used as oxidant in the treatment of the
synthetic wastewater, was purchased from Fluka. Titanium (IV) oxy-
sulphate (TiOSO4, 15 wt.% in dilute sulphuric acid, H2SO4 99.99%),
hydrochloric acid (HCl, 37 wt.%) and sodium sulphite (Na2SO3, 98 wt.
%) were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH,
98 wt.%) was obtained from Panreac. 4-NP (98 wt.%) and 4-ni-
trocatechol (4-NC, 98 wt.%), acquired from Acros Organics and Fluka,
respectively, were used to prepare working standard solutions for High
Performance Liquid Chromatography (HPLC). Methanol (HPLC grade),
glacial acetic acid (analytical reagent grade) and acetonitrile (HPLC
grade) were obtained from Fisher Chemical. All chemicals were used as
received without further purification. Distilled water was used
throughout the work.

2.2. Preparation of doped carbon blacks

Doped CBs (DCBs) were prepared by a thermal-treatment carried
out after the doping procedure under N2 flow (50 Ncm3min−1), from
room temperature until 900 °C (considering a heating ramp of
10 °C·min−1), during 24 h, as described elsewhere [33]. Briefly, P-DCB
was prepared with H3PO4, which was heated up to the boiling tem-
perature and fed into the oven, once the CB was loaded, by bubbling a
N2 stream used as saturated carrier gas. The precursors (NH2)2CO or
H3BO3 were physically mixed with CB powder and the resulting ma-
terials loaded into the oven in order to prepare N-DCB or B-DCB, re-
spectively. In all cases, the precursor was used in excess assuring a
molar ratio of element to CB equal to 5 (carbon content of the pristine
CB is 98%). After the mentioned treatment, each sample was washed
several times with deionized water until the pH of the rinsing waters
was stabilized and further dried at 110 °C for 24 h.

2.3. Characterization techniques

The degree of wetting (wettability) of the DCBs (in the form of
buckypapers) was determined by measuring the water contact-angle
with an Attension Optical Tensiometer (model Theta) that allows the
image acquisition and data analysis. The measurements with water
were performed on dry buckypapers using the sessile-drop method.
Each contact angle was measured at least in five different locations on
the buckypapers to determine the average value. Buckypapers using
different CB samples were obtained following a methodology adapted
from elsewhere [39]. In a typical procedure, the CB material was dis-
persed in propan-2-ol (1 g·L−1) for 10min by using an ultrasonic pro-
cessor (UP400S, 24 kHz). Then, the CB suspension was filtered under
vacuum through a polyethersulfone (PES) membrane (0.22 μm, Milli-
pore) placed into a filtration device. Then, the formed buckypaper was
taken off the PES membrane, placed between two cellulose discs and
dried by a controlled heating until 100 °C in an oven.

The textural properties of the materials were determined from N2

adsorption–desorption isotherms at 77 K, obtained in a Micromeritics
Tristar 3000 apparatus. The BET surface area (SBET) was calculated
using the BET method, whereas the external surface area (Sext) and
micropore volume (Vmic) were obtained by the t-method (thickness was
calculated by employing ASTM standard D-6556-01) [54]. The micro-
porous surface area (Smic) was determined as the subtraction of Sext from
SBET (Smic = SBET - Sext).

The size of the particles of CB and DCBs samples were analyzed in a
laser diffraction equipment Malvern Mastersizer 3000, equipped with a
dispersion unity Hydro MV (Malver, United Kingdom). Distilled water
was used as solvent to disperse the materials and the analysis were
made by using five measurements for each sample, which allowed to
determine number distribution of the samples.

2.4. CWPO experiments

Batch CWPO experiments were carried out in a 250mL well-stirred
(600 rpm) glass reactor equipped with a condenser, a thermocouple, a
pH measurement electrode and a sample collection port. A con-
centrated (5.0 g·L−1) 4-NP solution was considered as a model system
to simulate high-loaded wastewaters [39]. The reactor was loaded with
50mL of the 4-NP aqueous solution and heated by immersion in an oil
bath at controlled temperature. Upon stabilization at the desired tem-
perature, the solution pH was adjusted to a previously chosen value by
means of H2SO4 and NaOH solutions, and the experiments were al-
lowed to proceed freely, without further pH adjustment. Then, the
adequate quantity of 30% w/v H2O2 (17.8 g·L−1) was added in order to
use the stoichiometric dosage of H2O2 needed for complete 4-NP mi-
neralization. Finally, the selected amount of catalyst was added, after
complete homogenization of the resulting solution, that moment being
considered as the initial reaction time, t0=0min.
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All runs were conducted during 24 h and considering a catalyst
concentration of 2.5 g·L−1. The temperature and initial pH of the re-
action media were T=50–80 °C and pH=2–4. Blank experiments, in
the absence of catalyst, were also carried out to observe the non-cata-
lytic contribution to the pollutant degradation.

2.5. Analytical methods

Small aliquots were periodically withdrawn from the reactor to
determine 4-NP, its oxidized intermediates and H2O2 concentration by
HPLC and a colorimetric method, as previously described [34,38].
Briefly, 4-NP and its aromatic oxidation products (hydroquinone, 1,4-
benzoquinone, 4-nitrocatechol, catechol and phenol), low molecular
weight carboxylic acids (formic, acetic, oxalic, malonic, maleic and
malic acids) and nitrates, were determined by using a Jasco HPLC
system at wavelengths of 318, 277 and 210 nm (UV-2075 Plus de-
tector), respectively. 4-NP and its aromatic intermediates were de-
termined by using a Kromasil 100-5-C18 column and 1mL·min−1 (PU-
2089 Plus) of an A:B (40:60) mixture of 3% acetic acid and 1% acet-
onitrile in methanol (A) and 3% acetic acid in ultrapure water (B). The
low molecular weight carboxylic acids were monitored using an
YMC–Triart C18 column and 0.6mL·min−1 of an A:B (95:5) mixture of
1% H2SO4 in ultrapure water (A) and acetonitrile (B). In order to de-
termine the concentration of H2O2, a filtered sample was added to 1mL
of H2SO4 solution (0.5 mol·L−1) in a 20mL volumetric flask, to which
0.1 mL of TiOSO4 were added. The resulting mixture was diluted with
distilled water and further analyzed by UV–Vis spectrophotometry (T70
spectrometer, PG Instruments Ltd.)

2.6. Kinetic modelling

A kinetic study was done following the methodology considered in a
previous work dealing with the CWPO of phenol at the initial pH of 3.5
(without variation of pH) [32,55,56]. The production rate, as r
(mmol·h−1 g−1) of each given species i inside the batch-reactor was
expressed considering a constant volume system, as shown in Eq. (1):

= =r
W

dN
dt C

dC
dt

1 · 1 ·i
i

cat

i

(1)

where Ni and W are the moles of the compound i (mmol) and the cat-
alyst mass (g) in the reactor, respectively, while Ci and Ccat are the
corresponding concentrations, of that compound (mM) and the catalyst
(g·L−1); t is the time of reaction (h).

The numerical integration of the rate equations in a batch reactor
with the initial conditions Ci = Ci,0 at t = t0 was solved and the kinetic
parameters were obtained by using the Microsoft Excel Solver
(Microsoft Office 2013, MicrosoftCorp.) to minimize the sum of squared
errors (SSE) of the relative concentration of i (rci = Ci/Ci,0) between the
experimental (exp) and predicted (model) values (Eq. (2)):
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rc was used to take into account the differences in the order of mag-
nitude of the concentration among the compounds (C4-NP=0–36mM
and = −C 0 524 mMH O2 2 , whereas C/C0=0–1 for each compound).

The models were also evaluated by the determination factor (R2)
calculated by applying Eq. (3), respectively:
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where N is the total number of values (n) in a run and p is the number of
predictors.

The equations were solved considering the Arrhenius equation (the
influence of the temperature was considered directly in the model so-
lution), thus calculating directly the activation energy and the pre-ex-
ponential factor.

3. Results and discussion

3.1. Characterization of the fresh DCBs

Table 1 summarizes BET and external surface area (SBET and Sext,
respectively) and the most relevant properties of the pristine CB and
DCB materials, reported in our previous work [33], such as content of
heteroatoms, acidity and pH at the point of zero charge (pHPZC). As

Table 1
Relevant textural and chemical properties of the fresh CB and DCB catalysts.

Catalyst SBET, Sext
(m2/g)

P*, B* or N**

(wt.%), [33]
Acidity (mmol·g−1), [33] pHPZC, [33] Contact angle

(°) (photograph)

CB 73 P=0.00
B=0.00
N=0.04

0.60 6.4 115 ± 1

P-DCB 82 P=0.04 1.33 3.5 39 ± 3

B-DCB 84 B=0.51 1.28 5.6 31 ± 2

N-DCB 59 N=0.37 0.55 6.0 121 ± 1

* Phosphorous and Boron measured by ICP analysis.
** Nitrogen measured by elemental analysis (EA).
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observed, values obtained of SBET and Sext were lower than 90m2 g−1,
which are low values of specific surface when compared to another
carbonaceous materials [54] and consequently is not expected to ob-
serve a significant contribution in the removal of the pollutant by ad-
sorption. In addition, the values of SBET and Sext were found to be close
to each other, leading to a null micropore specific surface. According to
the t-method, micropore volume is also null, consequently CB and P, N
or B-DCB can be considered non-porous or macroporous materials. In
fact, all isotherms adsorption of N2 curves at 77 K (Fig. S1) can be
classified as Type II isotherm that is typically given by the physisorption
of most gases on nonporous or macroporous adsorbents. The shape is
the result of unrestricted monolayer-multilayer adsorption up to high p/
p0. In addition, the absence of a hysteresis loop can be ascribed to the
non-existence of narrow open ended pores.

The size of particles of the materials was found to present a narrow
distribution from 45 to 990 nm (Fig. S2). The average particle size of
the samples is 86 nm for the undoped material (CB) and 82, 89 and
90 nm for N-DCB, B-DCB and P-DCB, respectively. As observed, all
materials present an average particle size close to the value found for
the pristine material and the distribution of the particle size was also
similar between them.

Additionally, Table 1 also shows the wettability of all materials as
measured by the water contact-angle. As can be seen, the amount of
doping element incorporated depends on the specific element, being
higher for the DCB with boron and the doping method does not affect
significantly the SBET of the pristine material.

The P-DCB and B-DCB samples were found to present more acidity
(1.28 and 1.33mmol·g−1, respectively), due to the presence of acid
heteroatoms functional groups and surface carboxylic acid groups [33].
As a probable consequence, P-DCB and B-DCB are hydrophilic materials
(as given by the low contact angles of 31 – 39°), meaning that in-
creasing the acidity of CB, it is possible to increase its water-wettability.
Additionally, the pHPZC value of the P-DCB sample (3.5) suggest that the
acidic groups in this material are stronger than in B-DCB [57,58]. The
pristine material (CB) and the N-DCB show a low acidity (0.60-
0.55mmol·g−1) and the highest values of the contact angle (115–121°).

A deeper discussion about the doping characterization of the DCBs
can be found in the previous work [33].

3.2. Catalytic performance of DCBs in CWPO

The catalytic activity of the DCBs was assessed in the CWPO of 4-NP
and compared to the non-catalytic wet peroxide oxidation (WPO)
process. Pure adsorption contribution to the overall 4-NP uptake was
not determined, since it was verified previously that it is negligible
[32,33]. The evolution of 4-NP and H2O2 concentrations against reac-
tion time were depicted in Fig. 1. The conversion of 4-NP (Fig. 1a) with
the pristine material (CB) reached 6.8% after 24 h of time of reaction,
which is similar than the conversion found in the non-catalytic run
(5.8%). However, higher conversions of H2O2 (19.5%) were achieved
with CB when compared to the non-catalytic run (< 7%). Thus, the
consumption of H2O2 is not efficient when CB is used, evidencing the
need to increase its catalytic activity in the oxidation of 4-NP. In this
sense, the doping methods used to modify the commercial CB were
found to lead successfully to an increment of the catalytic activity, since
the conversion of 4-NP in the CWPO process was considerably higher
with DCBs than with the undoped CB. More precisely, 4-NP conversions
of 95.9, 65.5 and 40.4% were found after 24 h of reaction time with P-
DCB, B-DCB and N-DCB, respectively. The highest catalytic activity
exhibited by P-DCB and B-DCB can be ascribed to their chemical
properties (Table 1). P-DCB and B-DCB are the catalysts tested with
highest acidity (1.28 and 1.33mmol·g−1) and hydrophilic character
(contact angles of 31 and 39°, respectively, Table 1), probably im-
proving the reactants diffusion. An increment in the catalytic activity
increasing the acidity of the catalyst was also observed in the CWPO of
phenol [33]. The highest catalytic activity exhibited by P-DCB when

compared to B-DCB was ascribed to its lower pHPZC value (Table 1). The
strongest acidity of the P-DCB is consistent with other H3PO4-actived
carbons, whereas the treatment with H3BO3 provokes an increase of the
acidity in lower extent [33,59].

It should be noted that the conversion of 4-NP after 24 h is higher
when compared to previous results (maximum conversion less than
70% after 24 h) obtained with metal-free graphene oxide catalysts
under the same operating conditions [40]. However, when results are
compared at low reaction times (< 2 h) with the previous study, the
conversion of 4-NP achieved with P-DCB is lower, so the oxidation of 4-
NP began to be significant only after 2 h. The consumption of H2O2 is
also low at the initial stages of reaction and increase substantially after
2 h of reaction, revealing an induction period in the peroxide oxidation
of 4-NP in the presence of the prepared carbon black catalysts. As can
be observed, the induction period varied among the experiments per-
formed with the different catalysts, ranging from 1 h (P-DCB) to 4 h (N-
DCB). Interestingly, the occurrence of an induction period, from 10min
to 1 h, was also observed in the CWPO of 4-NP with Fe anchored cat-
alysts [34,36]. To explain the presence of this induction period, Zhang
et al. postulated [36] the formation of hydroperoxyl/superoxide radi-
cals (HO2

•/O2
•−) on the surfaces sites of the solid catalyst. These re-

active oxygen species HO2
• and O2

•− present a potential of oxidation,
which is much lower than that of the HO• species and, as consequence, a
slow period of 4-NP removal appears initially.

In a previous work dealing with the CWPO of phenol with the DCB
materials [33], an induction period was not detected. Therefore, the
induction period has been found to be characteristic of the CWPO of 4-
NP with DCB. During all experiments, 4-nitrocatechol (4-NC) was
identified as oxidized intermediate of the 4-NP oxidation, but the

Fig. 1. Effect of carbon black doping on the evolution of the relative con-
centration of (a) 4-NP and (b) H2O2. Experimental conditions: Ccat=2.5 g·L−1,
C4-NP,0=5 g·L−1, = −C 17.8 g·LH O2 2,0

1, 50 °C and pH0 3.

J.L. Diaz de Tuesta, et al. Catalysis Today xxx (xxxx) xxx–xxx

4



presence of 4-NC is only significant after the induction period. How-
ever, experiments carried out in the presence of 4-NC at the beginning
of reaction evidenced that the oxidized intermediate does not work as
redox initiator to promote the decomposition of H2O2 (Fig. S3). In this
regard, it is also interesting to note that the CWPO run of 4-NC (without
4-NP) did not show any induction period with P-DCB.

3.3. Effect of temperature

Fig. 2 shows the relative concentration of 4-NP and H2O2 against the
time of reaction with undoped CB, all DCBs and in the absence of cat-
alyst at the higher tested temperature (80 °C). As observed, the removal
of 4-NP without catalyst is significantly lower (21.9% after 24 h of re-
action time) when compared to the catalytic runs (almost complete
conversion of 4-NP after 24 h with the undoped material and P, B or N-
DCB). The increment of reaction temperature contributes to enhance
the 4-NP oxidation rate, due to a faster decomposition of H2O2, as
observed in Fig. 2.b. Further analysis of Fig. 2 shows that the complete
conversion of the pollutant is achieved with P-DCB after 4 h of reaction
time, whereas 44%, 19.2% and 16.2% of 4-NP conversion is reached
with B-DCB, NDCB and the pristine material, respectively. Same order
of catalytic activity P-DCB > B-DCB > N-DCB > CB is found at 50 °C
obtaining 4-NP conversions from 12% to 5% with DCB and 1.5% with
the un-doped catalyst after 4 h (2.5–18 times higher 4-NP removals
were obtained at 80 °C and 4 h of time of reaction). An induction period
is also observed at 80 °C, but its duration is shorter than the induction
period observed at 50 °C. This means that the effect of temperature in
the CWPO of 4-NP is very significant in such a way that the increase of
the temperature, not only increases the rate of peroxide oxidation, but

also reduces the induction period, allowing to achieve higher conver-
sion values in lower reaction times. At 80 °C, the presence of 4-NC was
also found to be significant only after the induction period.

3.4. Effect of pH

The influence of the initial pH (pH0) was analysed in the range from
2 to 4 (not buffered), considering the CWPO of 4-NP with the most
active catalyst, P-DCB, at 50 °C. In these experiments, the pH of the
aqueous solution was followed during the time of reaction. The profiles
of H2O2, 4-NP and 4-NC concentration are depicted in Fig. 3 against
time of reaction (left) and pH (right). As it can be observed, the initial
pH of the aqueous medium has a significant effect on the process, since
the decrease of pH0 leads to the increase of H2O2 (Fig. 3a) and 4-NP
(Fig. 3c) conversions in the CWPO process with PDCB. In fact, a 4-NP
conversion of 99.3% is achieved at pH0 2 and 8 h of reaction, whereas
33.5% was found at pH0 3. The curve of 4-NC concentration (Fig. 3e)
shows a faster apparition and oxidation of this compound at pH0 2 as
compared to the behavior observed under a higher initial pH value in
the CWPO process. Accordingly, the initial pH of the CWPO process of
4-NP with P-DCB can be adjusted for the benefit of the parent pollutant
and intermediate conversion. The increment of the pollutant conversion
can be ascribed to a higher rate consume of hydrogen peroxide, as can
be observed in experiences of CWPO (Fig. 3a) and in runs of H2O2

decomposition carried out in absence of pollutant (Fig. S4). In con-
sequence, it is hoped that rate production of hydroxyl and hydroperoxyl
radical would be increased, leading an oxidation kinetic of the model
pollutant higher.

As observed, the effect of pH on the conversion of 4-NP is more
significant than in the consumption of H2O2, since the conversion of the
pollutant is increased from 9.7% to 93.4% after 6 h of reaction when pH
decreases from 4 to 2, respectively, whereas the consumption of H2O2 is
only increased from 6.9% to 30.1%. This can be explained by the fact
that the concentration of H2O2 was considered to be the stoichiometric
amount needed to mineralize 4-NP, thus the consumption of H2O2 is not
directly related to the conversion of 4-NP, but rather to the miner-
alization extent (not included in this work). Interestingly, most of the
works in the literature studied how the pH affects the conversion of the
model pollutant under study, but not the effect of the pH on the con-
sumption of H2O2 [34,36,43,60]. A significant effect of the pH on the
conversion of both pollutant and H2O2 has been found in the CWPO of
phenol with Fe/γ-Al2O3 [41].

The effect was more significant in the removal of the pollutant than
in the consumption of H2O2 as observed in this work. Another possible
explanation may be related to an increase in the efficiency of H2O2

consumption (defined as ratio of TOC to H2O2 conversion) as pH de-
creases, as observed in the CWPO of phenol with gold/activated cata-
lyst, decreasing the initial pH of reaction media from 10.5 to 3.5 [44].
That means that higher removals of organic compounds can be
achieved by decreasing the pH without further non-efficient con-
sumption of H2O2.

As expected, the pH of the aqueous system decreases with reaction
time (Fig. 3 right), as a consequence of the acids generated from the
peroxide oxidation of 4-NP [40]. The pH evolution in the experiences of
CWPO of 4-NP can be ascribed to the denitrification of 4-NP and 4-NC,
and to the production of ring opening species, which are mostly low
molecular weight carboxylic acids. The low molecular weight acids
identified in the CWPO of 4-NP with P-DCB by using HPLC were malic,
maleic, malonic, oxalic, acetic formic and nitric acid (Fig. S5 shows the
concentration of these compounds after 6 h of time of reaction at pH0 2,
3 and 4). The pH curves show an inflection point at pH value around 2.5
from that value, where the reaction accelerates and a significant in-
crement of the 4-NP and H2O2 conversions was observed. The turning
point of pH 2.5 is reached between 2 and 4 h of reaction (times of re-
action included in Fig. 3.b-d-f) at pH0 3 and pH0 4, respectively.
Therefore, a decrease in the initial pH leads to a decreasing of the

Fig. 2. Evolution of (a) 4-NP and (b) H2O2, as a function of reaction time with
carbon blacks at 80 °C. Experimental conditions: Ccat=2.5 g·L−1, C4-

NP,0=5 g·L−1, = −C 17.8 g·LH O2 2,0
1 and pH0 3.
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induction period, which is negligible at pH0 2.

3.5. Kinetic modelling

Kinetic modelling was performed taking into account the absence of
transfer limitations at the operating conditions tested, since the catalyst
was used in powder form (average particle size of 89 nm) and the ap-
propriate stirring velocity were used (stirring velocity was not found to
affect the conversion of 4-NP, TOC and H2O2). In addition, the ad-
sorption contribution in the removal of pollutants with these non-mi-
croporous materials is negligible. Therefore, it is not expected that ki-
netic will be limited by internal diffusion limitations, since non-porous
material with small particle size (Fig. S2) is used.

Three kinetic models with different equations, summarized in
Table 2, were tested for all permutations of kinetic order (from 0 to 2).
The homogeneous non-catalytic contribution was not considered due to
the low 4-NP conversions obtained at 50 and 80 °C without catalyst
(Figs. 1 and 2, respectively). All kinetic models were developed taking
into account the pH of the reaction media, which was included as-
suming the appearance rate of any compound (i) directly proportional
to the concentration of protons (Eq. (4)):

= −+C 10H
pH (4)

The concentration of the protons in the solution depend on the acid
dissociation constant (Ka) of all carboxylic and nitric acids produced,
and how the dissociation is affected by the presence of each of them.
This means that the protons concentration is a complex function that
depends on the concentrations of all substances present in the matrix
and their properties. Including the protons concentration in the ap-
pearance rate is just like modelling the lumped acids. Taking into ac-
count previous reports [32,40], as well as the above discussion about
the reaction intermediates resulting from the oxidation of 4-NP (4-NC
and carboxylic and nitric acids), a generalized reaction pathway is
proposed (Fig. 4), where the assumption of the lumped acids is placed
in evidence. The pH evolution in the experiments of CWPO of 4-NP,
ascribed to the denitrification of 4-NP and 4-NC, and ring opening
products, has to be necessarily modelled in order to predict the 4-NP
oxidation and H2O2 consumption rates with accuracy. The pH results
were taken into account, specially interesting in the process, since the
pH0 affects strongly the induction period and the oxidation rate of 4-NP.

Regarding H2O2, it is known that its decomposition yields hydroxyl
and hydroperoxy radicals at the carbon surface sites (SS) and these

Fig. 3. Effect of the initial pH (pH0) on the evolution of (a,b) H2O2, (c,d) 4-NP and (e,f) 4-NC, as a function of reaction time (left) and the pH of the reaction medium
(right). Inserted numbers (b, d, f) represent the reaction time in hours. Experimental conditions: CP-DCB=2.5 g·L−1, C4-NP,0=5 g·L−1, = −C 17.8 g·LH O2 2,0

1 and 50 °C.
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radicals further react with the organic matter in the liquid phase [32].
Thus, H2O2 disappearance can be described by the reaction:

SS+2 H2O2aq → 2 SS(H2O2)s → HO• + HOO• + OH− + H+

Oxidation of 4-NP to 4-NC, its denitrification to phenol and/or hy-
droquinone (which could be produced from phenol) may be considered.
4-NC may be denitrified to catechol or, as many other aromatic com-
pounds produced, oxidized to ring opening products.

The induction period has to be considered using the kinetic models
able to describe the S-shaped curves reported in the introduction (au-
tocatalytic model [52] and Fermi equation [53]). The autocatalytic
system and the Fermi equation are typically represented as Eqs. (5) and
(6), respectively:

= −dC
dt

k C c C· ·( )i
i i0 (5)

=
+ −

C
C
k t t1 exp( ·( *))i

i,0

(6)

where C0 and t* are constants to fit. Theoretically, C0 represents the
sum of the concentration of a reagent (Ci) and a product (CR), which in
turn works as reagent, also reacting with a molar ratio 1:1 with the
reagent i (i+R→R+R), resulting in a constant concentration (C0=Ci,0

+ CR,0 = Ci + CR). This means that increasing the content of the
product (R), the rate is increased, since the own product play a role as
reagent. For this reason, the model can be used to represent S-shape
curve profile. For its part, the t* constant in the Fermi equation corre-
sponds to the time of the inflexion point in the S-shaped curve profiles.
From the Fermi equation (Eq. (6)), the disappearance rate of a com-
pound i can be developed by the analytical integration, as given by Eq.
(7):

= −
−

+ −
dC
dt

k C
k t t

k t t
· ·

exp( ·( ))
1 exp( ·( ))

*

* (7)

Then, the disappearance or appearance rate of each compound (4-
NP, H2O2 and H+) was modelled considering the concentration of each
of them with different kinetic orders and the power-law potential,
Fermi equation and autocatalytic model for each of them too.

The kinetic order of the compounds 4-NP and H2O2 were permuted
to be integer numbers, whereas the kinetic order of protons con-
centrations was optimized in the range 0–2 to take any value. The ki-
netic model including the autocatalytic equation to predict the H2O2

decomposition was found to simulate most suitably the CWPO of 4-NP,
whereas the rest of species (4-NP and H+) are best modelled by using a
kinetic potential equation. As concentration of protons increased during
the reaction time, the inverse relative concentration was considered to

Table 2
Proposed kinetic models used to fit the rate of consumption and formation of
the compounds 4-NP, H2O2 and H+ in the CWPO of 4-NP with P-DCB.

Kinetic model I

− =−
− − − + +k C C C· · ·dC NP

dt NP NPn NP
I

H O
nH O

I
H

n
H
I4

4 4 4 2 2 2 2

− = − − + +k C C C· · ·
dCH O

dt H O NPn NP
II

H O
nH O

II
H

n
H
II2 2

2 2 4 4 2 2 2 2

=
+

− − + +k C C C· · ·
dC H

dt H O NPn NP
III

H O
nH O

III
H

n
H
III

2 2 4 4 2 2 2 2

Kinetic model II
Modelling one of the main compounds (i = 4-NP, H2O2, or H+) with Fermi
equation:

− = −
+ −

k C C C· · · ·dCi
dt i ini

I
j
nj

I
mnm

I k t t
k t t

exp( ·( *))
1 exp( ·( *))

and the rest of them by power-law potential model (j and m ≠ i):

− = k C C C· · ·
dCj
dt j ini

II
j
nj

II
mnm

II

− = k C C C· · ·dCm
dt m ini

III
j
nj

III
mnm

III

That results in 3 systems of equations (one for each Fermi equation used in the
disappearance rate of one of the three main compounds: 4-NP, H2O2, and H+).

Kinetic model III
Modelling one of the main compounds (i = 4-NP, H2O2, or H+) by using
autocatalytic model:

− = −k C C C C C· ·( )· ·dCi
dt i ini i jnj mnm0

and the rest of them by power-law potential model (j and m ≠ i):

− = k C C C· · ·
dCj
dt j ini

II
j
nj

II
mnm

II

− = k C C C· · ·dCm
dt m ini

III
j
nj

III
mnm

III

That results in 3 systems of equations (one for each autocatalytic model used in
the disappearance rate of one of the three main compounds: 4-NP, H2O2, and
H+).

Fig. 4. Reaction pathway of the CWPO of 4-NP using P-doped carbon black as catalyst.
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minimize the SSE to take into account the differences in the order of
magnitude of the concentration among the compounds. Then, the fit-
ting of the model to the experimental data through to minimize SSE of
the model as an objective function with the same weight for the SSE of
each relative concentration as follow (Eqs. (8)–(11)):

∑= ⎛

⎝
⎜ − ⎞

⎠
⎟

=

SSE C
C

C
CNP

n

N
NP

NP exp i n

NP

NP model i n
4˗

1

4˗

4˗ ,0 ,

4˗

4˗ ,0 ,

2

(8)

∑= ⎛

⎝
⎜ − ⎞

⎠
⎟

=

SSE
C

C
C

CH O
n

N
H O

H O exp i n

H O

H O model i n1 ,0 , ,0 ,

2

2 2
2 2

2 2

2 2

2 2 (9)

∑= ⎛

⎝
⎜ − ⎞

⎠
⎟

=

+
+

+

+

+
SSE

C
C

C
CH

n

N
H

H exp i n

H

H model i n1

,0

,

,0

,

2

(10)

= + + +SSE SSE SSE SSENP H O H4˗ 2 2 (11)

The estimated values of apparent activation energy (Ea), pre-ex-
ponential factor (k0) and determination coefficient (R2) are provided in
Table 3. Concretely, the values of the kinetic constant obtained at 80 °C
are: k4-NP=2.2·10−5 M−2 min−1, = − − −k 4.0·10 M ·minH O

6 3 1
2 2 and

= − − −+k 5.1·10 M minH
3 0.23 1 at 80 °C. The validation of this model was

supported by the values of determination coefficients of the fitting and
illustrated by the parity plots of Fig. 5 and from the analysis of variance
of the model, since a F-value of Fischer of 68 was determined (higher
than the p-value 2.1). The predicted evolution of the compounds
(curves) with their experimental data (symbols) are depicted in Fig. 6.

According to this model, the evolution rate of 4-NP oxidation and
H2O2 consumption were found to be dependent on the concentration of
the compounds 4-NP, H2O2 and pH, as if the reaction order with respect
to the reactants and the pH would be 1 = = =+n n n( 1)NP H O H4- 2 2 . The
protons concentration was crucial in order to predict reasonably well
the disappearance rate of the reagents. The slow initial rates of 4-NP

oxidation and H2O2 consumption, as consequence of the induction
period, were suitably reproduced by the autocatalytic equation used to
reproduce the concentration of H2O2 upon reaction time. Interestingly,
the concentration of 4-NP was found to be indispensable to reproduce
the asymptotic trend of the H2O2 concentration at high values of re-
action time. That likely means that most of the compounds produced
from the oxidation of 4-NP may be refractory while 4-NP is consumed.

It may be emphasized that the parameter C0 of the autocatalytic
kinetic equation, which is used to describe the evolution of H2O2, does
not take similar values when it was used in the rate of the other com-
pounds. Thus, it has not been possible to establish a theoretical re-
lationship between compounds with C0 in the way: = +C C CH O i0 2 2 . We
speculate that the modification of the catalyst during the reaction may
be taking place, in such a way that its catalytic activity could be in-
creased upon reaction time and, in consequence, acting as a trigger at
specified time or pH. However, the second use of the catalyst shows a
decrease of its catalytic activity in the CWPO of 4-NP.

Accordingly with the resultant model, the appearance rate of pro-
tons can be only predicted with its own concentration. However, the
protons concentration depend on the concentration of the matrix
compounds, including 4-NP and H2O2. The integer value for the reac-
tion order of protons could not be a suitable choice to predict its ex-
perimental values (Fig. S6). The consideration of the pH value of the
reaction medium to model the chemical kinetic oxidation of a target
pollutant with H2O2 results a useful tool to take into account in future
works of CWPO or AOPs. Integrate the pH value in a kinetic model
allows not only the good simulation of the compounds removal in the
oxidation process, but also the prediction of the pH evolution of the
medium of reaction. This means that it is possible to select the most
appropriate operating conditions to avoid the acid corrosion in a che-
mical reactor and the process lines or adjust the pH of the effluent when
its value is a key output variable of design.

4. Conclusions

The catalytic activity of a commercial carbon black in the CWPO of
4-NP is increased by doping with P, B or N elements. Doping the carbon
material with P led to obtain the most active catalyst in the process, as
consequence of its strongest acidic nature and wetting degree. By in-
creasing the temperature or the acidity of the reaction media it is
possible to increase the conversion of the pollutant, since the oxidation
rate is increased and the observed induction period decreased. The
CWPO of 4-NP with the P-doped carbon black can be well-described by
applying an empirical kinetic model composed by an autocatalytic ex-
pression, to describe the decomposition of H2O2, and by a power-law
expression, to account for the evolution of 4-NP and H+ (determined as
CH+=10−pH). In this sense, it is possible to predict the induction
period, which takes place in the process, and the evolution of the pH.
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