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The efficiency of advanced oxidation processes is usually optimized by measuring the evolution of some
water quality parameters sampling aliquots at pre-selected time intervals, such as particular undesired
contaminants contents, or the reduction of chemical oxygen demand and total organic carbon. Besides
providing good information regarding overall treatment performance and dynamics, this methodology
also implies large analytical time consumption, and does not offer the actual full sequence of compounds
appearing and disappearing during oxidation. On-line Fourier transform infrared spectroscopy is herein
reported as a very useful tool for this purpose. In particular, it was successfully applied to monitoring the
Fenton’s oxidation of three model compounds (phenol, acetic acid, and oxalic acid) performed in contin-
uous, providing precise control of the effect of reagents over time. Hydroxylation reactions resulted in the
formation of hydroquinone and catechol as the main aromatic by-products being generated along the
oxidation of phenol by the Fenton process. All phenolic substances (phenol, hydroquinone, benzoqui-
none, and catechol) were totally removed along the reaction. Carboxylic acids (oxalic and acetic mainly)
were significantly present as final by-products of the oxidation process, highlighting their oxyrecalcitrant
behavior. On-line FTIR successfully enabled monitoring the Fenton process, and it provided a precise
control of the effect of reagents along reaction time. Applications for a future on-line control of Fenton
processes in industry may be developed in order to optimize the use of reagents and the potential
combination with biological treatment stages; therefore reducing the operational cost of this advanced
oxidation treatment.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Advanced oxidation processes (AOPs) involving the in situ gen-
eration of highly reactive transitory species (e.g. H2O2, OH�, O3, O��2 )
are taking advantage when conventional wastewater treatment
techniques become insufficient to treat biorefractory contaminants
[1–5]. Particularly, the method described by Fenton [6] is one of
the most frequently used because it is generally more efficient,
and implies a significant lower economical cost than other AOPs
[2,5,7,8].

The Fenton process is based on the electron transfer between
hydrogen peroxide (H2O2) and ferrous ion (Fe2+), which acts as a
homogenous catalyst, generating hydroxyl radicals (OH�) that can
degrade organic compounds [9]. These highly reactive radicals ini-
tiate the oxidative destruction of organic substances (RH) present
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in wastewater by hydroxyl radical addition or hydrogen atom
abstraction reactions [5]. Organic free radicals (R�) are formed as
transient intermediates that are further oxidized by hydroxyl rad-
ical, hydrogen peroxide, oxygen, ferric iron, and other oxidative
intermediates; finally yielding stable oxidized products [5].

The optimization and process control of Fenton treatment and
other AOPs has usually been undertaken by measuring certain
water quality parameters (e.g. undesired contaminants contents,
chemical oxygen demand, and/or total organic carbon removal)
at certain time intervals. In addition, several techniques have
widely been applied to characterize the sequence of organic com-
pounds that are produced during the oxidative treatment using
this discrete sampling protocol, such as high-performance liquid
chromatography (HPLC) [10–12], gas chromatography–mass spec-
trometry (GC–MS) [13,14], Fourier transform infrared spectroscopy
(FTIR) [15,16], or different combinations of them, or with other
analytic techniques (e.g. ultraviolet–visible spectrophotometry
(UV–Vis), liquid chromatography–mass spectrometry (LC–MS),
ion chromatography (IC), etc.) [17–21].

Particularly, FTIR has been previously applied to analyze the
surface of catalysts and adsorbed substances along diverse AOPs
treatments [22–25]. Gas samples have also been analyzed by FTIR
to measure the generation of carbon dioxide (assimilable as miner-
alized carbon) in outlet gaseous streams of ozonation processes,
which served as an indirect control parameter of the treatment
[26]. In addition, FTIR has also been applied to control reactions
in liquid samples identifying the compounds that are appearing
and disappearing in the solution at preset time intervals [15,16].
All these methods enabling an indirect discrete control of the reac-
tion involve great analytical time investment, and do not provide a
full continuous characterization of the sequence of compounds
that are produced in, or removed from the solution along the pro-
cess. Furthermore, no reference for its on-line application has been
reported to date.

On the other hand, membrane-introduction mass spectrometry
(MIMS) has actually been applied to perform on-line measure-
ments along photocatalytic processes [27]. Nevertheless, despite
this methodology has been reported useful for monitoring these
processes on-line, just volatile organic pollutants that are present
in water can be effectively analyzed; whereas other highly polar
substances could not be detected properly, such as some com-
pounds that have been previously reported to be typically gener-
ated along the oxidation process of phenol [27].

Moreover, the current tendency of improving the combination
of AOPs with biological technologies [28,29] would surely wel-
come the application of advanced analytical methods to optimize
the efficiency of every treatment step considering the predomi-
nant bio- or oxi-degradable nature of by-products. Therefore,
the main objective of this essay was developing a suitable meth-
odology of on-line monitoring the evolution of the Fenton treat-
ment of model organic compounds based on FTIR; which may
ultimately allow the addition of reagents to be optimized, a fur-
ther identification of the involved reactions, and the qualitative
and quantitative determination of the by-products that are gener-
ated along the process.
2. Materials and methods

2.1. Material and analytical methods

All used chemicals were of analytical grade and supplied by
PANREAC S.A. (Barcelona, Spain) and Sigma–Aldrich (Highland,
USA). Solutions were prepared in ultrapure water and kept in dark
until use. 0.1 N H2SO4 and 0.1 N NaOH were used to adjust the pH
value of the solution along the process.
The concentration of each tested organic compound (16 mmol
of phenol, 14 mmol of oxalic acid, and 12 mmol of acetic acid in
a total volume of 100 mL) was considered in order to achieve a
good monitoring resolution of the process in the ReactIR iC10
device. Phenol was chosen as a model compound to perform this
essay because its degradation behavior by several AOPs (Fenton
process included) has widely been described previously [30–34],
so it would perfectly serve to evaluate the proposed methodology.
In addition, oxalic and acetic acids were also chosen due to its oxy-
recalcitrant nature [32].

All analyses were made according to the standard methods
for the examination of water and wastewaters [35]. Chemical
oxygen demand (COD) was measured by the colorimetric meth-
od at 600 nm using an Aquamate-spectrophotometer (Thermos
Scientific AQA 091801, Waltham, USA); and hydrogen peroxide
concentration was analyzed using the titanium–sulphate spectro-
photometric method [36]. As residual hydrogen peroxide in the
solution interferes with COD analysis, this interference was
corrected fitting the relationship between COD and hydrogen
peroxide content to a second order polynomial equation
(DQO(H2O2) = �0.000020�[H2O2]2 + 0.393239�[H2O2]; R2 = 99.92%;
p = 0.0001) [37].

Total organic carbon (TOC) was measured by the combustion-
infrared method using a TOC/TN analyzer multi N/C� 3100 (Analy-
tik Jena AG, Jena, Germany) with catalytic oxidation on cerium
oxide at 850 �C. The integration of the information provided by
the evolution of both COD and TOC along the oxidation treatment
was assessed by calculating the mean oxidation number of organic
carbon (MOC = 4�[1 � (COD/TOC)], considering both COD and TOC
in molar units) [32].

Phenol and reaction intermediates were complementary mea-
sured by High Pressure Liquid Chromatography (Model L920, Var-
ian, CA, USA) with diode array (PDA) detection. Acetonitrile–water
(15%:85%), and (50%:50%) were used as the eluent for aromatics
and carboxylic acids, respectively. Sample injections of 20 lL were
separated on a C-18 column (Vidac 250 mm � 4.6 mm ID � 5 lm)
at 30 �C. The target compounds were measured at the following
wavelengths: hydroquinone (290 nm), benzoquinone (245 nm),
catechol (280 nm), phenol (270 nm), acetic acid and oxalic acid
(200 nm).

2.2. FTIR analytical device

ReactIR iC10 (Mettler-Toledo, Columbia, USA) is a real-time
in situ reaction monitoring system, based on FTIR spectrometry,
that is able to provide all the organic chemical species that are
present in the solution as the reaction is being performed . The FTIR
spectrometer uses a mercury–cadmium telluride (MCT) detector
that is cooled by liquid nitrogen; and measurements are optically
taken using a diamond-tipped probe with a 1 m long fibre-optic
conduit. This system was purged using instrumental-grade air;
therefore preventing water vapour from collecting inside the op-
tics, which may obscure spectral data otherwise.

Data acquisition was performed from 2000 to 650 cm�1 with an
8 cm�1 nominal resolution. 256 scans were co-added for each spec-
trum. A background of pure water was carried out using the same
resolution and scanning conditions of the trials before each spec-
tral record. These water spectra were subtracted from each corre-
sponding resulting on-line spectra.

Real-time component analyses were performed using ConcIRT
software (Mettler-Toledo, Columbia, USA), which applies the
curve-resolution mathematical algorithm for grouping wavenum-
ber values that change absorbance intensity in the same way. This
software calculates the associated component spectrum and the
relative concentration profile in terms of absorbance units for each
group; and it re-analyzes and updates all spectra and concentra-
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tion profiles as each new reaction spectrum is acquired. In short,
calculation results evolve as the reaction proceeds, and every or-
ganic component (reagent, intermediate or product) that is present
in the solution is detected in real-time; and its relative concentra-
tion profile is therefore provided.

2.3. Experimental procedure

Experiments were performed in the dark inside a 500 mL glass
reactor where 100 mL of the solution were continuously stirred
(300 rpm) with a magnetic device at room temperature (�20–
25 �C). All experiments were repeated three times. pH = 2.8 (±0.2)
was kept constant along the process. pH adjustment was required
until this 2.8 value was monitored stable and no further regulation
was necessary. The concentrations of reagents were chosen to
meet the following ratios: [H2O2]/COD0 = 2.15, and [H2O2]/
[Fe2+] = 37.5; as these reaction conditions have previously been re-
ported to produce optimal Fenton treatment results for the target
substances [30,32].

The required amount of ferrous sulphate was added in batch
mode after the initial pH value was adjusted. Hydrogen peroxide
was thereafter added in continuous mode, so all the designed dos-
age of this reagent was supplied after 120 min of reaction. In fact,
the continuous addition of H2O2 has already been reported to pro-
vide better results than batch mode in previous trials of this pro-
cess [31,37]. In addition, it also allows a better understanding of
the process enabling the use of the added quantity of H2O2 (mili-
mol), rather than reaction time, as an indicator of the progress
and evolution of oxidation.

Additional trials were performed in equal conditions in which
aliquots of the solution were withdrawn with a syringe in order
to monitor the overall progress of the reaction in terms of COD re-
moval and H2O2 consumption. This way, volume changes did not
alter FTIR-monitoring runs. These samples were neutralized to
pH = 9.0 with 40% NaOH, mixed, and centrifuged for 15 min at
2000 rpm, before collecting the supernatant where COD and
[H2O2] were determined.

The ReactIR iC10 probe placed inside the reactor monitored the
whole reaction progress in real time. In order to properly read and
calibrate spectral results, the characteristic bands of the main
compounds that were expected to be produced during the Fenton
treatment of the target substances were crosschecked using the
Table A.1
Characteristic wavenumber peaks of relevant organic compounds that are produced durin

Phenol Hydroquinone Resorcinol Catechol Benzoquinone Oxal

Wavenumber (cm�1)
1738

1638
1621

1595 1604 1604 1599
1574

1501
1475 1472

1381
1379

1372
1367

1310

1235 1232
1226

1200

809
752
available information found in bibliography (Table A.1), and our
own collected spectra from conveniently prepared control solu-
tions containing just one of these compounds (Figs. A.1 and A.2),
which have been included in Appendix A. Despite the similarity
of some by-products of the reaction, the full interpretation of the
generated complex spectra recorded during the trials was success-
fully achieved thanks to the mathematical algorithms provided by
ConcIRT software.

3. Results and discussion

3.1. Degradation of phenol by the Fenton process

All three repetitions of every performed experiment reproduced
the same results, and there were not found meaningful differences
among them.

Spectra within the region of 650–2000 cm�1 continuously in-
creased during H2O2 addition until 60 mmol of H2O2 were added
in total, when the highest overall absorbance was reached. Subse-
quently thereafter, the overall spectra began to decrease and all
peaks progressively became smoother (Fig. 1).

After the first addition of H2O2, the color of the solution instan-
taneously changed from colorless to dark brown (almost black) due
to the oxidation of ferrous to ferric ion, and the generation of qui-
nones (i.e. hydroquinone and benzoquinone, Fig. 2) in redox equi-
librium [31,33], which are more toxic than phenol itself [31]. This
dark color gradually lost its intensity thereafter, and a pale orange
color remained after adding a total 160 mmol of H2O2 (when its ra-
tio to the initial amount of phenol was 10) because quinones have
already been degraded; as well as due to the remaining presence of
several by-products of acid formation stages (oxalic acid, mainly)
[32,33] that are able to reduce ferric back to ferrous iron [38]. Sim-
ilar color changes have been addressed before [33,39]. Further-
more, HPLC analyses confirmed these FTIR results.

The evolution of MOC along treatment (Fig. 2) also supports this
affirmation linearly changing from an initial value of �0.67, which
is characteristic for phenol, to �3, which has previously been ad-
dressed to a mix of carboxylic acids where oxalic (MOC = 3) pre-
dominates [32]; and then it remained constant thereafter.

The concentration profile of phenolic compounds resulted
mainly integrated by phenol itself and some products that are gen-
erated by its hydroxylation, namely hydroquinone, benzoquinone
g the Fenton oxidation of phenol, oxalic acid and acetic acid.

ic acid Acetic acid Formic acid FeSO4�7H2O References

[47]
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[31,33,40] and catechol (Fig. 2). On the other hand, resorcinol was
not actually found along the Fenton oxidation of phenol. In fact, its
formation would rather be implausible based upon the substitu-
tion rules of organic chemistry [33]; and it may anyhow occur in
an about one thousand times lower frequency than the generation
of catechol and hydroquinone [34].

The absorbance concentration profile of phenolic compounds
logically increased as phenol was added to the solution; and it also
grew again after the addition of H2O2 because other phenolic inter-
mediate compounds of the reaction were newly formed (Fig. 2).
During the reaction, this phenolic mix totally disappeared when
the concentration ratio between the added H2O2 and the initially
supplied amount of phenol was close to 8, coinciding with previ-
ously reported results on the Fenton oxidation of phenol and nitro-
phenol, when a MOC value characteristic of the predominant
presence of carboxylic acids (�2.5–3) was kept more or less con-
stant as the reaction progresses (Fig. 2) [32].

Achieving the total degradation of hydroquinone is of environ-
mental concern due to its high toxicity, which is several orders of
magnitude higher than the attributed to phenol itself [29]. On
the other hand, catechol also resulted totally removed at the end
of the reaction, as it has been clearly addressed by HPLC measure-
ments. Nevertheless, catechol is highly biodegradable [41,42];
thus, it might be further treated by biological technologies, which
are, in general, cheaper treatments than AOPs.

Furthermore, previous results reporting a significant much
higher production of catechol than hydroquinone along the process
were confirmed [33,34], as it results from comparing the concen-
tration profiles of both compounds in Fig. 2. In fact, the production
of catechol resulted a 100% higher than the measured for quinones
by HPLC. In short, catechol and hydroquinone were initially formed
as phenol disappeared; and then, they began to be gradually de-
graded competing with their own further formation as phenol
was still being oxidized.

In addition, phenol decreased its concentration in the solution
faster than the other newly generated phenolic intermediates
(hydroquinone, benzoquinone, and catechol) of the reaction (com-
paring Figs. 2 and 3); which is also in accordance to previous scien-
tific reports [32–34]. Only a 4% of phenol remained after adding a
ratio of H2O2 to phenol of 3.9; results that were further confirmed
by HPLC analyses.

At this point, the removal of COD was higher than 50%, and it
did not show further lineal progress (Fig. 3). Finally, phenol re-
sulted totally degraded when the aggregated concentration of
H2O2 reached 5.6 times the initial amount of added phenol, and
the reduction of the COD was close to a 75%; showing a further
asymptotic evolution because of the growing presence of carbox-
ylic acids, which are more difficult to oxidize. Hereafter, the mix
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of phenolic compounds remaining in the solution was mainly
made up by hydroquinone and catechol (Fig. 2), which absorbance
concentration profile quickly decreased until the ratio between the
total added H2O2 and the initial amount of phenol was close to 6.5.
Then, its abatement thereafter progressed smooth, and its total
degradation was finally achieved when this ratio arrived to about
8, as confirmed by HPLC determinations.

Some carboxylic acids remained in the solution at the end of the
process as the main persistent by-products of the oxidation treat-
ment of phenol (Fig. 1); although they are also considered highly
biodegradable and might be further treated by biological processes
[41,42]. Oxalic, acetic, and formic acids were identified as the
resultant products of an acid formation stage within the process.
Its presence and persistence was also confirmed by HPLC measure-
ment, and MOC and COD behavior assessment (Figs. 2 and 3), as
just stated before. That is, its presence resulted constant after the
ratio of total added H2O2 to the initial amount of phenol reached
a value close to 8, which was accurately measured by HPLC; and
also confirmed by a nonfurther change of MOC from characteristic
values previously addressed for carboxylic acids mix [32], although
COD was still slightly being removed (Figs. 2 and 3).

In short, carboxylic acids were probably formed by ring-open-
ing reactions that take place within degradation stages of some
aromatic intermediate products of the reaction [32,33]. Whilst
the presence of oxalic acid was detected from almost the beginning
of the reaction (Fig. 2), when the ratio of total added [H2O2] to the
initial concentration of phenol was just 1.8; acetic and formic acids
presence was noticed in the solution when this ratio reached 6.25,
suggesting that these two carboxylic acids may be generated by
the degradation of some other intermediate reaction by-products.

All these carboxylic acids that are inevitably formed during the
oxidative degradation of phenol are more or less recalcitrant to its
further Fenton advanced oxidation treatment [1,16]; so they will
hereafter be considered as oxyrecalcitrant compounds [32]. In fact,
this limited capacity to degrade carboxylic acids is one of the main
drawbacks for achieving the total mineralization of phenol by Fen-
ton’s reagent [32,33]. Therefore, the main objective of AOPs based
treatment steps might be defined as controlling the process until a
maximum biodegradability threshold is achieved in order to com-
bine this treatment with a cheaper posterior biological stage [43].

In summary, a final 94% reduction of the COD was achieved
(Fig. 3), which is even higher than previously reported results
[30,32]. The continuous addition of H2O2, which has previously
been proved to enhance the removal of COD in comparison to
batch mode [37], as well as the steady thorough control of the reac-
tion conditions that was performed, have surely served well to
achieve this very successful result. The 6% remaining COD was held
by the remaining mix of oxyrecalcitrant by-products, oxalic and
other carboxylic acids, mainly.

3.2. Fenton treatment of acetic acid

When trying to oxidize acetic acid by Fenton’s reagent, the ini-
tial addition of FeSO4�7H2O resulted in a colorless solution because
the high production of a complex that is formed between acetic
acid and ferrous iron drastically reduced the presence of both com-
pounds in the solution (Fig. 4). As H2O2 was thereafter added, the
concentration of this complex began to decrease, and the solution
turned to an orange-reddish color as ferric ion was generated [38],
which further induced the formation of an acetic acid–ferric iron
complex. The formation of this complex is stronger than the acetic
acid–ferrous iron one [32], but it was not detected by FTIR in the
spectral region under study (Fig. 5). Nevertheless, the clearly no-
ticed orange color of the solution, and the very limited figures of
COD reduction, clearly suggest the presence of this ferric–acetic
acid complex, as it has previously been reported [32].

The reaction may be considered finished when the ratio be-
tween the added concentration of H2O2 and the initial amount of
supplied acetic acid reached 4.8. At this moment, the organic-fer-
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rous iron complex disappeared because there was not any avail-
able Fe2+ to form more OH� that might have further continued
the oxidation process, and the acetic acid–ferric iron complex
(not visible to FTIR) and formic acid (Fig. 5) remained in the solu-
tion as the final result of the attempted degradation of acetic acid
by the Fenton’s reagent [44,45]. Final COD reduction figures were
just about a 9% due to the above mentioned oxyrecalcitrant nature
of this type of chemicals. In fact, these poor treatment results fully
agree with other previously reported ones [32].
time, minutes
0 5 10 15 20 25 30 35

ab

0,00

A B C

Fig. 7. Absorbance concentration profiles for characteristic wavenumber values of
oxalic acid (1733 and 1232 cm�1) and its anion (1571 and 1310 cm�1) considering
the following pH turns: (A) natural pH of an oxalic acid solution, (B) 40% NaOH
addition to increase pH, and (C) pH values at which oxalic forms are stabilized
(>9.0).
3.3. Fenton oxidation of oxalic acid

A constant weak green–yellow color predominated in the solu-
tion along the treatment of oxalic acid by Fenton’s reagent; even
after H2O2 was added. Therefore, ferrous to ferric ion oxidation
was occurring at a very low pace; being oxalic acid itself contribut-
ing to reduce ferric back to ferrous [38]. This process partially slo-
wed the oxidative process down because some H2O2 was being
wasted on oxidizing ferrous iron back to ferric one.

In short, Fenton oxidation did not produce any degradation of
oxalic acid (Fig. 6). In fact, great Fe2+ losses have previously been
attributed to the formation of a strong oxalic–ferrous complex,
which consequently hinders the oxidation process to progress
[32]. Although this oxalic–ferrous complex was not detected by
the FTIR probe, probably due to its very close likeness to other oxa-
lic compounds, the oxidation process resulted similarly hindered.

In fact, the absorbance concentration profile of oxalic acid did
not show any change after increasing the addition of H2O2

(Fig. 6); although it significantly decreased previously, just after
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adjusting the pH (adding 40% NaOH), because oxalic acid and oxa-
late anion contents depend on the pH value of the solution [46].
That is, oxalate anion was formed as pH increased, as it is detailed
in Fig. 7. Whereas the characteristic wavenumber peaks of oxalic
acid (1733 and 1232 cm�1) gradually decreased during the addi-
tion of 40% NaOH until its content stabilized at a very constant final
value [46]; those typical peaks of oxalic anion (1571 and
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1310 cm�1) showed up, and correspondingly increased its absor-
bance record, after NaOH was added, until its content reached a
steady state as well [46].

Summing up, the total removal of the COD that was achieved in
the treatment of oxalic acid by Fenton’s reagent resulted lower
than the 7%. This result totally meets previously reported results
[31,32], which also suggested that it is the variation of pH, rather
than the oxidative treatment itself, which is the responsible of this
reduction of the COD. In fact, this slight percentage of COD removal
was surely the result of the final precipitation of oxalic acid when
pH was turned to 9 adding NaOH at the end of the reaction aiming
to remove iron precipitating its hydroxides.

4. Conclusions

The above reported results clearly show that the effectiveness
of an oxidation process may successfully be assessed by FTIR,
implying a significant reduction of the time devoted for analyses
in comparison to other methodologies. In addition, it has been
shown that the results obtained by FTIR were in total agreement
with those previously reported using chromatographic analyses.
That is, aliphatic organic compounds were not easily degraded
with this type of treatment, whereas phenol resulted totally
removed.

The quality and quantity of reaction intermediates that were
produced during the oxidative degradation of phenol were fully as-
sessed, and the mechanisms that were involved were also well ob-
served. Thanks to receiving real-time information, this procedure
allowed a precise control of the effects of reagents on the treated
substances, which furthermore enabled optimizing the quantities
of reagents required in the process. This may further enable the
successful optimization of the treatment combination of AOPs with
biological technologies, as the reaction moment where oxyrecalci-
trant (but biodegradable) substances were mainly present in the
solution was clearly identified.
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Appendix A

Spectral characteristics of the chemical species produced along
the Fenton oxidation treatment of phenol.
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