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Don't lose your grip on the dreams of the past

You must fight just to keep them alive.

Eye of the tiger — Survivor
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Introduction

1.1. INTRODUCTION

This doctoral thesis tackles the problem of textile dyes, mainly azo dyes,
being present in industrial waste and their subsequent release into the
environment. It should be pointed out that dyeing is one of the most polluting
industries in the world and it is estimated that almost 10° kg of dyes are produced
annually, 70% of which are azo dyes [1]. As the demand for textile products has
increased, the textile industry and its wastewaters have been increasing
proportionally and it is now one of the main sources of severe pollution problems

worldwide.

Ever since Paul T. Anastas coined the term green chemistry in 1991 (also
called sustainable chemistry), considerable effort has been made in many different
fields (chemistry, engineering, biotechnology, etc.) to develop processes that obey
some of the 12 principles of green chemistry defined by the United States
Environmental Protection Agency [2]. This philosophy encourages the design of
products and chemical processes that minimize the use and generation of

contaminating substances.

The experimental developments that shape this doctoral thesis are the
consequence of the working hypothesis that efficient analytical methodologies can
be designed and developed in accordance with the basic principles of sustainable

chemistry.

The methodologies developed in this thesis are based on analytical
determinations that do not require samples to be subject to any additional
treatment, which means that savings can be made in such chemical products as
reagents or solvents. The methodologies incorporate a variety of chemometric
tools since the research was carried out in the context of a research group in

chemometrics.

15
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Chapter 1

1.2. OBJECTIVES

The main objective of this thesis is to develop analytical methodologies to

determine organic azo dyes present in textile industry wastewater and to look into

the processes by which they can be removed. This main objective has given rise to

other objectives:

16

a) To prepare a critical overview of the processes that are currently
available for removing organic dyes and of the most common techniques

for monitoring these processes.

b) To establish methodologies that use second order data treatment for the
simultaneous analysis of more than one component throughout

photodegradation processes.

c) To use experimental design methodologies to study the influence of the
variables in photodegradation processes and to optimize these processes.

d) To establish methodologies for studying the degradation kinetics
(degradation constants and/or degradation intermediates) that are based
on the multivariate data obtained throughout dye photodegradation

processes.

e) To develop rapid methodologies based on sequential injection

chromatography (SIC) for determining dyes.
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Introduction

1.3. STRUCTURE OF THE THESIS

This thesis is based on papers that have been published in international
journals. These papers have been edited to give a uniform format. The contents

have been structured in four chapters.

Chapter 1. Introduction and objectives. This chapter contains the

general scope, objectives and structure of the thesis.

Chapter 2. Theoretical aspects. This chapter contains a brief description
of the theoretical aspects that have been used during this thesis. In particular, it
deals with the photodegradation procedures carried out and the instrumental
techniques used. Moreover, the theoretical background to the chemometric

techniques used is introduced.

Chapter 3. Experimental part and results. This chapter contains the
bulk of the work carried out and is structured in four sections. At the beginning of
each section, there is an introduction to the analytical problems that are to be
looked at and an explanation of how they led to these scientific papers.
Specifically, the first section provides an overview of the current developments in
the removal of dyes from the environment and the analytical techniques associated
with these studies. The second section deals with the optimization of the
simultaneous photodegradation of three textile dyes. The third section reports
kinetic studies of photodegradation processes with and without heterogeneous
catalysts. Finally, the last section presents the determination of sulphonated azo
dyes using low pressure chromatography with a monolithic column coupled to a

flow system.

Chapter 4. General conclusions. This chapter contains the overall

conclusions of the doctoral thesis.

The Appendix contains the list of papers and presentations given by the
author while she was writing the thesis.

17
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Photodegradation

2.1. PHOTODEGRADATION

This section provides a brief description of the two photodegradation

techniques used throughout this doctoral thesis.

2.1.1. Photolysis

Photolysis is a degradation process that uses radiation with ultraviolet (UV)
light to generate such reactive species as radicals, ions and excited molecules
[1,2]. This process is intensified in aqueous solutions by the primary products

formed from the photolysis of water.

The effect of radiation on a compound depends on the nature of the
compound and the amount of energy that is transferred by the radiation. In dilute
solutions the photolysis of water produces electrons (e,q"), hydroxyl radicals (*OH)
and hydrogen radicals (*H) as intermediate species that decompose the solute. The
electrons and the hydrogen radicals are the main reductive species produced in

irradiated aqueous solutions.

The combination of such oxidants as O3z, H,O, or Fenton reagent with UV
light is more effective at decolourizing dyes in wastewater than UV alone, which is
why photooxidation processes are more commonly used. The hydroxyl radicals and
perhydroxyl radicals (*HO,) produced in subsequent reactions are the main

oxidizing species.

Eg. (1-6) show the reactions involved throughout the process when

hydrogen peroxide (H,0,) is used.

Dye + hyv — = products (P) (1)
H,O, + hv =——=2 *OH (2)
*OH + dye — = products (P) (3)
P + *OH final products (CO,, H,0, NO3~, SO4%) (4)
*OH + H,0, — = H,O0 + HO,* (5)
HO,* =—=H,0, + O, (6)

21
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Chapter 2

H,O, has such advantages as complete miscibility with water, stability,
commercial availability, no phase transfer problems, no sludge formation, no air
emissions, simplicity, low investment costs and the generation of a high-quantum
yield of hydroxyl radicals. The main drawback is that H,0, absorption is very low in
the solar UV range. [3-5].

The H,0,/UV process does not only decolour the dyes. The aromatic
fragments formed are also degraded, as is shown in (Eq. (4)), but at a slower rate
than decolorization. The formation of H,0, (Eq. (6)) is responsible for the constant
concentration of H,0, during the H,0,/UV decomposition of dyes. The UV/H,0,
decolorization of azo dye in wastewater could be described as two reactions taking
place in parallel: a pure photolysis reaction and a H,0,-assisted oxidation reaction.
The rate expression of this process can be assumed to be a pseudo-first-order

kinetic model that takes into account these two processes [4].
2.1.2. Heterogeneous photocatalysis

Photocatalysis consists of a photoinduced reaction which is accelerated by
the presence of a catalyst. A schematic representation of the activation of the
catalyst and the generation of the reactive species is shown in Fig. 1 [6-9].

H,O or OH" Conduction Band 0,

Q<

/ UV light

O h-

*OH Valence Band 0,

Catalyst particle

Fig. 1. Scheme of the activation of catalyst.

The process starts when a photon with sufficient energy (equal to or higher
than the band-gap energy (Eyg) of the catalyst) is absorbed. This absorption leads

22
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Photodegradation

to charge separation because an electron (e”) is promoted from the valence band
of the catalyst to the conduction band, thus generating a hole (h*) in the valence
band. This electron-hole pair can migrate to the catalyst surface where it can enter

into a redox reaction with other species present on the surface.

Several semiconductors (e.g. TiO,, ZnO, Fe,03, CdS, and ZnS) can act as
catalysts for light-induced redox-processes due to the electronic structure of their
metal atoms, which is characterized by a filled valence band and an empty
conduction band separated by an energy gap or band-gap. The semiconductor that
is most widely used as a catalyst is TiO, because it is chemically and biologically
inert, photocatalytically stable, relatively easy to produce and use, and catalyzes
reactions efficiently. It is also cheap and does not pose any risk to environment or

humans [8]. ZnO is also widely used.

The main problem of using heterogeneous catalysts is the undesired
electron-hole recombination, which in the absence of a proper electron acceptor or
donor is extremely efficient and is the major energy-wasting step. One strategy for
inhibiting electron-hole recombination is to add irreversible electron acceptors to
the reaction system. In this context the addition of H,0, is beneficial, but it can
also become a scavenger of valence band holes and *OH when present at high
concentrations (see Eq. (7-9)),

H,0, + 2h* > O, + 2H* (7)
H;0; + *OH - H,0 + HO,* (8)
HO,®* + *OH > H,0 + O, (9

Both h* and °*OH are strong oxidants for dyes, so photocatalytic oxidation
will be inhibited when the H,0, level gets too high. H,0, can also be adsorbed onto
TiO, particles to modify their surfaces and subsequently decrease their catalytic
activity. An optimal dosage of H,0, is required if degradation is to be efficient. This
means that H,0, has been controversial in some cases and it seems that it is
dependent on the substrate type and various experimental parameters. Therefore,

the usefulness of this oxidant must be checked before it is used [7,8].

23
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2.2. INSTRUMENTAL TECHNIQUES

This section provides a brief description of the theoretical concepts of the
instrumental techniques used in this thesis and of their common uses in dye

determination or dye removal.

2.2.1. UV-visible spectroscopy

UV-Vis spectra are obtained by measuring the absorbance of
monochromatic radiation across a range of wavelengths passing through a solution
in a cell. Following Lambert Beer’'s law, for a given system there is a linear
relationship between the absorbance and the concentration of the species that are
sensitive to the radiation [10]. Fig. 2 shows the scheme of a spectrophotometer.

PHOTODIODE
ARRAY

SAMPLE

7 .
“7 Scattering

L
o

_‘“qgﬁu)

R

L,

=

lAb

SOURCE

CELL
HOLDER SLIT GRATING

Fig. 2. Scheme of a UV-Vis spectrophotometer with diode array detector.

Organic azo dyes are chemical compounds with the functional group R-
N=N-R’ where R and R’ are aryl groups. Because of the electron delocalization
through the N=N and the aryl groups these compounds are naturally colored,

which is why the visible spectral region (400-700 nm) is appropriate for both

24
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Instrumental techniques

qualitative and quantitative analysis. It is important that the visible range is not
the only range recorded because information about the intermediates present in

dye degradation processes can also be obtained from the UV range (190-400 nm).

In dye removal, UV-Vis spectroscopy is the most common technique for
monitoring removal processes. The wavelength of maximum absorbance of the dye
or the whole spectrum is usually monitored throughout the process, because it has
been shown that in this way the removal can be understood and the various
processes compared. Nevertheless it should be pointed out that UV-vis
spectroscopy is not a selective technique and it can lead to erroneous results if
there are intermediates (in degradation processes) that absorb at the same
wavelength as the dye. Therefore, such other techniques as chromatography or
chemometric treatments of multivariate data should be used if more information

about the system is to be obtained.

2.2.2. Mass spectrometry

Mass spectrometry (MS) generates gaseous ions from analyte molecules,
separates these ions according to their mass-to-charge (m/z) ratio, and detects
and determines the abundance of these ions. The resulting mass spectrum is a plot
of the (relative) abundance of the ions produced as a function of the m/z ratio
[10]. A general scheme of the mass spectrometer is shown in Fig. 3.

The classical mass spectrometer configuration is directly coupled to
capillary gas chromatography where the sample constituents are separated and
transferred to the MS ion source as pure substances or simple mixtures in gas or
vapor state. The most commonly used ionization source is electron impact which is
highly energetic and makes it difficult to obtain the molecular ion. This classical
configuration has several limitations if organic azo dyes are to be analyzed by MS
because only volatile analytes are amenable to GC-MS analysis, ionization is
limited to compounds with sufficient vapour pressure and stability, and the high
fragmentation can prevent the molecular mass being obtained in less stable

compounds.
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Fig. 3. Scheme of a mass spectrometer.

In order to overcome these limitations a number of other approaches to
sample introduction, analyte ionization and mass analysis have been developed.
One way of analyzing organic azo dyes with MS is to use soft ionization techniques,
such as electrospray, that provide molecular mass information, with little
fragmentation. These techniques are ideally suited for the on-line coupling of liquid
chromatography and MS, in which nebulization and ionization are performed in a
region at atmospheric pressure.

In dye removal, mass spectrometry is usually coupled to chromatographic
techniques to carry out a qualitative and/or quantitative analysis of the byproducts
or aromatic intermediates formed during dye degradation processes and to
establish the reaction pathway or mechanism.

2.2.3. Flow analysis and sequential injection chromatography (SIC)
systems

Flow analysis systems have become excellent tools for automating

analytical procedures because they allow a high frequency of analysis, require
minimum handling of the sample, can be adapted to most analytical instruments
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and minimize the consumption of reagents and samples, which in turn minimizes

waste.

Sequential injection chromatography (SIC) was described in 2003 [11,12].
It consists of the coupling of a short monolithic chromatography column to a
standard SIA manifold (second generation flow systems) [13,14]. Fig. 4 shows a
scheme of SIA (a) and SIC (b) configurations, the only difference between which is

the monolithic column in the SIC set-up.

Fig. 4. SIA (a) and SIC (b) configurations. C, carrier; S, sample; SP, syringe pump; HC,

holding coil; MPV, multi-position valve; MC, monolithic column; D, detector; W, waste.

SIC methodologies involve the following steps. Firstly, the mobile phase,
the sample (which consists of a mixture of analytes) and the reagents (if required)
are aspirated into the syringe. Secondly the direction of the flow is changed and
the syringe pushes the mobile phase and the sample towards the monolithic
column, which separates the different components of the sample mixture
depending on their affinity with the column. Finally, the analytes reach the

detector, which provides a chromatogram.

The use of SIC opens up new horizons in flow analysis because it can solve
problems with simple mixture analysis and it has several advantages over high
pressure chromatographic techniques (for example, low organic solvent
consumption, low operating cost, cheaper instrumentation, little waste and high
sample throughput). The main drawbacks are that SIC is limited to short

monolithic columns and a maximal amount of mobile phase for one analysis (the
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syringe pump has a reservoir of 5 or 10 mL). This means that SIC is not

particularly useful in the analysis of complex mixtures [15].

In 1999, Cerda introduced multisyringe flow analysis (MSFIA) as a robust
alternative to its predecessors [16]. The basic element of MSFIA is a multisyringe
burette, which is an adaptation of an automated syringe, and which allows the
simultaneous movement of four syringes all connected to the same step motor.
The advantages of SIC can be extended by on-line coupling MSFIA to a monolithic
column to create multisyringe chromatography (MSC) [17], which enables several
mobile phases to be used at once. These phases can be switched without the use
of gradient because monolithic columns can be equilibrated rapidly without altering
the baseline [18].

Neither SIC nor MSC methodologies have yet been used in the field of dye

removal.
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2.3. CHEMOMETRIC TECHNIQUES

This section describes the theoretical background of the chemometric
techniques used in this thesis. In the first part experimental design are presented.

In the second part the procedure for the multivariate data treatment is described.

2.3.1. Experimental design

Experimental design or design of experiments (DOE) refers to the process
of making systematic plans to extract maximum information with minimum
experimentation and to draw meaningful conclusions from the data using statistical
tools [19,20]. The two main applications of experimental design are: screening, in
which the factors that influence the experiment are identified, and optimization, in

which the optimal settings or conditions for an experiment are found [21].

2.3.1.1. Screening designs

Screening designs determine the experimental variables that have a
significant influence on the response. To this end, this thesis uses full factorial and
fractional factorial designs.

Full factorial designs investigate all possible combinations of the levels and
the variables (factors). In general, a design in which k factors (quantitative or
qualitative) are studied at m levels contains a total of m* experiments. The
advantage that factorial designs have over other experimentation methodologies is
that they make it possible to estimate not only the main effect of each factor on
the response, but also the interactions between factors when the effect of one
factor depends on the level chosen for another factor. The main drawback of full
factorial designs is that the number of experiments to be carried out increases

rapidly when the number of factors increases.

The most used factorial design has two levels (and therefore 2K
experiments). Since there are only two levels for each factor, we assume that the
response is approximately linear over the range of the factor levels chosen; this is
a reasonable assumption when the study of a process is about to be initiated.
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Fractional factorial designs run for only a fraction of the complete factorial
experiment. They are used when the number of factors or the experimentation cost
is high. It is assumed that certain high-order interactions are negligible, so
information on the main effects and low-order interactions may be obtained.

In two-level fractional factorial designs the number of experiments is 29
where k is the number of factors and g indicates the reduction (a half, a quarter,
etc.). The effect of the main factors in this case is confused with high-order
interactions. The principal advantage of this kind of design is that it allows
sequential experimentation which means that a subsequent step can include
appropriate experimentation to form a full factorial design. The drawback of
fractional factorial designs is that it has to be careful assuming that two or three-

factor interactions do not have a significant effect on the response.

The way to calculate the influence of the factors on the response is the

same in all factorial designs at two levels (Eq. (10)):

ba =Ya - Va (10)

where b, is the value of the A effect and y,. and y, are, respectively, the

average of the responses of the experimentation where A is at the high level and
the average of the responses of the experimentation where A is at the low level.

The significance of the effects is studied by statistical tools. The most
important is ANOVA, which compares the variability of the effects with an
estimation of the experimental error. If these values are not comparable, then the

effect of the factor studied is important in the response [22].

Another way to determine if the effect of the factors is important is by
visual interpretation using Pareto charts, which are frequency bar graphs where
each bar is proportional to the absolute value of its associated estimated effect or

the standardized effect.
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2.3.1.2. Response surface methodology
Response surface methodologies cover strategies that aim to establish, in a
particular experimental domain, a mathematical model that relates the response

with the variables that influence this response.

The relationship between the response and the independent variables is
often unknown. Initially, a low-order polynomial in some region of the independent

variables is used to find an approximation of the true relationship (Eq. (11)):

K
Yy = Bo +Zﬂixi+22ﬁijxixj+g (11)
i-1

i<j

where y is the value of the response, By, Bi and Bj; are the coefficients of the model
and x;, x; are the codified values of the variables. B, is the constant term which
estimates the response when the values of all the factors are in the center points
of the model, B; are the linear coefficients which describe the sensitivity of the
response to the variations in the corresponding factors and Bj; are the cross-
product coefficients which are enable these first-order response surfaces to be

obtained.

If the model obtained is not validated more experiments need to be
conducted to obtain the coefficients of a higher-degree polynomial model. One
common strategy for obtaining second-order response surfaces is to use central
composite designs which contain embedded factorial designs, center points and
twice as many axial (star) points as there are factors. These points enable
curvature to be estimated. Central composite design makes it possible to take
advantage of the previous experimentation carried out to obtain the first-order
model. This design leads to response surfaces such as (Eq. (12)):

K K
Yy =Po +Zﬂixi+2ﬂiixi2+22ﬂijxixj te (12)
i-1 i-1

i<j
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where y, b;, bjj, X; and x; have the same meaning as in the previous case (Eq. (11))
and B;; is the new coefficient that corresponds to quadratic terms that describe the

curvature.

If the independent variable domain is adjusted appropriately, one or both
of these models are a reasonable approximation of the true functional relationship
between the response and the variables.

Fig. 5 shows a schematic representation of the usual approach to an
analytical problem. It starts with screening methodologies such as fractional
factorial design, which shows the main effects of the factors, and full factorial
design, which shows the interactions between the selected variables and
establishes a rough first-order response surface that can be validated in linear
processes. Finally, the modeling step involves a central composite design that
includes the axial points and establishes a second-order response surface that

accurately fits the experimental domain studied.

Fracti . First-order Central composite Second-order
ractiona i
factorial Influential Full factorial No response surface design response surface
i factors design 2
desigry 9 (\ T/ N\ If not

|/ — Y o Yes X . validated
Optimal X \

q _— q q ‘experimental q L X \

= domain?, N =

-

Fig. 5. Experimental design methodology for three variables.

2.3.2. Multivariate data treatment

The appropriate treatment of second-order data (one data matrix per
sample) enables the sources of variability to be isolated, resolved and quantified.
One chemometric technique that is useful for this purpose is based on the

application of multivariate curve resolution (MCR) methods.
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2.3.2.1. Multivariate curve resolution with alternating least squares (MCR-

ALS)

MCR-ALS decomposes a data matrix into the product of two matrices (Eq.
(13)) assuming that the experimental data follow a linear model similar to that of

the Lambert Beer law in absorption spectroscopy [23].

D=CS"+E (13)

where, in spectroscopic measures, D is the experimental data matrix acquired at
different values of a particular variable (e.g. time) during a chemical reaction or
process, C is the matrix related to the concentration profiles and ST contains the
spectral profiles of the spectroscopically active chemical species involved in the
reaction or process. E is the residual data matrix that contains the unexplained
data by C-ST and ideally is close to the experimental error. The dimensions of
these matrices are D (m x n), € (m x a), ST (a x n) and E (m x n), where m is the
number of spectra analyzed, n is the number of spectroscopic channels or
wavelengths recorded for each spectrum and a is the number of chemical species

actives to the detector involved in the chemical reaction or process.

To perform a MCR-ALS, the scheme shown in Fig. 6 is usually followed. In
the first step the number of components, which is related to the number of
chemical species present in the process, is determined. Then, the concentration or
the spectral profiles for the number of significant components found is initially
estimated. Finally, the alternating least squares (ALS) algorithm is applied to
obtain the spectral and the concentration profiles of the species involved in the
process. At this step some constraints can be applied in order to give chemical
significance to the results.
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Fig. 6. Scheme of the resolution process of the MCR-ALS method.

34



UNIVERSITAT ROVIRA I VIRGILI
ANALYTICAL METHODOLOGIES BASED ON CHEMOMETRICS TO OPTIMIZE THE PHOTODEGRADATION OF DYES
Cristina Fernandez Barrat

DL:T.

160-2012

Chemometric techniques

Evaluation of the number of components

Principal Components Analysis (PCA) is one of the most basic and widely
used tools for evaluating how many components or chemical species are involved
in the reaction or the process studied. The relevant information contained in the
experimental data matrix is expressed with a reduced number of hierarchized
variables known as principal components. The factors that have low singular values

are associated with noise.

Search for initial estimations

Once the number of chemical species involved in the reaction is know, C
(concentration profiles) or ST (spectral profiles) can be initially estimated using
techniques such as evolving factor analysis (EFA) [24-26] or the Simple-to-use
Interactive Self-Modeling Mixture (SIMPLISMA) [27,28]. In this thesis, pure spectra
and EFA profiles were used as initial estimates. EFA enables the profile of all the
species to be obtained in each stage of the reaction or process. The EFA plot, which
represents the logarithm of the eigenvalues versus the row number (time), is
useful for investigating the emergence and decay of the process contributions.

Iterative resolution process by Alternating Least Squares (ALS)

The initial estimates for C and ST are optimized using Eq. (13) iteratively
by means of the alternating least squares (ALS) algorithm. At each iteration, new

estimates of C and ST matrices are obtained (Eq. (14,15)).

c'D"=c*csT =87 (14)
D (SN = ¢c(ST)(SN)* =C (15)

where matrix D" is the experimental data matrix reconstructed by PCA for the
selected number of components, C* is the pseudoinverse of matrix C and (S™)* is
the pseudoinverse of matrix ST. The use of D" instead of the experimental matrix
D improves the calculation stability because when PCA is used a considerable

amount of noise is removed from the experimental data. These calculations are
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repeated until the difference between the residual of one iteration and the next is

less than a preset value.

This iterative process can be improved if more information is given to the

system by applying soft or hard restrictions [29-34] or using augmented matrices

[30,35].

Constraints

Additional information can be given to the system during the optimization

process of MCR-ALS in order to give the results more physical and chemical

meaning. This information is given in the form of constraints that can be applied to

all the species or only to some of them and in one matrix or several matrices, if

they are

example:

applied to augmented matrices. In most cases constraints are soft. For

Non-negativity, which forces the concentration and/or spectral profiles
to have positive or zero values.

Unimodality, which is used when it is known that the profiles have a
single maximum (quitecommon in concentration profiles).

Closure, which is a mass balance constraint that can be applied when
the sum of the concentrations of all or some of the species involved in
the reaction is forced to be constant at each stage of the reaction.
Selectivity, which can be applied in zones that are totally selective for
one of the species. The concentrations or signals of the other
components are forced to be zero in these zones.

Correspondence between species, which is used when augmented
matrices are analyzed. This constraint specifies the species present in
each matrix.

Trilinearity (three-way structure), which imposes that the profiles of
one analyte in the various matrices used must be equal.

Hard constraints, which include kinetic and thermodynamic models, [32-

34] can also be applied to drastically reduce the rotational ambiguity. These
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constraints force one or more species to follow an initially postulated

physicochemical law.

Both types of constraint are applied in the HS-MCR-ALS algorithm.

Matrix augmentation

If more than one experiment (matrix) is available and the data matrices
have the same number of rows and/or columns, we can create a three-way data
structure and analyze them together by MCR-ALS. These matrices can be arranged
by creating a column-wise augmented data matrix, row-wise augmented data
matrix or a column- and row-wise augmented data matrix. In this thesis, the
experimental data were augmented using the pure spectra of some components
because this strategy improves the resolution by reducing the rotational ambiguity
of the MCR-ALS algorithm.

Parameters of quality

Since there is a certain level of ambiguity in the results of the MCR-ALS
optimization, several parameters evaluate the goodness of the resolution. In
particular the parameters that are most used for this purpose are the lack of fit
(lof) of the model (Eq. (16)), the variance explained (Eq. (17)) and, if the spectra
of the pure analyte is available, the correlation between the spectra retrieved by
MCR-ALS and the pure spectra (Eq. (18))

lof = (16)

where dj; is each of the elements of the raw data matrix or each of the elements of
the matrix reconstructed from the principal components selected in the principal
component analysis (PCA). Depending on the matrix used, lofe, or lofy, is

~

obtained. d.

; are the corresponding values calculated after the MCR-ALS

optimization process.
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2.2

R =L L — (17)
2.2.%
i
r=c05y=Ls[ (18)
IS

where y is the angle defined by the vectors associated with the profile recovered by
MCR-ALS (&) and the real profile (S;), for a particular species i.
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Removing dyes

3.1. Removing dyes

Over the years, many different methodologies have been proposed to
remove organic dyes from wastewater and to monitor the removal process. This
section presents a paper that provides a general vision of the state of the art in
dye removal. It is entitled An analytical overview of processes for removing
organic dyes from wastewater effluents, which responds to objective (a)

announced in chapter 1. The overview reviews and discusses:

- The different strategies for dye removal and the advantages and
drawbacks of each one.

- The analytical methodologies most commonly used to monitor dye
removal processes and to identify intermediates in degradation
reactions.

- The strategies used to evaluate the influence of the process variables,
with special regard to the use of experimental designs, and the criteria
followed to choose the responses and the factors in the different type
of processes.

- Some suggestions for future research into dye removal systems.
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3.1.1. Paper

An analytical overview of processes for removing organic dyes

from wastewater effluents

Cristina Fernandez, M. Soledad Larrechi, M. Pilar Callao

Trends in Analytical Chemistry 29 (2010) 1202-1211
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Trends Anal. Chem. 29 (2010) 1202-1211

An analytical overview of processes for removing organic dyes

from wastewater effluents

Cristina Fernandez, M.Soledad Larrechi, M. Pilar Callao

Department of Analytical and Organic Chemistry, Rovira i Virgili University,
Marcel-Ii Domingo s/n Campus Sescelades, E-43007 Tarragona, Spain

Abstract

Organic dyes are used in a wide range of industrial applications (e.g.,
textiles, food products, cosmetics and pharmaceuticals), so they are frequently
found in wastewaters and are increasingly becoming an environmental problem.
This critical overview covers the most frequently used strategies for dye removal
and the most common analytical techniques for monitoring these processes and
identifying any intermediates generated. We also analyze experimental design
strategies for optimizing removal processes. Finally, our concluding remarks
include a future outlook for dye-removal processes and the analytical techniques

employed.

Keywords: Advanced oxidation processes (AOP); Biodegradation; Dye
degradation; Dye determination; Dye removal; Effluent; Environmental problem;
Experimental design; Intermediate; Wastewater.

1. Introduction

Organic dyes are used in a wide range of industrial applications [e.g.,
textiles (the most significant), food products, cosmetics, pharmaceuticals or paper
printing], which means that they are frequently found in industrial wastewater.
Several groups of dyes can be distinguished on the basis of their compound
structure (e.g., phtalocyanins, anthraquinones, quinone-imines and xanthenes)
[1]. However, the most commonly used dyes are azo dyes, because they are
easier and more cost effective to synthesize than natural dyes. To get an idea of
the annual market in dyes, in 2003, the production of dyes was more than 7 x 10°
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tonnes [2]. Dyes are considered hazardous to the environment because many are
toxic to living organisms, directly or through their absorption and reflection of
sunlight entering the water, which interferes with the growth of aquatic organisms.

Furthermore, they impart color to wastewater, giving rise to aesthetic issues [3-4].

Efforts are being made to study dye-removal or dye-degradation processes
and to develop analytical methodologies for evaluating these processes. As
evidence of the growing interest in this field, we made a bibliographic search for
articles appearing in the Scopus database since the year 2007. Keywords “dye
determination” yielded more than 2500 references, and “dye degradation” 7810

references.

The objectives of this overview are the following:

(1) critical review of the most frequently employed strategies for dye
removal from wastewater; and,

(2) review of the analytical techniques most commonly used to evaluate
these strategies.

We have structured the review in three main parts, as follows.

(1) The first part presents the various dye-removal methodologies along
with their respective uses since 2007. We also describe the drawbacks
and the advantages of each technique.

(2) The second and most extensive part concerns the various analytical
approaches in the field of dye removal. We discuss how experimental
design is used to optimize removal processes and how separation or
spectroscopic techniques are used to monitor degradation processes
and to identify reaction intermediates.

(3) The last section contains our concluding remarks and suggests what
the future has in store for dye-removal processes and the analytical

techniques employed.
The studies cited result from a representative selection of research dealing

with some of the strategies considered. The vast scope of these scientific fields

prevents our study from being exhaustive. Furthermore, many very interesting
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papers focusing on the theoretical bases of degradation processes or on specific
technological aspects are beyond the scope of this overview and are not discussed

here.

2. Dye-removal methodologies

Fig. 1 shows the most common techniques used to remove dyes from
wastewater. Fig. 2 shows the percentage of all available scientific papers (since
2007) that use the different techniques, and was created from the information
obtained through a search using the keywords “organic dyes” and the name of

each technique.

Table 1 lists the studies published in the bibliographic sources that we
focused on most closely in preparing our review. The referenced papers were
selected to cover the whole range of dye-removal strategies, analytical techniques
and experimental designs. The most recent papers were selected. The first three
columns in Table 1 indicate the name of the dye, the type of chemical and the

process employed to remove the dye.

Non-destructive techniques were the focus of 19% of the papers published.
In 75% of these papers, the dyes were removed using different kinds of adsorbent
[5-9]. The primary advantage of these techniques was that they were very
effective in most cases with all dye types [7,8,10]. However, when they were used
to treat colored wastewater they generated new secondary waste, transferring
dyes to other phases that required potentially expensive post-treatment to be

removed or regenerated [2,3].

In biodegradation, as the name indicates, removal occurs by means of
living microorganisms (e.g., bacteria or fungi) [11-21]. These treatments are
based on a first step comprising anaerobic treatment that cleaves the dyes’ azo
linkages and removes the coloration of the wastewater. Hazardous aromatic
amines are formed during this step, and that means that a second step is needed
for aerobic treatment to mineralize these byproducts completely [4]. It has been

demonstrated that immobilized microbial systems improve bioreactor efficiency,
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increase process stability and decrease the generation of biological sludge [5]. It is
important to note that these techniques involve living organisms, so drastic
conditions (e.g., pH and temperature) cannot be present during them. Another
drawback is that these techniques cannot be applied to most textile wastewaters
due to the toxicity of most commercial dyes to the organisms used in the
processes [22]. The main advantage of these techniques is that they are capable of

removing dyes from large volumes of wastewater at a low cost [2].

NON - DESTRUCTIVE DESTRUCTIVE

:

Adsorption Biodegradation

Advanced oxidation
processes (AOP)

Sedimentation

Filtration

Coagulation

Electrocoagulation

Irradiation
processes

Non-irradiation
processes

4

Fenton process Photolysis
Ozonation Photocatalysis
Sonolysis

Electrochemical oxidation
Electrical discharges

Wet air oxidation

Fig. 1. Dye-removal techniques.

24%

l m Non desfructive m Biodegradation 0 AOP (non-irradiation) @ AOP (irradiation) ‘

Fig. 2. Papers published on dye removal according to the process employed.
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Table 1. Overview of applications of dye-removal processes.
Dyes Dye Class Elimination Technique Anal_ytlcal techniques to Analytlf:al Fechnlqu_es to Ref
monitor the process determine intermediates
Acid Orange 7 Azo Adsorption/Biodegradation ~ UV-Vis/COD - 51
Remazol Brilliant Violet 5R Azo Biodegradation UV-Vis/COD HPLC-UV [11]
Reactive Red 180 Azo Biodegradation UV-Vis - [12]
Orange G azo dye Azo Biodegradation UV-Vis RMN [13]
Reactive Red 239
Reactive Yellow 15 Azo Biodegradation UV-Vis - [14]
Reactive Blue 114
Reactive Black 5
Reactive Blue 114
Reactive Yellow 15 . . .
Reactive Red 239 Azo Biodegradation UV-Vis - [15]
Reactive Yellow 176
Reactive Red 180
Direct Violet 51 Azo Biodegradation UV-Vis FTIR [16]
Direct blue 6, Green HE4B . . -
Red HE7B Azo Biodegradation UV-Vis FTIR [17]
Methyl Orange Azo Biodegradation HPLC GC and GC-MS [18]
Reactive Red 272 Azo Biodegradation UV-Vis/COD GC-Ms [19]
Acid Orange 5, Acid Orange 52
Direct Blue 71, Reactive Black 5 Biodegradation/Ultrasounds  UV-vis, HPLC HPLC-MS 135]
Reactive Orange 16
Reactive Orange 107
Direct Red 23 Azo Ozonation/Ultrasounds UV-Vis GC-MS and IC [36]
Reactive Black 5 Azo Sonochemical UV-Vis/TOC IC [37]
Acid Red B Azo Sonocatalytic UV-Vis - [38]
Coagulation-Flocculation
Textil efluent Non specified Membrane processes UV-Vis/COD/turbidity - [6]
Adsorption
Reactive Black 5 Azo Electrocoagulation UV-Vis - [60]
Reactive Red 141 Azo Electrocoagulation UV-Vis - [71]
Acid Red 97, Acid Orange 6 . . "
Acid Brown 425 Azo Adsorption (activated carbon) SIA UV-Vis MCR ALS [7-8]
Methyl Violet Triarylmethane Adsgrptlon UV-Vis - 9]
(cationic membrane)
Reactive Black 5
Reactive Blue 49 .
Reactive Red 35 Azo Ozonation - IC, HPLC-MS and RMN [32]
Reactive Orange 96
Reactive Red 2 Azo Ozone based systems UV-Vis - [33]
Reactive Red 120 Azo Ozonation UV-ViSITOC HPLCMS or MS/MS [34]
Methylene Blue Thioquinone Electrical discharges UV-Vis GC-MS and IR [39]
Methy! yellow, Methyl red
Methyl orange, Phenol red Azo Electrical discharges UV-Vis GC-Ms [40]
Methylene blue
Electrical Discharges/ .
Methyl Orange Azo Activated Carbon UV-Vis/COD FTIR [41]
Acid Orange 7 Azo Electrochemical UV-Vis/COD/TOC HPLC [23]
Procion Blue Azo Photocatalytic and UV-Vis/COD ; [24]
Electrochemical
Acid Brown 14 Azo Electrochemical cob HPLC-UV [25]
Cationic Red X-GRL Azo Wet Air Oxidation UV-Vis GC-MS and IC [42]
Cationic Red X-GRL Azo WO, WEO*, EO UV-Vis/COD GC-MS [43]
Safranin-T Quinone-imine  CWAO** UV-Vis/COD/TOC IR [44]
Safranin-O Quinone-imine  Photolysis UV-Vis - [46]
Safranin-O Quinone-imine  Photolysis UV-Vis - [47]
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Table 1. (continued)
Dyes Dye Class Elimination Technique Anal_ytlcal techniques to Analytl_cal !echnlqu_es to Ref
monitor the process determine intermediates
Acid Red 94 Xanthene Photolysis UV-Vis - [48]
Disperse Blue 56 Anthraquinone UV/NaCIO UV-Vis/COD/conductivity HPCE and IC [67]
Reactive Black 5 Azo Fenton/Biodegradation UV-Vis - [26]
Direct Orange 61 Azo Electro-Fenton UV-Vis/TOC HPLC and IC [27]
Malachite Green Triarylmethane Electro-Fenton CcoD HPLC'. IC and [28]
exclusion chromatograpy
Alzarin Red Anthraquinone Electro-Fenton UV-Vis/COD - [29]
Acid Red 14 Azo Heterogeneous Photo-Fenton TOC - [58]
Acid blue 193, Reactive Black 39 Azo Photo-Fenton UV-Vis/COD/TOC - [63]
Acid Orange 7, Acid Orange 8 - .
Acid Red 14, Acid Red 73 Azo Oxidation by KMnO, UV-Vis/TOC - [61]
Reactive Red 45 Azo UVITIO,, UV/znO UV-Vis/TOC - [62]
Photo-Fenton
Acid Black 1, Acid Orange 7 . .
Basic Orange 66 Azo Photocatalysis UV-Vis HPLC [49]
Rohdamine B Xanthene Adsorption/Photocatalysis UV-Vis/COD - [50]
Metanil Yellow Azo Photocatalysis UV-Vis/TOC :&LICC'DAD‘ GC-MS [51]
Acid Red 97 Acid Orange 61 . .
Acid Brown 425 Azo Photocatalysis UV-Vis MCR ALS [52-53]
Methyl Orange, Rhodamine 6G ~ Azo, Xanthene Photocatalysis UV-Vis/COD - [54]
Textil efluent Azo Electrochemical COoD FTIR and HPLC [22]
Rhodamine 6G Xanthene silver-coated ZnO, NaBH, UV-Vis SERS [70]
Acid Orange 10, Acid Orange 12 : UV-Vis/TOC _
Acid Orange 8 Azo Photocatalysis NH,* formation 5]
WAO WPO***
Reactive Blue 4 Anthraquinone Photocatalysis UV-Vis/TOC IC and GC-MS [30]
Electro-Fenton
Procion Red H-EXL Azo Fenton UV-Vis/TOC - [59]
Alizarin Red Anthraquinone Fenton UV-Vis/TOC - [31]
Orange |, Orange Il, Ethylorange Azo Photocatalysis TOC :&LICC_DAD_ESFMS [56]
Orange Il, Acid Orange 8
Food Yellow 3 . .
4-{a-hydroxyphenyl)azo]- Azo Biodegradation - CE-MS [21]
benzesulfonic acid
Acid Orange 7, Acid Orange 8 . .
Mordan Violet 5 Azo Biodegradation - HPLC and CE-MS [20]
Sunset Yellow, Chromotrope Azo Photocatalysis - HPLC and IC [57]

* WO, WEO: wet oxidation, wet electrochemical oxidation. **CWAO: catalytic wet air oxidation. *** WPO: wet peroxide oxidation

As shown in Fig. 2, 65% of the dye-removal processes that we studied

were advanced oxidation processes (AOPs) in which strong oxygen-based oxidizers

(e.g., OH®*, HO,®*, 0,*) were formed from the water and O, present in the reaction

medium with the aid of an oxidant source. These radicals were used to degrade

dye molecules completely.

In processes without irradiation, the most common ways of obtaining

oxidant radicals were through:
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e electrochemical oxidation [23-25] (40% of papers studied);

e Fenton’s reagent [26-31] (35%); and,

e o0zone [32-34] (13%).

Less studied mechanisms included:

e ultrasound [35-38];

e electrical discharges (pulsed corona discharges) [39-41]; and,

e use of an oxidant gas in hydrothermal conditions (wet air oxidation)
[42-44].

Another type of AOP uses radiation treatment with ultraviolet (UV) light
[45]. In this case, radicals are formed by irradiating an oxidant {e.g., H,0;
(photolysis) [46-48]} or using a heterogeneous catalyst {usually TiO, or ZnO
(photocatalysis) [49-57]}. Papers on the use of photocatalysis are quite humerous

(80% of the papers studied that use irradiation treatments).

AOPs are cleaner because dyes totally decompose to CO,, H,O, low-
molecular-weight compounds (e.g., small aldehydes, carboxylic acids or small
inorganic compounds) and no significant or solid secondary pollution is generated.
These are the fastest, cleanest removal processes and are very effective at
degrading organic dyes. The drawback is that they can be energy-intensive and
costly. However, considerable effort is being made to improve them with the
following possibilities:

e constructing reactors that can use sunlight as a source of irradiation

[54];

e incorporating new materials or catalysts (e.g., composites of TiO,/ZnQ)
[38];

e using a heterogeneous Fenton catalyst with a Fe zeolite, which has a
better microporous structure and ion-exchange capacity (among other
advantages) [58]; or,

e immobilizing the photocatalyst on inert surfaces, which favors recovery
of the catalyst [55].

Other tendencies in dye degradation treatments are the combination of:

e oxidants (e.g., Os/H,0,, Os/Fe3*, 03;/H,0,/Fe3*, UV light /Os/Fe3*, UV
light /0,/H,0,/Fe®*) [33]; or,
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e degradation processes.

Some examples of this last approach are:

(a) the combination of wet air oxidation and electrochemical oxidation to
make wet electrochemical oxidation [43];

(b) the use of photocatalysis or an anaerobic biotreatment in a first stage
and subsequent degradation of byproducts by electrochemical
oxidation [23-24];

(c) the combination of ozonation, photocatalysis or biodegradation with
sonolysis [35-36, 38];

(d) coagulation-flocculation coupled with membrane processes or
adsorption [6]; and,

(e) activated organic carbon in combination with high-voltage pulse
discharge [41].

3. Analytical focus

3.1. Experimental design to optimize removal processes

The main criteria when choosing a dye-removal process is that the removal
rate is high. However, other criteria (e.g., removal time and cost) should also be
considered. For example, in AOPs, the Ego parameter (energy per order) [33, 55]
could be used. Egg is the number of kWh of electrical energy required to reduce the
concentration of a pollutant by one order of magnitude (90%) in 1m3 of

contaminated water.

A great deal of research focuses on whether one new condition (e.g., use of
a new reagent or adsorbent) has a positive effect on the selected criteria (or
response). The optimization of the entire process taking all the possible factors into
account is not contemplated, even thought, in dye-removal processes, numerous
parameters might affect their results. Table 2 shows the relationship between
removal techniques and the most important factors considered in the papers

reviewed.

Generally, the way that a factor affects in the response is known (e.g., in
adsorption processes and, considering the % of dye removal as response, the
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amount of adsorbate and the time of contact have a positive effect [8]).
Nevertheless, the real effect of each factor is difficult to predict because it depends
on the range of factor values studied (domain) and on the values of the other
factors that could have synergistic effects with the factor considered. As examples
of the influence of the factor domain, the temperature in degradation processes
does not significantly affect over 20°C [59], and the oxidant concentration can
have a quadratic or a linear effect on the response, depending on the domain
considered [53]. With regard to synergies (e.g., in photocatalytic degradations),
the effect of the pH depends on the kind of catalyst used [54].

Table 2. Most important factors studied in the different dye-removal processes.

Dye-elimination process Studied Factors
Adsorption or coagulation Dye concentration
Amount of adsorbate
Concentration of coagulant
Kind of adsorbate or coagulant

Time contact
Biodegradation Temperature
pH
Microorganism concentration
Presence of: sugars, organic acids or metals ions
Dye concentration
Advanced oxidation processes (AOP)  pH
Dye concentration
Kind of catalyst (TiO, ZnO...)
Concentration of catalyst
Irradiation (if sample is irradiate)
Treated Volume
Presence and kind of gas introduced (if necessary)
Temperature
Stirring speed
Concentration and kind of oxidant (e.g. H,05)
Applied current (electro processes)

Many studies tackle optimization through the one-factor-at-a-time method
[15,17,18,23,24,26,29,36-39,41,44,46,54,60-62]. This method can provide a
general idea of the behavior of the process, but costs more because several

experiments have to be conducted for each factor. Furthermore, synergistic or

55



UNIVERSITAT ROVIRA I VIRGILI
ANALYTICAL METHODOLOGIES BASED ON CHEMOMETRICS TO OPTIMIZE THE PHOTODEGRADATION OF DYES
Cristina Fernandez Barrat

DL:T.

160-2012

Chapter 3

antagonistic effects between different factors are not considered, and such actions

can affect the effectiveness of systematically removing dyes.

The use of experimental designs to optimize processes for removing dyes is
on the rise. These methodologies provide maximum information about the process
in relation to the number of experiments. The drawback is that the conclusions
drawn cannot be validated if the process guidelines are erroneous (e.g., linear or
quadratic behavior in the domain studied, and the kind and the number of factors).
In most cases in which an experimental design is used, a response surface is
established [8,12,14,27,42,47,48,51,53,58,59,63] with factors chosen from
previous knowledge. The aim of the response surface is to develop an empirical
model in which the response to be optimized is the dependent variable and the
factors that influence this response are the independent variables. With this
information, the optimum operating conditions can be estimated. Central
composite designs are the most common experimental designs used to establish a
response surface [51,58,59,63], although other designs are also suitable for this
purpose [8] (e.g., D-optimal designs [47-48], the Dohelert design [27], the hybrid
design [42] and the Box Behnken design [12-14]).

Few papers use a screening experimental design. This type of design is
very useful for experimentally determining which factors are important in a
particular process and how they affect it. The most common design for this
purpose is the fractional factorial design [6, 52].

Another less developed aspect in the field of dye removal is the application
of one experimental design to more than one response [e.g., the percentage of dye
degradation (or color removal) and the degradation time or energy per order]. This
requires optimal compromises to be found between all the responses. In these
cases, desirability functions could be of great interest. The general approach is to
convert each response y; into an individual desirability function d; that varies over
the range (0-1). Through these functions an overall desirability function D is
evaluated [64-66].
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3.2. Analytical techniques

In dye removal studies two interesting focuses can be distinguished:

(1) dye removal rate; and,

(2) the chemical or physical processes involved.

If degradation processes are studied, information about the intermediate
products formed is of interest, because they may be as dangerous for the
environment as the initial dye. The information required in these two types of

study is different, as are the analytical techniques used to obtain it.

3.2.1. Global monitoring of the removal processes
Removal processes can be monitored by determining:
(1) analytical indices; and,

(2) dye or subproduct concentrations.

3.2.1.1. Determination of analytical indices. As shown in the fourth column
of Table 1, the most common analytical indices used to monitor removal processes
are total organic carbon (TOC), chemical oxygen demand (COD), and absorbance
in UV-visible at the wavelength of maximum absorption (Anax). The value of these
three indices is directly related to the dye concentration, so a decrease in any one
of them in the process indicates a decrease in the dye concentration. Nevertheless,
it should be pointed out that none of them is selective.

TOC is usually determined by catalytic oxidation followed by quantification
of the CO, formed through infrared spectrometry [59, 61]. The decay of this
parameter in all degradation processes involves ultimate mineralization of both

parent dye and its intermediates [30, 37].

COD evaluates the oxygen required for the oxidation of organic and
inorganic matter in the sample and is determined by oxidizing the sample with
potassium dichromate and then titrating its excess with a standard solution of
ferrous ammonium sulfate [11, 23].

TOC and COD can provide complementary information. An important
observation is that COD removal is always greater than that of TOC, suggesting
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that conversion rather than combustion plays an important role in the degradation
process [23].

Evaluation of Aax is experimentally simple but does not consider possible
changes in color or formation of intermediates. For this reason, some studies
monitor not only maximum wavelength but also the total integrated area of the
spectrum in order to take into account the conversion of dye molecules to other
compounds absorbing at different wavelengths [12,14,15,35]. Dye spectra can also
be used to characterize the dye solution with regard to the two main absorption
bands - one in the visible region and the other in the UV region. The
disappearance of peaks and the appearance of new peaks in the UV and visible
region indicate that dyes degrade into low-molecular-weight aromatic compounds
[17,22,25,29,33,34,40,43,55,67].

Other indices are less generalized than those mentioned above:

turbidity, which can be important in coagulation processes [6]; or,
conductivity, which may be related to ions such as proton, nitrate or
bromine [67].

Although some parameters are measured, others can be calculated using
TOC, COD and Aax measurements. One commonly calculated parameter is color
removal, in which the initial and final A, are compared [12,14-15,22,24,26,44-
48,54,62]. Another very similar parameter, if degradation processes are used
[23,30,43,60], is removal efficiency or degradation efficiency, which compares the
concentration of initial and final remaining dye. This parameter can be the same as
color removal if the concentration is calculated using the wavelength of maximum
absorbance. If TOC values are used instead of A Or concentration values, the
parameter is called percentage of mineralization [61]. COD-removal efficiency can
be calculated in the same way using COD values [43]. Parameters based on COD

and TOC give some idea of the quality of the treated wastewater.
3.2.1.2. Determination of sub-product or dye concentrations. The

ammonium ion is determined by the Nessler method. This ion is formed when the

nitrogen-to-nitrogen double bond is attacked by a hydroxyl radical and two amino
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groups are formed, which can lead to NH,* ions by means of successive radical
attacks [55]. Other byproducts that can be determined are carbon monoxide and
carbon dioxide, resulting from the gas phase of the reaction. These species can be
determined using an IR-absorption detector - a large amount of CO, detected is a
sign of the complete mineralization of the dye. Ozone can also be detected using a
UV-adsorption detector and the presence of nitrogen oxides can be determined
with a NO, detector [39].

UV-Vis spectrophotometry with second order multivariate techniques has
been used to determine the concentration of several dyes during the degradation
process [7-8,52,53]. The use of these chemometric techniques enables the
concentrations of the three dyes to be determined even if their spectra overlap or
interferents are present. In spite of their advantages, these kinds of methods are
not usually used in routine laboratory analyses.

Chromatographic and related techniques have considerable potential for
determining different dyes in mixtures [68,69], but only one of the papers we

reviewed uses chromatographic techniques in removal processes [49].

3.2.2 Monitoring and identifying reaction intermediates

When destructive techniques are used, it is interesting to determine the
degradation mechanism, the intermediates and the final degradation products. The
fifth column in Table 1 shows the identification techniques employed in the papers

we reviewed.

3.2.2.1. Chromatographic techniques. These are most frequently used for
this purpose, but the sample must usually be submitted to some pretreatment. The
sample to be analyzed is normally extracted with an organic solvent and
evaporated to dryness or extracted using SPE cartridges, depending on the dye
characteristics [22,24,32].

HPLC is the most frequently used technique, usually with a UV-visible

spectrophotometer [diode-array detection (DAD)], using an interval or one fixed

wavelength [22,51]. Reverse-phase chromatography with a C18 column is the

59



UNIVERSITAT ROVIRA I VIRGILI
ANALYTICAL METHODOLOGIES BASED ON CHEMOMETRICS TO OPTIMIZE THE PHOTODEGRADATION OF DYES
Cristina Fernandez Barrat

DL:T.

160-2012

Chapter 3

most common of these approaches. The mobile phase usually involves a mixture of
water that includes buffers (e.g., ammonium acetate or sodium phosphate) and
methanol [22,49,51,57] or acetonitrile [18-20,27,28,32,35,56]. Ion
chromatography can be used to determine organic and inorganic ions formed
during the degradation process. Carboxylic acids (e.g., methanoate or oxalate),
nitrate, nitrite and ammonium are the ions most commonly identified with this
technique. Other inorganic anions (e.g., sulfate or chlorine) can appear if the dye
molecule contains chlorine and/or sulfur atoms [28,34,36,37]. Ion chromatography
combined with other techniques (e.g., TOC) can reveal the complete mineralization
of dye [51]. Ion-exclusion chromatography can be used to identify the short-chain

carboxylic acids generated (e.g., formic or oxalic acids) [27,28].

High-performance liquid chromatography with mass spectrometry (HPLC-
MS) is the best way to identify dye and intermediates. With this technique,
byproducts and aromatic intermediates can be monitored and the reaction
mechanism established [32,51]. A tandem-MS (MS?) detector can be used with
selected-ion monitoring (SIM) mode to identify accurately and to confirm
degradation intermediates. For example, in the Reactive Red 120 ozonation
process, intermediates (e.g., phenol and hydroxysulfobenzenes) were detected
[34], and, in the Brilliant Blue and Sunset Yellow photodegradation process,

substituted naphthalenes were found [57].

High-performance capillary electrophoresis (HPCE) with a UV detector is
useful for determining some dyes and their byproducts (mainly aromatic amines),
which have an ionic character. During the degradation period the dye peak
decreases, then new peaks appear and finally the peaks disappear, indicating that
the dye has degraded into smaller, undetectable molecular compounds [67]. If an
MS detector is used, byproducts can be identified more accurately. To identify
abundant intermediates better, an electrospray ionization (ESI) source can be used
as it causes minimal fragmentation in sulfonated azo dyes. This technique has
been used to study the biodegradation of Orange II, Acid Orange 8, Food Yellow 3,
Acid Orange 7 and Mordant Violet 5, the most common identification being

benzenesulfonic and hydroxybenzenesulfonic acids [20,21].
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Gas chromatography (GC) is not the best choice for these analytes because
of the poor thermal stability and low volatility of dyes (e.g., sulfonated azo dyes).
Despite these disadvantages, GC-MS can easily be used to identify most
intermediates (including aromatic amines) and analyze reaction pathways [34]. If
necessary, intermediates can be derivatized to verify their structure (e.g., in the
biodegradation of methyl orange the samples were esterified and
trimethylsilylated) [18]. However, due the complexity of the reaction system and
the formation of inorganic salts in the reaction, it is not possible to carry out a
quantitative analysis of organic moieties using GC-MS [36,42,43,51].

3.2.2.2. Spectroscopic techniques. These techniques are used less often
than separation techniques for the identification of intermediates because they
have low selectivity. The most common technique is Fourier-transform infrared
(FTIR) spectroscopy [16,22,44], which shows structural changes in the dye
molecules and the metabolites of the dye degradation. Due to the aromaticity of
most organic dyes, peaks attributed to =C-H bending and C-O-H stretching are
frequently found. Other commonly found peaks are those corresponding to
aromaticity. After degradation, two peaks can usually be found in the aliphatic-
amine zone, while peaks corresponding to the azo group and primary and
secondary amines are completely absent. With this technique the appearance of
some ions can also be monitored with peaks that indicate the formation of CIO5”
and OCI, HCOs or NOs’, depending on the initial dye. The presence of C-N
symmetric stretching indicates the asymmetric cleavage of these dyes, which can
be useful in predicting degradation mechanisms.

Despite its potential to determine reaction intermediates and to evaluate
the degradation process, nuclear magnetic resonance (NMR) is less used as a
technique. It can show whether the initial dye signals of the aromatic protons (6-9
ppm) decrease continuously and whether significant amounts of any intermediate
are generated. The lack of predominant reaction products indicates that the
degradation process involves reactive radicals, which can oxidize most of the

intermediate-reaction products [13].
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Surface-enhanced Raman spectroscopy (SERS) can be used in conjunction
with a heterogeneous catalyst. With this powerful technique, lower detection limits
can be obtained, because it is capable of recording the behavior of the reaction
molecules on the catalyst surface to single-molecule sensitivity without
interference from water molecules. Raman can be combined with UV-visible to
compare the behavior of degradation processes in aqueous solution and on the
surface of the catalyst. In SERS spectra for dye molecules, several Raman bands
can be assigned to C-C-C bending and C-C stretching vibrations of dye molecules.
It has been observed that the major Raman bands gradually lose intensity over
time and no new bands emerge, indicating dye degradation [70].

Table 3 presents some general characteristics of the separation and
spectroscopic techniques, which are important in the determination of reaction

intermediates.

Table 3. Some characteristics of analytical techniques used in dye-removal processes.

Analytical techniques Advantages Limitations
Separation techniques - High selectivity - Analysis time can be high
(HPLC, HPCE, GC, ...) - Degradation byproducts can be - Samples normally need to be

accurately identified with an pretreated

MS detector - Organic solvents need to be used

. . - Low analysis time - Low selectivity
Spectroscopic techniques o )
(UV-vis, FTIR, NMR, - Sample pretreatment is simple - The presence of interferents
SERS, ...) or not necessary (degradation byproducts) can lead to
' erroneous results
- Dyes can be determined - Expensive deuterated solvents need
on the catalyst surface (SERS) to be used (NMR)

- Chemometrics can be used
to simultaneously identify and
quantify several dyes and
intermediates

4. Concluding remarks and future outlook

The papers that we have reviewed prove that there is a huge body of work
on degradation processes and the analytical techniques for monitoring them. In
our opinion, research into dye degradation can develop in three main areas:

(1) study of developments in removal processes;
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(2) improvement of experimental designs to optimize removal processes;
and,

(3) improvement of multi-component analyses.

4.1. Study of developments in elimination processes

One way of improving processes would be develop new materials (e.g.,
adsorbents, catalysts or microorganisms). Immobilizing photocatalysts or microbial
systems on inert surfaces can improve bioreactor efficiency and favor the recovery
of the catalyst. Also, the combination of various dye-removal techniques gives rise

to synergistic effects that can markedly reduce reaction time and economic cost.

4.2. Improvement of experimental designs

We believe that, in this area, two aspects will be developed in the future:

(1) experimental results will be used to choose the most influential factors,
perhaps by first conducting a screening experimental design (e.g., a
Plackett-Burman or saturated fractional factorial)

(2) attempts will be made to analyze more than one response in the
optimization stage, which requires finding optimal compromises
between all the responses considered; in these cases, the use of
desirability functions could be of great interest.

4.3. Improvement of multicomponent analyses

Separation techniques, specifically HPLC, could extend the application of
multi-component analyses and establish new methodologies (e.g., kinds of
technique, phases and detectors). Related techniques [e.g., multi-syringe
chromatography (MSC) or ultra-fast liquid chromatography (UFLC)], which may
reduce analysis time, might also be developed. Also to be expected is the
development of spectrophotometric techniques (UV-visible, FTIR, NMR or SERS)

linked to chemometric tools, particularly multi-way analysis.
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3.2. Optimization of photodegradation processes

This section focuses on the simultaneous photodegradation of three organic
azo dyes—Acid Red 97, Acid Orange 61 and Acid Brown 425—which were obtained
from the tanning industry. The experimentation proposed and discussed is in
agreement with objectives (b) and (c) specified in chapter 1.

The methodologies developed record UV-visible spectra throughout the
photodegradation processes and use MCR-ALS to treat the data. The influence of
the operational variables is studied and the process optimized using:

- Full and fractional factorial designs to determine the most influential
variables.
- Central composite designs to establish response surfaces that make it

possible to model the photodegradation behavior.

As a result of this work two papers have been published: Study of the
influential factors in the simultaneous photocatalytic degradation process
of three textile dyes and Modelling of the simultaneous photodegradation
of Acid Red 97, Acid Orange 61 and Acid Brown 425 using factor screening
and response surface strategies. As the titles indicate, the main aim of the first
paper is to study the influence of several factors taking into account that in a
simultaneous photodegradation this influence could not be the same for each of
the three studied dyes. In the second paper, the methodology developed is used to
extend the scope and study more variables and to obtain a response surface that
relates the selected response with the studied factors.
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Study of the influential factors in the simultaneous

photocatalytic degradation process of three textile dyes

Cristina Fernandez, M. Soledad Larrechi, M. Pilar Callao

Talanta 79 (2009) 1292-1297
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Study of the influential factors in the simultaneous photocatalytic

degradation process of three textile dyes

Cristina Fernandez, M.Soledad Larrechi, M. Pilar Callao

Department of Analytical and Organic Chemistry, Rovira i Virgili University,
Marcel-Ii Domingo s/n Campus Sescelades, E-43007 Tarragona, Spain

Abstract

The influence of several factors in the simultaneous photocatalytic
degradation of three textile dyes - Acid Red 97, Acid Orange 61 and Acid Brown
425 - has been studied using a fractional factorial design 2°!. The considered
factors were: the initial concentration of each dye, the catalyst concentration
(TiO,) and pH.

First, we developed a rapid analytical methodology based on recording UV-
visible spectra during the degradation process and a data treatment using
multivariate curve resolution with alternating least squares (MCR-ALS), which
enabled the three dyes to be quantified simultaneously despite the overlap of their

spectra.

The kinetic constant of degradation for each dye in all the experiments was
evaluated. In all cases the degradation followed a first order kinetics. For a
significance level of 5%, the most important factor in the photodegradation of each
dye is the concentration of Acid Red 97, the degradation is more effective at higher

pHs and, in the studied range, the concentration of the catalyst is not important.

Keywords: Photodegradation; TiO,; Experimental design; MCR-ALS; Textile dyes.
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1. Introduction

Dyes are organic compounds that can be dangerous to the environment.
The tanning industry uses a wide spectrum of dyes to impart colour to the leather
matrix. About 10-15% of these dyes are released in effluents during the dyeing
processes [1]. The discharge of coloured waste is highly problematic, firstly due to
the toxic nature of some dyes or of their biodegradation products and secondly due

to their visual impact because dyes are visible even at low concentrations.

Dyes in wastewater can be treated by many different processes:
coagulation [2], foam flotation [3], electrochemical oxidation [4], Fenton or photo-
Fenton oxidation [5,6], adsorption in waste materials [7], membranes [8],
adsorption using activated carbon [9], combined coagulation/carbon adsorption
[10], etc. Most of these methods are non-destructive but they generate secondary
pollution, because the dyes are transferred to another phase and this phase has to
be regenerated. One way to eliminate dyes without generating secondary toxic
waste is photodegradation [11-15]. In this process the dyes decompose mainly to
CO,, H,0, and some intermediates, commonly low molecular weight acids.

In this paper we study the photocatalytic degradation process of three
dyes, widely used in textile industries: Acid Red 97, Acid Orange 61 and Acid
Brown 425.

In dye photodegradation studies, the dyes are usually quantified with
univariate calibration, which records absorbance at one wavelength of the UV-
visible spectra [11-13], or with the total carbon content determination (TOC) [14-
15] during the degradation. This information only gives information about the
behaviour of one species and if there is more than one dye or an interferent in the
reaction medium, or if a byproduct is generated during the photodegradation,
there is a risk of obtaining erroneous results.

We propose here to make a simultaneous catalytic degradation study of

these dyes and evaluate the kinetic order and the corresponding degradation
constants for each dye.
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We first established a rapid analytical methodology, which recorded UV-
visible spectra during the photodegradation process, and a data treatment using
multivariate curve resolution - alternating least squares method (MCR-ALS) which
allows quantification of analytes in the presence of interfering [16]. These
methodologies have been applied successfully by our research group to the
resolution of mixtures from data obtained using other instrumental configurations
[17-18].

Subsequently, because the optimization of experimental conditions is a
subject of interest in photocatalytic processes, we aimed to determine the effect of
several factors on the degradation rate so that we could propose the most

convenient experimental conditions for carrying out the degradation.

The effect of each variable on the reaction kinetics may not be
independent, but research articles that have been published in the field of catalysis
usually analyse the influent factors by varying one factor at time [13,14]. This
methodology often gives limited information about the process. In the last years,
can be found some papers [19-21] where the effect of some factor in the
photocatalytic degradation of some dye using the response surface methodology is
analyzed, but in all situations only one dye is considered.

In our case, in order to understand how several factors affected the
response we used a fractional factorial design 2°1. The factors considered are: the
initial concentration of each dye, the amount of catalyst (TiO,) and the pH. A
simultaneous and exhaustive analysis of all factors (as the background matrix,
temperature, etc.) that could affect the feasibility of a photodegradation process of
several dyes would be an excessively extensive work. The consideration of initial
concentrations of each dye as a factor makes it possible to determine whether
there is any competition between dyes during the photodegradation process and if
the priority of degradation is conserved in any of the conditions studied. Different
dyes do not have the same visual impact, which should be taken into account when
fixing the optimal conditions for their degradation from a practical point of view.

The present work is focussed in show a useful strategy to analyze quickly the effect
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of several influential factors in a complex problem as the photodegradation of

several dyes.

The responses studied are the half-life time of each dye. The significance of
the effects was corroborated using an ANOVA test.

2. Experimental

2.1. Chemicals

In all analyses, we used analytical grade chemicals. These were NaOH and
H,S0O, from PROLABO and purified water from a Milli-Q water system from
MILLIPORE, USA. The anatase form of TiO, (99.8%) (Sigma-Aldrich) was used as
the photocatalyst without further treatment.

Acid Red 97, Acid Brown 425 and Acid Orange 61 dyes were obtained from

Trumpler Espanola, S.A. (Barbera del Vallés, Barcelona, Espafia). These
compounds have acid-base characteristics, acid species and basic species have
different UV-visible spectra. The acidic and basic spectra are strongly overlapped

[17]. Table 1 shows same physicochemical proprieties of these dyes.

Table 1. Structure, name, chemical index, colour, pKa, Amax @and molecular weight of the

dyes.

Structure Name Colour pK A MW

/ ﬂ $ )
‘* Acid Red 97

Bright yellowish red 11-12 498 698
NaO;S
NaOsS,
/N OH
4 Acid Orange 61 Orange 2-3 446 351
\_/"
HO.
CH, N COH . .
Acid Brown 425  Dull reddish brown 10-11 445 456
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Standard buffer solutions of pH 4 and 7 (Hamilton) were used to calibrate
the pH meter.

2.2. Instrumental and software

The photodegration studies were carried out in a cylindrical annular batch
reactor. The reactor consists of an immersion quartz tube (2.5 cm i.d., and 38 cm
long) which holds a low pressure mercury vapour lamp (LPML) of 15 W (Heraeus
Noblelight, Germany). The light source emitted by the LPML is predominantly at
254 nm and the incident photon flux of the UV reactor is 0.1 W cm™. The quartz

tube was placed in a Pyrex glass outer reactor (0.7 L capacity) in dark conditions.

The data were acquired and monitored by a Hewlett-Packard 8452A
spectrophotometer using the HP89531A software. The spectra were recorded from
244 to 720 nm in 2 nm steps. A Crison pH meter was used to measure the pH of

the samples.

Calculations for multivariate curve resolution with alternating least squares
(MCR-ALS) were performed with laboratory-written software under a MATLAB 7.0
computer environment [22]. This software is available in Ref. [23]. Calculations for
experimental design were performed with STATGRAPHICS Plus 5.0 [24].

2.3. Standards

Individual standards of 100 mg-L™ for Acid Orange 61 and Acid Brown 425
and of 50 mg-L! for Acid Red 97 at pH 6 in ultrapure Milli-Q water were prepared.
The reference spectrum for each dye was recorded with their standard.

Using the referenced standards a total of 13 samples (see Table 2), were
prepared in aqueous solution, in order to evaluate the ability of the model MCR-

ALS to resolve and quantify these analytes.

2.4. Photocatalytic experiments
A total of 16 photodegradation experiments were carried out. The
experimental conditions of each experiment were designed according to a 2°!

fractional factorial experimental design. The first six columns in Table 3 show the
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experimental plan. The chosen factors and their high and low levels were: 20-60
mg-L™! for the initial concentration of Acid Red 97, Acid Orange 61 and Acid Brown
425 (code-named A, B, C, respectively), 8-24 mg/500mL for the amount of
catalyst (TiO;) (code-name, D) and 2-6 for the pH (code-named E). In addition, in
order to evaluate the experimental error, there was prepared a triplicate sample in
the experimental conditions corresponding to the central point of the experimental
domain of each factor (the three last rows in the Table 3). The responses
evaluated were the degradation constants of each dye and the experimental half-
life time of each dye.

The degradations were carried out in a cylindrical reactor, such as the one
described in section 2.2. The total volume of the solution was 500 mL. The pH was
adjusted using H,SO, and NaOH solutions. The reactions were carried out at room
temperature with continuous stirring, until the solution lost its colour. Six-millilitre
samples were taken through the reactor using a syringe. In the first 10 min
samples were taken every minute, then every 2 min (to 20 min), every 5 min (to
60 min), every 10 min (to 220 min), and every 20 min (to the end of degradation).
The total volume of extracted sample varies between 180 and 240 mL, depending
on the photodegradation rate in each experience. The samples were stored in dark
conditions until they were centrifuged in order to separate the catalyst and record
the spectra.

Table 2. Concentration of the calibration standards (mg-L™?).

Standard number Dye

A. Red 97 A. Orange 61 A. Brown 425
1 5 5 10
2 10 10 5
3 15 20 15
4 30 15 20
5 20 25 25
6 25 30 30
7 5 5 20
8 15
9 5 20 5
10 30 30 30
11 25 35 25
12 25 40 25
13 20 45 20
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Table 3. Experimental plan and kinetic constants of the dyes in each experiment.

Experimental Plan Responses
Exp A B C D E A. Red 97 A. Orange 61 A. Brown 425
k-10°  r k-10°  r k-10°  r

1 20 20 20 8 6 4.44 0.9976 3.04 0.9934 0.85 0.9426
2 60 20 20 8 2 241 0.9918 1.17 0.9549 1.15 0.9661
3 20 60 20 8 2 4.47 0.9938 1.83 0.9629 3.44 0.9790
4 60 60 20 8 6 1.39 0.9921 0.83 0.9804 0.44 0.9723
5 20 20 60 8 2 3.19 0.9989 3.38 0.9643 1.37 0.9817
6 60 20 60 8 6 1.49 0.9954 0.83 0.9529 0.50 0.9979
7 20 60 60 8 6 2.27 0.9950 1.57 0.9855 0.76 0.9811
8 60 60 60 8 2 1.89 0.9994 0.53 0.9277 0.99 0.9910
9 20 20 20 24 2 4.23 0.9964 1.55 0.9551 2.44 0.9811
10 60 20 20 24 6 2.06 0.9932 2.92 0.9461 0.57 0.8970
11 20 60 20 24 6 3.48 0.9984 1.95 0.9872 0.72 0.9545
12 60 60 20 24 2 1.50 0.9983 0.95 0.9356 0.08 0.9709
13 20 20 60 24 6 2.72 0.9966 2.96 0.9429 1.24 0.9493
14 60 20 60 24 2 1.70 0.9979 1.25 0.9367 0.68 0.9280
15 20 60 60 24 2 3.26 0.9982 2.11 0.9887 0.91 0.9776
16 60 60 60 24 6 0.98 0.9952 0.59 0.9901 0.33 0.9637
CP? 40 40 40 16 4 1.18 0.9951 0.89 0.9898 0.32 0.9459
CP®2 40 40 40 16 4 1.33 0.9972 0.77 0.9441 0.39 0.9362
CP?3 40 40 40 16 4 1.34 0.9977 0.78 0.9855 0.41 0.9761

& CP: central point

2.5. Establishment of the calibration model

The aim of the multivariate curve resolution method with alternating least
squares is to transform the theoretical solution obtained by factor analysis of the
experimental data matrix D and obtain matrices € and ST which have real chemical

significance [16,25].

With this resolution method, the data matrices are modelled using Eq. (1):
D=C-S"+E (1)
where D is the data matrix of the spectra acquired during the photodegradation

process at different times, matrix C (m x p) has column vectors corresponding to

the concentration profiles of the p pure components that are present in matrix D.
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The row vectors of matrix ST (p x n) correspond to the spectra of the p pure
components, and E is the matrix of the residuals. The times and the wavelengths

at which the absorbance is recorded are m and n respectively.

The resolution was performed using the strategy of augmented matrices
[16]. An augmented matrix D,,g Was constructed appending in the direction of
column wise, a matrix D; that contains the spectra of the 13 standards, a matrix
D, that contains the spectra recorded during the photodegradation process
considered and the vectors v; corresponding to the spectra of each present species
in the solution.

The chemical rank of the D,,g was estimated analyzing the value of
eigenvalues obtained by singular value decomposition (SVD) [26].

The optimization step of MCR-ALS was initiated using the spectra of the
individual components S'. We applied non-negativity constraints to the data
matrices. To determine the efficiency of the model we used the lack of fit (lof) and
correlation coefficients (r) between the spectra used as references and those
retrieved by MCR-ALS.

After the application of the curve resolution methodology, with the
concentration profiles of the standards, a calibration curve of pseudo-zero order

was built, as in the univariate calibration approach [27].

r=Dby ¢+ b (2)

where r; is the relative value obtained by estimating the concentration in the
resolution process (the quotient between the value of each standard relative to the
most concentrated analyte) and ¢ is the correspondent relative concentration. The
calibration line was validated by comparing the line obtained with the line of
identity (regression slope = 1, regression intercept = 0) [26].

With the concentration values obtained during each experiment a first
order kinetic model was proposed using the following equation:
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C
In—2 =kt 3
e 3)

where Cy and C; are the concentrations at time zero and time ¢, respectively.

3. Results

In order to prove the resolution possibilities of the proposed methodology,
MCR-ALS was first applied to the augmented matrix [D4;Vvy;Va;Vv3], Where vy, v,
and vz are the spectra for Acid Orange 61, Acid Red 97 and Acid Brown 425,
respectively. After the resolution, two matrices were obtained: a matrix C, with the
calculated values of the 13 calibration standards, and a matrix S, containing the
spectra of each standard. The spectral correlation was higher than 0.9990 for the
three dyes. Using the values of matrix C, a calibration line was established by
applying Eq. (2). Table 4 shows the values obtained for the slopes and regression
intercepts of the regression lines, the correlation coefficient and the F value
calculated in the joint test of slope 1 and regression intercept 0. All the regression
lines passed the test, so the methodology was considered valid for quantifying

these three dyes simultaneously.

Table 4. Figures of merit for the calibrations of the three dyes Acid Red 97, Acid Orange 61
and Acid Brown 425.

Dye
A. Red 97 A. Orange 61  A. Brown 425
b, 10.126 10.112 0.9910
bo 0.0098 -0.0071 0.0067
r 0.9987 0.9982 0.9969
n 13 13 13
Feal 1.98 0.58 0.91
Feriic (0.05, 2, 11) 5.26

As an example, Fig. 1 shows the graphic to data matrix (D,) for the first
experiment of the design. When SVD was applied to the data matrices augmented
for each of the 16 degradation experiments, 4 significant components were
obtained in all cases. This may be because of the presence of a degradation

compound of these dyes.
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Fig. 1. Spectra recorded during the photodegradation process (D) for the first experiment in
Table 3.

Fig. 2 shows for the first experiment, the spectral and concentration
profiles for the three dyes and the fourth component obtained by MCR-ALS. To
improve the resolution, we have added a vector corresponding to the last
degradation time at which this fourth component was predominant over the dyes
studied. The figures of merit of this method for the 16 experiments were
satisfactory: lof had a mean value of 1.2656, and the similarities between the
spectra profiles obtained for each component and the pure spectra of each dye
were evaluated by the correlation coefficient and shown to be higher than 0.9990
in all cases. Fig. 3 shows the degradation curves for each dye for the 16th

experiment of the experimental design, which was the slowest one.

Assuming that in the experimental conditions the photodegradation
reactions fitted to a kinetic of pseudo-first-order, the concentrations values
obtained by MCR-ALS were used to calculate, using Eq. (3), a constant k
representative of kinetic of each dye in each experiment. These values and the

correlation coefficient of the model adjustment for each dye and experiment are
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shown in the last six columns in Table 3. The correlation coefficients are close to 1

so we can conclude that the photodegradations in all the conditions studied follow

a pseudo-first-order kinetic. The values obtained for the degradation constants are

of the same order of magnitude as the degradation constants obtained for Methyl

Orange and Rhodamine 6G [13] and for a six-dye mixture from a textile effluent

[11].
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Fig. 2. Pure spectra and normalized concentration profiles obtained by multivariate curve

resolution of the data matrix arising from the first experiment in Table 3. (--) corresponds to
Acid Red 97, (-) to Acid Orange 61, (:+) to Acid Brown 425 and (---) to the new compound
formed during the photodegradation.
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Fig. 3. Kinetic profiles for the 16th experiment in Table 3. (e) is Acid Red 97, (A) is Acid
Orange 61 and (m) is Acid Brown 425.

It was observed that the red dye always degraded faster than the others,
and that the orange dye tended to degrade faster than the brown dye, although
this was not the case in all the experiments. Some possible explanations for this
behaviour are: (a) the degree and the rate of the photocatalytic degradation of
each dye would be higher for the dye with higher molar absorption coefficient that
is the Acid Red 97. (b) The catalyst at the working pH is charged positively (pH 2)
or neutral (pH 6), so the dye with the greatest tendency to be charged negatively
(red dye), has the greatest affinity in the adsorption process. Studies carried out
with dyes of similar characteristics [28-30] reinforce this hypothesis. (c) Another
aspect to consider in the ease of degradation is the number of azo groups present
in the molecule. Azo bonds are the most active bonds in azo-dye molecules and
can been oxidized by positive hole or hydroxyl radicals or reduced by electrons in
the conduction band [31]. These tendencies have been reported in several studies
on azo-dyes [32,33]. The orange dye, then, would be the most favourably
degraded, although the results obtained showed that some mechanisms have a

competitive influence on the degradation.
In order to evaluate the effect of the factors considered on the degradation

kinetics, we decided to study the half-life time obtained experimentally because

this response takes into account the induction period of the catalyst (that is, the
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time during which the catalyst adsorbs the dyes before the degradation process

starts.

Fig. 4. shows the Pareto chart obtained for each dye. It can be observed
that most of the effects of the factors considered are positive. To evaluate the
importance of these effects, we used an ANOVA test [27]. Table 5 shows the

values of the relevant factors for the significance level considered.
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Fig. 4. Pareto charts from the fractional factorial design considering the t;;; of each dye as
response. (a) corresponds to Acid Red 97, (b) to Acid Orange 61 and (c) to Acid Brown 425.

Table 5. Results of ANOVA test for the relevant factors

Dye Effect df. SS x 10" MS x 10" Fea

A. Red 97 A 1 3.192 3.192 48.861

A. Orange 61 A 1 6.765 6.765 241.609
B 1 1.660 1.660 59.306
E 1 4.455 4.455 159.127
CE 1 2.376 2.376 84.877

A. Brown 425 A 1 13.225 13.225 106.653
E 1 9.801 9.801 79.040

Feriic (1,2,0,05) 38.5

The commented results can indicate that: (a) the concentration of red dye

has an important effect on the behaviour of the three dyes. As has been mentioned
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above, this dye has a great tendency to be adsorbed on the catalyst, which blocks
the surface of the catalyst to a greater or lesser extent (depending on the
concentration) thus affecting the behaviour of other species. (b) The concentration
of catalyst is not a relevant factor in the degradation of any dye. Since is known
that when the catalyst loading increases the adsorption and degradation also
increase, one possible interpretation of the obtained results is that our range of
catalyst concentrations was too small to detect its influence and as a consequence

small changes in its concentration do not affect the degradation process.

The other factors influence the degradation of each dye in a different way.
The red dye degradation was not affected by the concentration of the other two
dyes. This may be because this dye degrades very easily and because the other
two dyes do not compete in the degradation process. Although the ANOVA test
shows that pH is not an influential factor for the level of significance considered,
the Pareto chart for this dye (Fig. 4a) shows that the pH and its interaction with
the red dye concentration are the following influential factors in the degradation.
This result can indicate that a higher pHs higher degradation periods have been
obtained, probably because the catalyst reduces their positive charge and this fact
difficult the adsorption process of the dye.

As well as the red dye concentration mentioned above, the factors that
affect orange dye degradation are the pH, the concentration of orange dye and the
interaction between the pH and the brown dye concentration. The reasons why pH
has an influence may be the same as those for the red dye. The influence of the
initial concentration is as expected. The interaction between the pH and the brown
dye concentration is important because the concentration is indirectly influenced by
the pH of the solution. This influence is strong at high pH because the two dyes
start to compete in the adsorption process on the catalyst.

The brown dye is affected by the red dye concentration and the pH, which
have the same effect as the cases above. The Pareto chart (Fig. 4c) shows that the
next most influential factors are the catalyst concentration and the orange dye
concentration. It should be pointed out that its own concentration does not affect

its degradation. To explain this result, which at first sight is surprising, we must

84



UNIVERSITAT ROVIRA I VIRGILI
ANALYTICAL METHODOLOGIES BASED ON CHEMOMETRICS TO OPTIMIZE THE PHOTODEGRADATION OF DYES
Cristina Fernandez Barrat

DL:T.

160-2012

Talanta 79 (2009) 1292-1297

take into account that the considered response is the half-life time and that the
three dyes compete in a degradation process in which the brown dye is the least
favoured. Probably if longer times of degradation are considered, in which the
other dyes have had time to disappear from the medium, the concentration of

brown dye may be important for its own degradation.

4. Conclusions

Using spectrophotometric measurements in the UV-visible region during
the degradation process and the curve resolution method MCR-ALS, a rapid
methodology can be established for simultaneously quantifying three dyes - Acid
Red 97, Acid Orange 61 and Acid Brown 425 - despite the presence of unknown
interferents.

Photodegradation using TiO, as catalyst is efficient at removing the three
acid dyes from wastewater. The kinetics of these degradations follows a first-order
model and a new compound, probably of low molecular weight, appears.

Experimental design methodology allows to determine the influence of the
factors considered on the half-life time of the dyes and shows that the most
important factor in photodegradation is the initial concentration of Acid Red 97,
that the amount of catalyst does not affect the response in the studied region for a
significance level of 5%, that photocatalysis is more effective at pH 6 and that the
photodegradation process is competitive because the adsorption of the dyes in the

catalyst depends on their concentration in the solution.
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Modelling of the simultaneous photodegradation of Acid Red 97,
Acid Orange 61 and Acid Brown 425 using factor screening and

response surface strategies

Cristina Fernandez, M.Soledad Larrechi, M. Pilar Callao

Department of Analytical and Organic Chemistry, Rovira i Virgili University,
Marcel-Ii Domingo s/n Campus Sescelades, E-43007 Tarragona, Spain

Abstract

In this paper the influence of seven variables that could be relevant in the
photodegradation of three textile dyes — Acid Red 97, Acid Orange 61 and Acid
Brown 425 - has been studied with the aim of determining the most efficient
conditions for this process. The type and concentration of catalyst, the presence
and concentration of H,0,, the stirring, the pH and the dye concentration have
been studied as variables. In the first stage the more basic variables were analyzed
using a screening methodology (saturated fractional factorial design) and it was
concluded that the most influential variable was the presence of H,0,. In the
second stage, a central composite design was used to establish a response surface
for the behaviour of the photodegradation. In this stage the concentration of Acid
Brown 425 was fixed and the degradation was carried out without catalyst. The
most remarkable aspects of the experiment are that brown dye is always the most
persistent in the solution and that a catalyst is not needed to degrade the dyes
quickly. A second-order equation is needed to model this process. The response
surface obtained could be useful for reducing the time and money needed to treat

effluent wastewater.

Keywords: Photolysis; Textile dyes degradation; Sulphonated azo dyes;

Experimental design.
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1. Introduction

The presence of dyes in wastewater is an important environmental problem
and many processes have been proposed for eliminating them such as
physicochemical treatments involving adsorption onto activated carbon [1],
adsorption onto waste materials that are used as low cost adsorbents [2],
electrochemical oxidation [3] and biodegradation [4]. In recent years technologies
based on advanced oxidation processes have been shown to be efficient
procedures. In these processes, highly reactive species (mainly hydroxyl radicals)
are used as primary oxidants and no secondary pollution is generated [5]. Some
examples of these processes are the photo-Fenton process, in which hydroxyl
radicals are generated using iron catalysers and oxygen peroxide [6,7], photolysis,
in which the radicals are formed when an oxidant, normally H,O,, is irradiated with
UV radiation [8-12] photocatalysis, in which a semiconductor adsorbs UV radiation
and generates redox reactions that eliminate the contaminants [13,14], ozonation
processes, in which ozone is used as an oxidant [15] and even a combination of

electrochemical and photocatalytic processes [16].

There has been much research into determining the most efficient
conditions for these processes and in recent years experimental designs have been
used because it is known that the ability to systematically remove dyes will vary
depending on the synergistic or antagonistic action between different variables.
Most studies apply this methodology to the degradation of one dye [5,11,13,15,17-
19]. Experimental designs have been used also to study the degradation of dye
mixtures using the maximum absorbance of the dyes at different wavelengths [20-
22] or the concentration values of the different dyes over time using multivariate
methodologies [14,23].

In a previous study [14], our research group developed a rapid
methodology that applied the multivariate curve resolution with alternating least
squares method (MCR-ALS) to the set of spectra obtained in the UV-Vis during the
catalytic photodegradation process of three dyes (Acid Red 97, Acid Orange 61 and
Acid Brown 425) using TiO, as catalyst. The aim of MCR-ALS method is to
decompose a data matrix composed by m rows (spectra recorded at different
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times) and n columns (absorbance at different wavelengths) in a product of two
matrices, one corresponding to the concentration profiles of each compound along
the time and another that contains information about the spectral profiles of these
compounds [14,24]. This allows the concentrations of the three dyes to be
determined over the time of degradation despite their spectra overlapping. In this
study we also concluded that the initial concentration of Acid Red 97 has a critical

effect on the simultaneous photodegradation of the three dyes.

The primary aim of the actual study is to extend the scope of the
previously developed methodology so as to (a) increase the number of variables in
order to determine the effect of multiple variables on the photodegradation process
and (b) to apply different experimental methodologies to obtain the maximum

information with the minimum experimental cost.

The studied variables and their domain were selected according to a
previous knowledge and bibliographic revision. The chosen variables were the type
of catalyst, the catalyst concentration, the pH, the oxidant concentration and the
presence of stirring. We used ZnO and TiO, as catalysts because their efficiency in
photodegradation processes has been demonstrated [25]. The oxidant H,O, was
employed to determine its influence on the process [18,26]. The pH range was
chosen on the basis of Kansas et al.’s findings [25]. The catalyst concentration was
selected from a previous study [14]. The presence of stirring was evaluated
because could be relevant in the simplicity of the process.

To achieve this, first, we employed a screening factor methodology (a
saturated fractional factorial, 2°2) because this kind of design allows to obtain the
main effects of the variables and new experiences could be added, using the
experimentation carried out, if more information is required. Secondly, we used the
information obtained in the screening process to reduce the number of variables
and to find a suitable approximating function in order to predict the behavior of the
degradation. For this, we have used a central composite design, that allows to
obtain the main effects of the variables, the quadratic effects and the interactions.

With this design a second-order response surface could be established.
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To our knowledge, no study has investigated screening as an initial step for
creating a response surface for dye degradation processes. We are also unaware of
any paper that has modelled the effect of various experimental variables on the
behavior of various dyes, despite the fact that many residual waters contain

several dyes simultaneously.

2. Experimental

2.1. Chemicals

We used analytical grade chemicals in all the analyses. These were NaOH
and H,SO, from PROLABO and purified water from a Milli-Q water system from
MILLIPORE, USA. We used H,0, (30%) from Scharlau as an oxidant. In the
screening process, we used TiO, in the anatase form (99.8%) and ZnO powder
<lpm (99,9%) as photocatalysts without further treatment and these were
obtained from Sigma-Aldrich.

Dyes were obtained from Trumpler Espafiola, S.A. (Barbera del Valles,
Barcelona, Spain). Solutions of dyes were prepared in Ultrapure Milli-Q water.

2.2. Instrumental and software

Photodegradation studies were carried out in the cylindrical annular batch
reactor illustrated in Fig. 1. The data were acquired and monitored with a Hewlett-
Packard 8452A spectrophotometer using HP89531A software. The spectra were
recorded from 244 to 720 nm in 2 nm steps.

A Crison pH meter was used to measure the pH of the samples. The pH
meter was calibrated each day.

Multivariate curve resolution with alternating least squares (MCR-ALS) was
performed using software written in the laboratory with a MATLAB 6.5 computer
environment [27]. This software can be found in Ref. [28]. Calculations for the
experimental design were made using STATGRAPHICS Plus 5.0 [29] and The
Unscrambler 9.0 [30].
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=

Immersion quartz tube (2.5 cm
i.d. and 38 cm in length)

(i

Light source: Low pressure
mercury vapor lamp (LPML)

15W

A= 254 nm

Heraeus Noblelight, Germany
Capacity of 0.7 L

Fig. 1. Photoreactor scheme.

2.3. Photodegradation procedure

Degradation samples were prepared diluting different amounts of each dye
according to the values indicated by the experimental designs in the corresponding
experience. The pH was adjusted using H,SO, and NaOH solutions and the final
sample volume was 500 mL. Degradations were carried out in a cylindrical reactor
and different samples of 6 mL of the degradation solution were taken from the
reactor during the degradation time. After photodegradation, all the samples were
stored in dark conditions and samples containing catalyst were centrifuged in order
to separate the catalyst and register the spectra. More details of the experiment
can be found in Ref. [14].

2.4. Experimental design

In this paper the photodegradation of the dyes is studied using
experimental designs. The different experiments are designed, firstly, according a
saturated factorial fractional design and, secondly, according a response surface
design. The variables are codified with low and high levels. Each experiment was
evaluated by analyzing the response that was related to the reaction rate. Each
experience provides a matrix with the spectra obtained throughout the degradation
time. In order to improve the results we constructed a new matrix that is the
experimental matrix augmented with the pure dye spectra. The spectrum of H,0,

was added to the augmented matrix in the resolutions of the experiments in which
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this oxidant was used. The augmented matrices were treated with MCR-ALS. This
methodology allowed us to quantify each dye at each moment of the degradation,
despite the overlap of their spectra, to construct the degradation curves and to
determine either the half-life time of each dye or the remaining concentration at a
particular time. As an example in Fig. 2 is represented the degradation spectra and
the concentration profiles recovered by MCR-ALS of one experience carried out.

Degradation Spectra Concentration Profiles

Degradation
time

Absorbance (a.u.)

40 50 60 70
Degradation time (min)

%0 30 30 40 450
Wavelength (nm)

Fig. 2. Degradation spectra and concentration profiles of each dye recovered by MCR-ALS.
(-) Corresponds to Acid Red 97, (. . .) to Acid Orange 61 and (-.-.-.) to Acid Brown 425.
Experimental conditions: concentration of each dye = 60 mg-L™, H,0, concentration = 0.005

M, pH = 2, without catalyst and with stirring.

2.4.1. Screening step

In the screening designs, the relation between the information obtained
about the influence of the variables and the number of experiments is high. For
this reason, these designs are employed when there are many controllable
variables that may influence the experiment [31]. These designs allow us to
determine the main effects of the variables without taking into account the possible
effect of interactions between variables that could influence in the response. In this
paper we used a saturated fractional factorial experimental design, which had the
advantage that, if necessary, more experiments could be added to build a full
factorial and thus determine the effects of the interactions [32,33].

2.4.2. Surface response establishment

With the selected variables in the previous stage, we constructed a 23 full
factorial design in order to determine the effect of the main variables, all the
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interactions between variables and the suitability of the experimental domain pre-
established for the different variables.

When the full factorial design is studied in the suitable domain we can

obtain the coefficients to establish the following first-order response surface:

y = bo+b1X1+b2X2+b3X3+b12X1X2+b13X1X3+b23X2X3+b123X1X2X3 (1)
where b; are the estimation of the effects and x; are the codified values from -1 to
+1 (-1 corresponds to the value of the low level of the variable and +1

corresponds to the value of the high level).

In order to validate this model design, we evaluated the pure quadratic

curvature sum of squares (SSpyre quadratic) Using Eq. 2 [32]:

RVIRY)
Nenc(Ye = Yc)
Ne + Ne

(2)

SSpure quadratic =

where ., is the average of the results obtained in the runs at the factorial points of
the design, y. is the average of the response at the central point, and ng and nc

are the number of runs, in our case nf is 8 because we employed a 23 factorial

design and nc is 3 that are the replications in the central point.

An F-test is used to compare the SSpyre quadratic @Nd SSresiqual Obtained with
the three replications of the central point. If both values are comparable, there is
no quadratic curvature. On the other hand if they are not comparable, this means
that a quadratic curvature is present and the model has to be represented by a
second-order equation [32].

The central composite design (CCD) is the most popular class of design for
fitting second-order models; CCD is often practically deployed through sequential
experimentation; that is, a 2* full factorial design is used to fit a first-order model

and then axial runs are added to allow the curvature to be estimated [32].
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In all of the experimental designs employed, an ANOVA test was carried
out by making an additional triplicate central point in order to evaluate the
significance of the effects [34].

3. Results and discussion

3.1. Screening process

Three of the five variables studied were qualitative. These were the type of
catalyst (high level TiO, (+) or low level ZnO (-)); the presence (+) or not (-) of
oxidant H,0,; and the presence (+) or not (-) of stirring. The other two variables
were quantitative. These were pH 9 (+) or 2 (-) and catalyst concentration 1 g-L!
(+) or 0.05 g-L'! (-). We used ZnO and TiO, as catalysts because their efficiency in
photodegradation processes has been demonstrated [25]. The oxidant H,0, was
used to determine its influence on the process [18,26]. The pH range was chosen
on the basis of Kansas et al.’s findings [25] regarding the effects of the catalysts
on pH. The catalyst concentration of the previous study [14] was increased in
order to determine its possible influence on the present study. Dye concentration
was fixed at 180 ppm (60 ppm of each dye) because the concentration effect of
the different dyes has already been evaluated in previous studies [14]. The
responses studied were the half-life time of each dye.

Table 1 describes the experimental conditions of the 8 experiments
performed. The results are represented in Fig. 3a. In this figure in the center of
each square, the half-life time for each dye at each pH level has been represented
to analyze the effect of the variables. The figure does not include the levels of
stirring or the catalyst concentration for dimensionality reasons and because these

are the least influential variables.

Fig. 3a clearly shows two remarkable results: the first is that brown dye is
always the most persistent in the solution and the second is that the presence of
hydroxide peroxide (experiments 3, 4, 7 and 8) notably reduces the half-life time
of the degradation of the three dyes. Other less marked tendencies are that the pH
effect in the domain does not significantly alter the degradation rate of the three

dyes and that better results are obtained when ZnO is employed instead of TiO,
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(experiments 3 and 4 vs. 7 and 8). However, it should be pointed out here that

other variability variables are involved in this comparison (pH and stirring).

Table 1. Screening experimental plan.

Exp Catalyst H,0, (mol-L™) pH [catalyst] (g-L™) Stirring
1 ZnO 0 4 1 Yes

2 TiO, 0 4 0.05 No

3 Zn0O 0.02 4 0.05 Yes

4 TiO, 0.02 4 1 No

5 ZnO 0 9 1 No

6 TiO, 0 9 0.05 Yes

7 ZnO 0.02 9 0.05 No

8 TiO, 0.02 9 1 Yes

It is known that the presence of an oxidant in a heterogeneous catalyst
increases the rate of the degradation by enhancing the quantum yield of hydroxyl
radicals. However, because of the great magnitude of H,O, effect, we evaluated
the degradation rate in a homogeneous medium without a catalyst because this
notably simplified the process. We thus carried out three experiments using H,0,
but without catalyst. Fig. 3b shows the experimental conditions and the responses

obtained.

From the results we deduced that red and orange dyes degrade at the
same rate independently of the pH. If the results obtained at pH 9 are compared
with the results of the screening experiments 7 and 8 (Fig. 3a), it could be
concluded that the degradation is faster without the catalyst TiO, than when this
catalyst is used, and that when ZnO is employed as catalyst with red and orange
dyes the results are similar to those obtained when it is not used. Degradation only
improves when ZnO is used for brown dye, although the best values for this dye
(which is the most persistent) were obtained at pH 2 and without a catalyst. It is at
first sight surprising that the photodegradation results are better without catalyst
when an oxidant such H,0, is employed in the reaction. One possible explanation
of this fact is that at high dosage, H,0, is a powerful OH®* scavenger [35] and
furthermore that high concentrations of this oxidant could cause the dye and the
H,0, to compete when adsorbing onto the catalyst, depending on the adsorption
behavior of the dyes [36].
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a)
T, A. Orange (min) Ty, A. Red (min) T, A. Brown (min)
Tio, Tio, Tio,
O O, O
270| 20 95 | 21 >500| 79
0 002M H0, © 0.02M H,0, 0 0.02M H,0,
64 9 45 7 311] 45
® ® ®
ZnO ZnO ZnO
Tio, Tio, Tio,
® ® ® O ® ®
1401 23 1151 13 >500| 65
0 002M H0, © 002M H,0, 0 0.02M H,0,
105| 9 82 8 >500| 30
® ® O, ® O, 9,
ZnO ZnO ZnO
b)
Ty A. Orange Ty A Red Ty A. Brown
pH=2 10 9 28
pH=6 10 8 40
pH=9 1" 8 50

Presence of stirring and [H,0,] = 0.02 g/l

Fig. 3. Screening results.

3.2. Response surface establishment

3.2.1. Preliminary studies

In this first stage, prior to establishing the response surface, three
variables were selected and a full factorial 2° was designed in order to analyze
whether the experimental domain was suitable for the parameters that could
influence the photodegradation process. Given the results of the previous
experiments, we decided to work without a catalyst because this way the
degradation was just as effective, more economic and left no catalyst residues. The

degradation took place with stirring and at a constant pH of 2.

The variables studied were the concentration of H,0, (A): 0.02 - 0.1
mol-L!; the initial concentration of Acid Red 97 (B): 0 - 60 mg-L'!; and the initial
concentration of Acid Orange 61 (C): 0 - 60 mg-L'l. As can be seen, the H,0,

concentration was increased with respect to the screening step in order to more
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accurately study the effect of the most influential variable. The chosen response
was the concentration of brown dye at 20 min of degradation because this dye is
the most persistent in the solution (see Fig. 3a) and low concentrations of this dye
at this time mean that the other two dyes are almost eliminated. The concentration
of brown dye was fixed at 60 mg-L. The first 8 rows of Table 2 detail the
experimental plan and the results expressed as a percentage of Acid Brown 425 in

the medium at 20 min of photodegradation.

Table 2. Full factorial and central composite experimental plan.

Exp Factors Response
H,0, A. Red A. Orange % A. Brown
0.02 0 0 4.26
28 0.1 0 0 14.34
0.02 60 0 25.73
42 0.1 60 0 34.93
5 0.02 0 60 15.68
6% 0.1 0 60 26.04
7 0.02 60 60 32.92
8® 0.1 60 60 34.22
CcP1 0.06 30 30 10
CP"2 0.06 30 30 115
CP"3 0.06 30 30 12
9 0.005 0 0 3.06
10 0.005 60 0 23.45
11 0.005 0 60 24.96
12 0.005 60 60 50.25
CP"4 0.0525 30 30 19.5
CP"5 0.0525 30 30 18.24
CP% 0.0525 30 30 17.67
13° 0.005 30 30 29.68
14° 0.1 30 30 23.37
15° 0.0525 0 30 12.89
16° 0.0525 60 30 27.78
17° 0.0525 30 0 13.86
18° 0.0525 30 60 29.37

@ Experiences employed in the second experimental design
® CP means central point
¢ Axial points to complete the central composite design

The coefficients of the principal effects and interactions were calculated and
are shown in the Pareto chart in Fig. 4a. The significance of the effects was
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evaluated by analysis of variance (ANOVA) and the vertical line in Fig. 4a
corresponds to the value above which the effects are significant for a level of
significance a = 0.05. The analysis of the effects shows that all of the variables are
influential and their effects are positive, which means that the concentration of
brown dye at 20 min of degradation is higher if the variable values are higher. The
effects of the interactions are not relevant. The positive effect of the initial
concentration of red dye and orange dye was expected. On the other hand, the
positive effect of H,O, means that at high values of oxidant the degradation is less
efficient. This fact does not agree with the results obtained in the previous step
which demonstrate that hydrogen peroxide favored the degradation process. An
initially surprising explanation of this result is that excess H,0, can generate
secondary reactions which interfere in the degradation process [8-10]. This
indicates that there is an optimum concentration that maximizes the
photooxidation rate of this oxidant when it is used to remove the dyes and that we

have been working in a domain outside this optimum zone.

At this point of the study, we decided to extend the experimental domain
toward lower values of H,0,, where the H,0, concentration is A: 0.005 - 0.1
mol-Lt, For this purpose a full factorial design 23 was completed for the
experiments marked with (?) in Table 2 and for the new experiments represented
in the rows 9-12 of the same table.

Fig. 4b shows a Pareto chart containing the values of the variable effects
for this second 23 design. As in the previous figure, the vertical line shows the
value above which the effects are relevant for a significance level of a = 0.05. In
this case the influential variables were the concentrations of red dye and orange
dye, and these were as positive as could be expected. The effect of the H,0,
concentration was not significant but the interaction of this variable with the other
two variables is relevant and negative. This indicates that the concentration of
hydrogen peroxide affects the response in different ways depending on the level of
the other variables.
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Fig. 4. Pareto charts from the 23 experimental designs using the % of Acid Brown 425 at 20
min of degradation as the response. a) corresponds to the first design and b) to the second
design. The variables are: A (H.O, concentration), B (Acid Red 97 concentration) and C (Acid

Orange 61 concentration).

3.2.2. Establishment and validation of response surface

The results obtained in the last stage were used to establish a first-order
response surface. Once the coefficients of this model had been determined, the
curvature test explained in the section 2.4.2 was calculated. The F value was
137.42 and the value of F iap1,2,0.052 tisy Was 38.5, therefore SSpure quadratic
calculated with Eq. (2) and SS,esiqua Were not comparable and this means that the
response surface was not validated because a quadratic curvature is present and
the model had to be represented by a second-order equation.

In order to fit a second-order model we used a face-centered central
composite design in which a = 1. This design locates the axial points on the
centers of the faces of the cube formed in the full factorial design. Table 2
(experiments 13 - 18) shows the experimental conditions of the axial points added
to the full factorial design to complete the central composite.

The response surface obtained is described in the following equation:

y = 19.6 + 0.2A + 8.9B + 7.5C + 6.0A® - 2.1AB - 4.7AC - 0.2B? - 0.9BC + 1.1C?

in which y is the concentration of brown dye at 20 min of degradation and A, B, C

correspond to, in codified variables (from -1 to +1), the concentration values of
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H,0,, red dye and orange dye respectively. This equation shows that H,0O, presents
important coefficients in the quadratic term and in the interactions.

Finally, the model was validated with the experimental points that were
used to create the model along with 8 other selected points within the
experimental domain in order to cover the whole range of responses. Fig. 5
compares the experimental results with the predicted results for the second-order
response surface; (e) corresponds to the points used to elaborate the model and
(A) corresponds to the selected external points. We then applied a joint test of
slope 1 and a regression intercept of 0 to the regression between the experimental
and predicted responses. The curve obtained (y = 1.004x - 0.1599) was
statistically comparable with the ideal curve (y = x) and had significance of 5%.

This fact proved that the second-order model fits the process studied.

80 -
50
40

30 A

¥ measured

20

0 10 20 30 40 50 60
Y predicted

Fig. 5. Comparison of measured results vs predicted results calculated using the second

order response surface.

Fig. 6a and b shows the concentration of H,0,, red dye and orange dye on
the response surface (i.e. the concentration of brown dye at 20 min of
degradation). In Fig. 6a, the concentration of the orange dye is fixed at 30 mg-L!
whereas in Fig. 6b, the concentration of the red dye is fixed at 30 mg-L'l. The
model shows that at low values of red or orange dye concentration, it is better to
work with low concentrations of H,0, because the concentration of the brown dye
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increases when there is an excess of this oxidant. It can be also seen that red dye
needs a lower concentration of oxidant for degradation than orange dye. These
models could be useful for the tanning industry because it is possible to determine
the optimum concentration of H,O, for the degradation of a fixed concentration of
dyes. This methodology could reduce the time and money needed for the water

treatment.

a) [A. Orange] = 30 mg-L-' b) [A. Red] = 30 mg-L-1

10.0-13.0
13,0-16,0

. 16.0-19.0
- 19.0-220
- 220-250
— 25.0-280
= - 28.0-31.0
— 50 . 31.0-340
. 030 % . 340370

0.02 004 = 1020
ho 006 o0s 010 [A Orange] NN 37.0-40.0
L0,

Cstassbintastiiatid

[~ Brown] at 20 min
@

Fig. 6. Second order response surfaces.

4. Conclusions

Acid Brown 425 is the most persistent dye in all the photodegradation
processes. For this reason, its concentration could be related to the degradation
time of the other dyes given that the remaining dyes are completely eliminated at

low values of brown dye concentration.

Screening showed that the presence of an oxidant, specifically H,0,, has
the most important effect on photodegradation. It has been demonstrated that if
this compound is added then no catalyst is needed and that the pH does not affect
degradation. Using photolysis instead of photocatalysis could be interesting from a
practical, economical and environmental point of view because dyes could be

degraded without the use of a catalyst.
In the domain studied the concentration of brown dye at 20 min of

degradation follows a second order equation because H,0, has a quadratic

influence in the process.
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The quadratic function obtained has been validated by experimenting with
different points of the domain. Furthermore, this methodology could be used in the
textile industry to reduce the cost and time of degradation because, if the
concentrations of dyes in textile effluent are known, the optimum amount of H,0,

could be calculated in order to eliminate the dyes in little more than 20 min.
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Kinetic studies

3.3. Kinetic studies

The experimentation proposed and discussed in this section corresponds to
objective (d) of chapter 1 and is related to the determination of the rate constants,
which are important values for evaluating the efficiency of photodegradation

processes.

The evaluation of the rate constants involved in photodegradation
processes takes into account the possible formation of intermediates, which can be
as hazardous as the initial dye or even more so. The presence of these
intermediates must be taken into account when evaluating the optimal

experimental conditions.

The results have given rise to two papers: Kinetic analysis of C.1. Acid
Yellow 9 photooxidative decolorization by UV-visible and chemometrics
and The evaluation of the adsorption and rate constants of the
photocatalytic degradation of C.I. Acid Yellow 9 by means of HS-MCR-ALS:
a study of process variables. In both cases only one dye, C.I. Acid Yellow 9, is
studied. The data obtained, as in the previous section, are UV-visible spectra
recorded throughout the photodegradation processes and the data are treated
using MCR-ALS. In this case, however, hard constraints are applied to force the

reaction profiles to follow specific kinetic models.

In the first paper, a photolytic degradation is studied. Its pathway is
established by EFA and MCR-ALS. The intermediates are identified and the
degradation pathway is confirmed by means of MS analysis. The rate constants are
evaluated by using, as a hard constraint in the MCR-ALS optimization, the kinetic
model based on the proposed pathway.

In the second paper, photocatalytic degradation using two heterogeneous
catalysts is studied. The adsorption and rate constants are obtained using the
Langmuir-Hinshelwood model as hard constraint. The effect of several variables is

evaluated for the two catalysts used.
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3.3.1. Paper

Kinetic analysis of C.I. Acid Yellow 9 photooxidative

decolorization by UV-visible and chemometrics

Cristina Fernandez, M. Pilar Callao, M. Soledad Larrechi

Journal of Hazardous Materials 190 (2011) 986-992
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Kinetic analysis of C.I. Acid Yellow 9 photooxidative decolorization

by UV-visible and chemometrics

Cristina Fernandez, M. Pilar Callao, M. Soledad Larrechi

Department of Analytical and Organic Chemistry, Rovira i Virgili University,
Marcel-Ii Domingo s/n Campus Sescelades, E-43007 Tarragona, Spain

Abstract

A kinetic study of the C.I. Acid Yellow 9 photooxidative decolorization
process, using H>O, as oxidant, was carried out by chemometric analysis of the
UV-visible data recorded during the process. The number of chemical species
involved in the photooxidative decolorization process was established by singular
value decomposition (SVD) and evolving factor analysis (EFA). Information about
the different chemical species along the process was obtained from the spectral
and concentration profiles recovered by soft multivariate curve resolution with
alternating least squares (MCR-ALS). This information was complemented by mass
spectrometry (MS) to postulate a reaction pathway. The dye photooxidative
decolorization process involved consecutive and parallel reactions. The consecutive
pathway consists of a first stage of dye oxidation followed by the rupture of the azo
linkage to form smaller molecules that are degraded in a subsequent stage. The
parallel reactions form products that are undetectable in the UV-visible spectra.
Kinetic constants of the reactions postulated in the photooxidative process were
retrieved by applying a hybrid hard and soft MCR-ALS resolution. All constants
were similar for the consecutive stages and higher than those obtained for the

parallel reactions.

Keywords: Azo dye degradation; C.I. Acid Yellow 9; Kinetic studying; Mass
spectroscopy; MCR-ALS.
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Chapter 3

1. Introduction

Organic azo dyes are involved in many industrial processes, so they are
frequently found in industrial wastewater [1]. Concretely, C.I. Acid Yellow 9, is
used in the textile industry [2-4]. Moreover, it was recently reported that this dye
has properties that make it suitable as a dispersing agent for carbon nanotubes [5-
6] which means that their industrial use could increase in the future. Organic azo

dyes are contaminants and must be eliminated.

Degradation processes of C.I. Acid Yellow 9 using Mn oxide [2],
biodegradation [3] and electrochemical oxidation [4,7] have been reported.
Nowadays, however, homogeneous and heterogeneous catalytic dye removal
techniques that allow fast degradations are the methods most commonly used for
the degradation of organic dyes [1,8-14]. Regardless of which technique is used,
the challenge of determining the optimal conditions for rapid dye removal is usually
solved by determining the kinetic rate and using it as a reference parameter. This
study focuses on the kinetic analysis of the photooxidative decolorization process
of C.I. Acid Yellow 9 using H,0, as oxidant.

Usually, dye removal reactions are monitored by UV-visible spectroscopy
[1,8,10,15] and the degradation rate constant is established fitting the absorbance
values obtained at one wavelength to a pseudo first-order reaction. During the
degradation processes, however, as a consequence of the radical reaction,
intermediates—some sensitive to UV-visible spectra and others not—can be formed
[3-4,7,16-18]. This univariate approach can lead to erroneous results if
intermediates absorbing in the same wavelength range that the studied dye are
formed during the process.

The use of selective techniques such separation techniques coupled with
mass spectrometry (MS) [19-22] are useful to avoid the problem of the
intermediates interference. With techniques of this sort, however, the samples
usually need to be submitted to some sort of pre-treatment and the analysis time
may be long. Another possibility to overcome this problem is using UV-visible
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spectroscopy coupled to multivariate curve resolution methods. This approach was

used in the present study.

In this study, the number of variability sources related to the number of
chemical species present in the reaction was analysed using singular value
decomposition (SVD) and evolving factor analysis (EFA) of the UV-visible spectra
recorded during dye photooxidative decolorization. Subsequently, a soft
multivariate curve resolution with alternating least squares (MCR-ALS) was carried
out to obtain information about the spectral profiles of each compound. This
information was complemented by MS analysis of some representative samples
taken during the degradation process to propose a reaction pathway. In a second
step a hybrid hard and soft modelling technique [23] was used to evaluate the
kinetic constants of different reactions involved in the photooxidative process. To
our knowledge, no strategies of this type have previously been used in kinetic
studies of dye photooxidative decolorization, so this study represents an advance
in the field.

2. Experimental

2.1. Chemicals

The reagents used in this study were analytical-grade chemicals. C.I. Acid
Yellow 9 (2-Amino-5-([4-sulfophenyl]azo)benzenesulfonic acid)) (95%) was
purchased from Sigma-Aldrich and H,0, (30%) was purchased from Scharlau.
Degradation solutions were prepared in ultrapure Milli-Q water from a system
supplied by Millipore (USA).

2.2. Instruments, measuring conditions and software

2.2.1. Reactor

The cylindrical annular batch reactor consisted of a Pyrex glass outer
reactor with 0.7 L of capacity and a quartz immersion tube (2.5 cm i.d. and 38 cm
long). The tube contained a 15 W low-pressure mercury-vapour lamp (LPML) (TNN
15/32 56001721), from Heraeus Noblelight, Germany. This UVC light source

emitted at 254 nm and the incident photon flux of the UV reactor was 0.1 W cm™.
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2.2.2. UV-visible spectrophotometer

Spectral data were acquired using a diode-array spectrophotometer
(Shimadzu MultiSpec-1501) and Hyper-UV 1.51 software. The UV-visible spectra of
the dye-degradation samples and the blank, in which only H,0, is present, were

recorded at each nm from 270 to 720 nm.

2.2.3. Mass spectrometer

The MS spectra were acquired in negative centroid acquisition mode by
direct injection using a 6210 LC/TOF mass spectrometer (Agilent Technologies,
Palo Alto, USA), equipped with an electrospray ionization source. MS spectra of six
samples obtained at 0, 8, 18, 25, 30 and 60 min of degradation process were
recorded in the 70-400 m/z range.

2.2.4. Software

The UV-visible spectra were exported and converted in MATLAB binary
files. The data matrix was analysed by MCR-ALS [24]. Nonlinear fitting was
performed using home-made software with a MATLAB 6.5 computer environment
[25].

2.3. Photooxidative decolorization procedure

A 0.5 L solution of 60 mg-L! of C.I. Acid Yellow 9 and H,0, 0.05 M in Milli-
Q water was introduced into the cylindrical reactor. This solution was irradiated at
254 nm during the process. The concentrations were selected from preliminary
studies [8, 26, 27]. Samples of 3 mL of the degradation solution were taken at the
beginning of the experiment (t=0 min) and after each minute throughout the
degradation time (t=60 min). Two repetitions of the experiment were carried out in

order to calculate the standard deviation (SD) of the results.

In order to determine the noise in this process, degradation of H,0, was
carried out as the degradation blank under the same reaction conditions.

2.4. Methodology and chemometric analysis

The methodology followed to obtain the spectral and concentration profiles

of the chemical species and to calculate the rate constants of the reactions
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involved in the photooxidative process was: (a) evaluation of the number of
chemical species along the photooxidative decolorization process by SVD and EFA,
(b) analysis of the spectral and concentration profiles retrieved by soft MCR-ALS
and analysis of MS spectra to propose a reaction pathway, (c) calculation of the
rate constants by hybrid hard and soft MCR-ALS.

The procedure begins with the arrangement of the UV-visible spectra
recorded during the blank and the photooxidation of C.I. Acid Yellow 9 in two data
matrices, (D, (m x n)) for the blank and (D; (m x n)) for the dye degradation,
where m is the number of spectra recorded (m=61) and n is the number of

wavelengths (n=451).

In the two data matrices, D, and D3, the number of variability sources
related to species active in the studied UV-visible range was analysed by SVD [28].
Taking into account that in D, only one chemical species is present (H,0,), the
value of the second singular value from the analysis of Dy, related to the variability
representative of the noise in the experimental process, was considered the

threshold for determining the number of significant factors in D;.

Information about the evolution of the different factors during the
photooxidative decolorization process was obtained by EFA [29] of the data matrix
D,. In this method, based on factor analysis, windows of linearly increasing size
were subjected to SVD. In the forward analysis, we started by evaluating the SVD
of the first two spectra of matrix D; and then repeated this process by adding one
spectrum at a time until we reached the total matrix. In the backward analysis, the

process was the same but started with the last two spectra of matrix D;.

After the determination of the humber of chemical species a soft-modelling
MCR-ALS [30] was applied to obtain information about the chemical species
involved in the process. With this algorithm, the experimental matrix D; was

decomposed into two new matrices according the following equation:

D1 = C15T1 + E1
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where C; and ST, contain, respectively, information about the concentration and
spectral profiles of the species involved in the photooxidative decolorization
process and E; is a matrix of the residuals that contains the variance unexplained
by €;ST;. MCR-ALS solved this equation iteratively in order to minimize the
residual matrix E;. This optimization requires an initial estimation of the
concentration or spectral profiles, and some constraints can be applied. In this
step, the initial estimation was the EFA profiles and the constraints employed were
non-negativity for the concentration and spectral profiles and unimodality for the

concentration profiles.

The information obtained was complemented with the MS spectra of six
representative samples taken during the degradation process and was employed to

postulate a reaction pathway.

In a subsequent stage, rate constants of the reactions involved in the C.I.
Acid Yellow 9 photooxidative decoloration were obtained by hybrid hard soft MCR-
ALS. This procedure includes a hard modeling constraint the corresponds to the
kinetic model postulated. In accordance with this postulated model, a function
consisting of the differential equations of each compound present in the reaction
was constructed. This function was integrated numerically using an ordinary
differential equation solver (ODE23, a Runge-Kutta MATLAB subroutine).

In this step, the concentration profiles retrieved by soft MCR-ALS and an
estimation of the rate constants obtained through these profiles were used as
initial estimation. Finally the spectral and kinetic profiles and the rate constants
that provided the best fit were retrieved.

3. Results and discussion
Fig. 1la and Fig. 1b show the UV-visible spectra obtained during the
degradation of C.I. Acid Yellow 9 and the blank, respectively. Fig. 1a shows a

decrease in the absorbance values as a consequence of the dye degradation, but it

is not clear whether any intermediate is present in the solution.

118



UNIVERSITAT ROVIRA I VIRGILI

ANALYTICAL METHODOLOGIES BASED ON CHEMOMETRICS TO OPTIMIZE THE PHOTODEGRADATION OF DYES
Cristina Fernandez Barrat

DL:T.

160-2012

J. Hazard. Mater. 190 (2011) 986-992

(b)

Degradation
time

Absorbance (a.u.)
e
@
Absorbance (a.u.)
e
@

== o = — - S
300 350 400 450 500 550 600 650 700 300 350 400 450 500 600 650 700
Wavelength {nm) Wavelength (nm)

Fig. 1. UV-visible spectra recorded during the photooxidative decolorization of C.I. Acid

Yellow 9 (a) and the blank (b). For the decolorization of the dye, only the last 45 spectra are
plotted.

Table 1 shows the singular values obtained by SVD for both the dye and
the blank matrices. Because only one component is present in the degradation
blank, the second singular value obtained from the D, matrix is considered
representative of the noise, which means that three eigenvalues are significant in
the D; matrix. These results lead us to think that intermediates are present in this
process.

Table 1. Rank analysis of D; and Dy, matrices. Only the first five singular values are shown.

Factors Blank C.l. Acid Yellow 9
1 85.488 972.621

2 22.051 135.322

3 0.3117 46.741

4 0.0675 18.442

5 0.0173 0.6436

Fig. 2 shows the EFA plot of the C.I. Acid Yellow 9 degradation. The
horizontal line was retrieved by EFA and is associated with noise.

In the forward analysis, from the very first minutes of degradation the
variability in the spectral data is explained by two factors. It must be noted that
the number of significant factors that contain information on the spectral evolution

recorded during degradation is equal to the number of independent reactions +1 or
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equal to the number of chemical species that contribute to the spectra analysed
[31]. The presence of two factors from the very beginning of the reaction must be
related to two chemical species corresponding to a reaction in which the initial dye
is degraded. After 15-20 min of reaction time, a new factor becomes relevant,
indicating that another variability source has appeared. This could be associated
with the presence of another chemical species active in the UV-visible region being

studied. After 30 min of degradation, no additional information is obtained.

Ewvolving Factor Analysis

()
T
1

Log eigenvalue

A\

e

| —_— 1 1
30 35 40 45 50 55 =in]
Spectrum number

el

| .
20 25

Fig. 2. EFA of the spectral data matrix D;. Forward (continuous lines) and backward (dotted

lines) directions.

Similar information is obtained in the backward analysis of the data matrix
D,;. In this direction, from 60 min since 40-45 min there are no factors of
significant value because no changes are present in the reaction, probably because
the degradation has finished. At 40-45 min, one factor which can be associated
with a chemical species appears. From 28-33 min, the variability is explained by

two factors and the third significant factor is observed after 10 min of degradation.
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At this point in the discussion, at least three chemical species active in the
UV-visible region can be thought to be involved in the process. Information about
these species can be obtained by MCR-ALS analysis of matrix Dy. This process
starts by using the concentration profiles calculated by EFA as an initial estimation.
The retrieved spectral profiles were associated with the new chemical species and
these profiles jointly with the UV spectra of C.I. Acid Yellow 9 were considered as
the initial estimation during the optimization step when a subsequent MCR-ALS
was applied to D;. Fig. 3 contains the optimal spectral (Fig. 3a) and concentration
(Fig. 3b) profiles, which show the behaviour of each species. The goodness of the
resolution can be evaluated by considering the fitting error of the resolution
(0.49%), the variance explained (99.92%) and the similarity coefficient (0.9990)
between the real C.I. Acid Yellow 9 spectra and the spectra retrieved by MCR-ALS.
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Fig. 3. Spectral (a) and concentration (b) profiles of the chemical species involved in the

photooxidative decolorization process retrieved by MCR-ALS.

Fig. 3a shows the spectral profiles retrieved by soft MCR-ALS, of the initial
dye (1) and the chemicals that appear in the first minutes of the reaction (2). The
chemicals (2) have maximum absorbance at higher wavelengths than the initial
dye. This profile suggests that the azo dye degrades to form a first intermediate
that contains the azo group because absorption at these wavelengths is typical of
compounds that contain an azo group. The shape of the third spectrum (3) is
related to a second intermediate that appear during the degradation corresponding
to the smaller molecules that have high absorbance in the UV region, meaning that
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these are probably aromatic molecules that are products of the breakdown of the
azo linkage, at the end of the degradation these species are also degraded.

According to Fig. 3b, the rate of dye and intermediates degradation
appears to be higher than the rate of intermediates formation. This leads us to
think that undetectable UV-visible compounds are perhaps being formed during the
degradation stages following a different pathway. These concentration profiles
show that degradation could be considered finished at around 30 min and that at
this time the compounds corresponding to the third spectrum have been degraded
to compounds that are undetectable at the studied wavelength, such CO,, H,0 and
small acids that are the main subproducts in reactions of this kind. These results
are in agreement with that observed in the EFA profiles where no variability is
present after 30 min of degradation.

In order to propose the general degradation pathway, MS spectra were
recorded at 0, 8, 18, 25, 30 and 60 min of degradation. These samples were
selected according to the appearance of the various factors in the EFA analysis.

Fig. 4 shows the most informative parts of the MS spectra, at the beginning
of the reaction (t=0), at an intermediate time (t=18) and at the final time (t=60).
These three times are representative of the different stages of the reaction. The
MS spectrum of the initial untreated C.I. Acid Yellow 9 (Ci,HgN306S;Nay) (M, =
401) was obtained both before and after the addition of H,0, (time=0). In both
cases, two majority peaks were observed, corresponding to [C;5HoN30¢S,]172 at m/z
177.50 and [C;,H1gN3O3S] at m/z 276.04. In the sample containing H,O,, which
corresponds to the initial conditions of degradation, a third peak was observed,

corresponding to [C;,H;oN306S,]™ at m/z 356.00. Fig. 4a shows these peaks.

At 8 min of degradation (not shown), two new peaks appeared, the larger
one corresponding to [C;>HgN30,5,]2% at m/z 185.49 and the other corresponding
to [CeHs05S]™ at m/z 188.99. These peaks were observed at 18 min (Fig. 4b). At
subsequent degradation times, these two peaks grew and the peaks corresponding
to the initial dye decreased in size. At 25 min of degradation (not shown), these

two new peaks started to decrease in size and three new peaks started to appear,
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corresponding to [C,H3SOs5]™ at m/z 138.97, [HSOs] at m/z 112.96, and [HSO4] at
m/z 96.96. At 30 min (not shown), the new peaks started to decrease, except for
the one corresponding to [HSO,4], which increased in size. These three peaks
appeared after 60 min of degradation (Fig. 4c), with the one corresponding to
[HSO,4] being the largest of the three.
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Fig. 4. MS spectra of the photooxidative decolorization mixture at different reaction times (a)
at 0 min, (b) at 18 min and (c) at 60 min.

Taking these results into consideration, we propose the pathway shown in
Fig. 5. In this scheme, C.I. Acid Yellow 9 (a) in a first step is oxidized to (b) and
then the azo linkage is broken to form (c) and (d). Subsequently, other reactions
take place. At the end of the degradation time (60 min), C,H;SOs (e), H,SOs5 (f)

and H,SO, (g) can be observed and the other compounds are nearly degraded. As
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it is indicated in this figure, in any step of the main reaction undetectable
compounds, in the UV-vis range studied, can be formed.

These results are in agreement with those obtained by MCR-ALS (Fig. 3),
where the dye (a) corresponds to compound (1), the oxidized species (b)
corresponds to (2), and the species (c) and (d), which are aromatic compounds
that absorb in the UV region, are considered to be included in the shape of spectra
(3). The other compounds observed in MS (g, e and f) are not active in the UV-
visible region studied. This is the reason why, in Fig. 3, no compounds are
observed at the end of degradation. This degradation pathway agrees with the one
obtained for the degradation of C.I. Acid Yellow 9 using biodegradation and
electrochemical degradation [3-4]. Other intermediates, of low molecular weight
and undetectable in the studied wavelength range, could appear in each stage of
degradation.

From a practical point of view, it is important not only to detect the
formation of intermediates but also to evaluate their rates of degradation. This
information can be obtained if, during the optimization of the MCR-ALS step, a

kinetic model is imposed as a restriction.

In accordance with the results discussed above, we propose the following

kinetic model:

k

A—1 B (1)
A—* ,p (2)
B— »C (3)
B—*+ D (4)
C—* D ()

where A corresponds to the initial dye (a) in Fig. 5, B to the oxidized
intermediate (b) in Fig. 5, C to a mixture of the (c) and (d) species of Fig. 5, and D
to the small compounds undetectable in the UV-visible range, such (e), (f) and (g)
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in Fig. 5 or smaller compounds undetectable by MS analysis in the selected m/z

range.

SO,yNa K-
Na0;S N ( a) uc*
) \N
HoN
Ks
SOH Ky
ey UC*
HO3S N \N (b)
HoN
K3
HO,S OH SO4H
o (c) o (d)
Ks
o = CHSOH H,S0;5 H,S0, Uc*
(e) (f (9)

UC* undetectable compounds

Fig. 5. Proposed reaction pathway for C.I. Acid Yellow 9 photooxidative decolorization.

In the selected model, the reactions (1), (3) and (5) are proposed on the
basis of the MS spectra results and the pathway shown in Fig. 5. We also included
reactions (2) and (4) in which A and B form small undetectable products because
this behaviour is common in radicalary reactions and, moreover, in the shape of
the degradation profiles obtained by MCR-ALS, the rate of the degradation of the
dyes and intermediates is higher than the rate of the formation of intermediates.
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The initial estimations of the constants were calculated using the soft MCR-
ALS concentration profiles, all of them were adjusted to first-order kinetics which is
the common approximation in photooxidation processes [8,10,15]. With this

purpose the following equation has been used:

In [dye]o =k,
[dye] P

The equations of the reactions used in the hybrid hard and soft MCR-ALS

model were as follows:

% K A-kyA
% _ KA - kyB - k,B
‘Z/—f _ k3B - ksC

It has to be remarked that this is a first estimate of the reaction pathway
because the mechanism of this reaction is unknown. Therefore, the evaluated rate
constants must be considered apparent values, informative of the main reaction
stages that can be identified spectrophotometrically. The fitting error of the
resolution was 11.90% and the explained variance was 98.50%. The dye spectra
retrieved by MCR-ALS was compared with the real dye spectra and a correlation of
0.9983 was obtained.

The values of the kinetic constants were: k;=0.092 (5D=0.001), k,=0.050
(sD=0.002), k3=0.099 (SD=0.003), k4=0.044 (SD=0.005) and ks=0.122
(SD=0.006). If the overall process of degradation of A (reactions (1) and (2)), B
(reactions (3) and (4)) and C (reaction (5)) is considered, these compounds are
found to degrade at the same rate. The values of k, and k; are lower than the
values obtained for k;, ks and ks, which means that the reactions proposed in Fig.
5 make up the principal pathway of C.I. Acid Yellow 9 photooxidative

decolorization.
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4. Conclusions

Multivariate tools such EFA and soft MCR-ALS make it possible to obtain
information about when intermediates appear in a reaction. This enables to select
the most appropriate samples during the photooxidation for MS analysis, identify
intermediates and determine reaction pathways. Under our experimental
conditions, the photooxidative decolorization of C.I. Acid Yellow 9 was completed in
approximately 30 min.

After an initial approach based on MCR-ALS results, the introduction of a
hard restriction in MCR-ALS makes it possible to obtain information about all the

kinetic constants involved in the photooxidative decolorization process.

C.I. Acid Yellow 9 photooxidative decolorization involves consecutive and
parallel reactions. The consecutive pathway—the main one—consists of a first
stage of dye oxidation followed by a rupture of the azo linkage to form smaller
molecules, which are degraded in a subsequent stage. All of the identified

compounds are degraded at similar rates.
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The evaluation of the adsorption and rate constants of the
photocatalytic degradation of C.I. Acid Yellow 9 by means of HS-
MCR-ALS: a study of process variables
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Marcel-Ii Domingo s/n Campus Sescelades, E-43007 Tarragona, Spain
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08028 Barcelona, Spain
Abstract

This study focuses on the kinetic analysis of the photocatalytic degradation
of C.I. Acid Yellow 9. Adsorption and rate constants related to the physical
adsorption on the catalyst surface and the degradation of the dye upon illumination
were calculated by applying hybrid hard- and soft-multivariate curve resolution
alternating least squares (HS-MCR-ALS) to the UV-visible spectra recorded during
the photocatalytic degradation process. The influence of the catalyst type, the
catalyst concentration and the pH on the degradation rate was assessed using the
experimental results obtained from a full factorial 23 experimental design. Physical
adsorption was more relevant when TiO, was employed as a catalyst. The global
rate of the photocatalytic degradation of the dye was found to be closely related to
the catalyst type, its concentration level and the interaction between both factors.
pH was only found to be relevant when TiO, was used. The photodegradation of

C.I. Acid Yellow 9 was optimal when using high concentrations of ZnO as catalyst.

Keywords: C.1. Acid Yellow 9; Langmuir-Hinshelwood; Photocatalytic degradation;
Adsorption constants; Experimental design; Hybrid hard- and soft-modeling.
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1. Introduction

Organic azo dyes are used in many industrial processes and they are,
therefore, found in industrial wastewater, which poses a major environmental
problem. One of the most commonly used methods for the removal of these
compounds from the environment is photocatalytic degradation, in which a
semiconductor is used as a catalyst [1]. This process has considerable advantages,
since it can work with sunlight because the light required to activate the catalyst is
low-energy UV- A [2], the use of dissolved oxygen (or air) is sufficient, which
eliminates the need for expensive oxidizing chemicals (e.g. Os) and the catalysts

most often used are inexpensive, nonhazardous, stable and reusable.

Degradations using heterogeneous catalysts involve at least two steps:
physical adsorption and reaction on the catalyst surface followed by degradation
upon illumination [3]. Therefore, analyzing the effect of the various process
variables on the efficiency of photodegradation is of great interest [4-12]. The rate
of photodegradation is the parameter used to measure this effect.

In the literature, two approaches are used to define the evolution of these
processes: taking into account the value of adsorption and rate constants
separately [5,9,10,13-15] or considering the process globally with a pseudo first-
order kinetic model [4,6-8,16-22]. The methods used in the first approach often
require a high number of experiments and/or a high instrumental cost. The second
approach defines the whole process with a single step, which makes impossible to

evaluate the specific influence of the adsorption in the global kinetics.

The objective of this work is to develop a rapid and simple method to
calculate both kinetic and adsorption constants and to assess the effect of catalyst
type, catalyst concentration and pH on the photocatalytic degradation efficiency of
C.I. Acid Yellow 9. The strategy used involves an experimental design
methodology, UV-visible monitoring of the photodegradation experiments and
chemometric analysis of data in order to consider both the adsorption and the
photodegradation steps. Specifically, the experiments were planned according to a
full factorial 23 design. UV-visible spectra of all degradations were treated using
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MCR-ALS [23]. The values of the adsorption and rate constants of the
photocatalytic degradation were obtained by applying the hybrid hard- and soft-
modelling MCR-ALS approach (HS-MCR-ALS) [24], incorporating the Langmuir-
Hinshelwood model as a hard-modeling constraint [25,26]. This hybrid hard- and

soft-modeling approach has been employed successfully in several fields [27-32].

The whole strategy presented above has been applied to study the
photocatalytic degradation of C.I. Acid Yellow 9 and, at a low experimental cost,
has allowed for the simultaneous determination of the adsorption and rate
constants and the study of the effect of several factors on the process of interest.
To our knowledge, no strategies of simultaneous determination of adsorption and
rate constants in catalytic processes have been previously been reported;

therefore, this study represents an advance in the field of heterogeneous catalysis.

2. Theoretical background

2.1. Photocatalytic degradation

When catalyst (e.g. ZnO) particles are irradiated by means of UV light with
an energy higher than its band gap energy, the following reactions can take place
[9,18,33] (Eq 1-10):

ZnO + hv>e” + h* (1)
e~ + h* > heat (2)
Dye + h*-> oxidation products (3)
Dye + e~ - reduction products (4)
h*+ H,0 = *OH + H* (5)
h*+ OH™ > *OH (6)
e”" +0,> 0, (7)
0"+ H*> HOy* (8)
Dye + °*OH - degradation products (9)
Dye + 0,*~ > Dye-00* (10)

Degradation starts when an electron (e”) on the catalyst surface is excited
to the conduction band, leaving a positive hole in the valence band (h*) (Eq 1).
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These electron-hole pairs can either recombine (Eq 2), react with the dye (Eq 3-4)
or react with other molecules present in degradation medium (Eq 5-7).
Photogenerated electrons might react to the dye (Eq 4) or to electron acceptors
present in the water or adsorbed on the catalyst surface such as O, (Eq 7). On the
other hand, photogenerated holes can oxidize dye (Eq 3) or react to OH or H,0
(Eq 5-6). The radicals that are formed are powerful oxidizing agents and attack the
organic compounds (Eq 8-10) and intermediates to produce end products, such as
H,0, CO, and small inorganic acids.

All these reactions take place through one of four possible situations: (a)
the reaction occurs while both the radical and the substrate molecule are adsorbed,
(b) the reaction takes place between a radical in solution and an adsorbed
substrate molecule, (c) a radical linked to the surface reacts with a substrate
molecule in solution or (d) the reaction takes place between a radical and a
substrate molecule in solution [33-34].

It has been proved [3,9,10,13,33-34] that all these possible mechanisms
give rise to the Langmuir-Hinshelwood model, commonly used to describe
photocatalytic degradation kinetics, although it has not been possible to determine
whether the process takes place on the surface of the solution or at the interface.
This model is expressed as (Eq 11):

_dC _ kKC

i (11)
dt 1+KC

where r is the rate of dye degradation, C is the concentration of the dye in mg-L?
at any time, k, is the rate constant for photocatalysis and K the adsorption
constant of the dye on the catalyst particles.

2.2. Hard and soft modeling (HS-MCR-ALS).

Multivariate curve resolution-alternating least squares (MCR-ALS) is an
iterative resolution algorithm based on the bilinear decomposition shown in Eq.
(12):
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D=CS"+E (12)

where the experimental matrix D is decomposed into two new matrices: C, which
contains the process concentration profiles and ST, which contains the spectral
profiles of the related pure process compounds. The resolution consists of finding
the € and ST matrices, which describe D with an optimal fit, i.e., with the minimum
sum of squares of all the elements in the error matrix E, and with chemically

meaningful profiles [23,24].

In soft-modeling MCR-ALS, natural constraints, such as unimodality or non-
negativity are applied to the data sets during optimization [23]. The HS-MCR-ALS
approach proposed includes a hard-modeling constraint during the optimization
process that decreases the rotational ambiguity associated with the pure soft-
modeling approach. The hard modelling constraint acts incorporating a
physicochemical model, e.g., kinetic, equilibrium law, to give shape to the process
profiles. Because of the flexibility of MCR-ALS regarding the application of soft and
hard constraints, it is possible to force only some of the components in the C
matrix to obey a hard modelling constraint, while the other ones are soft modeled
[24,27,32].

In this example, the hard-modeling constraint worked incorporating the
Langmuir-Hinshelwood model to define the concentration profile related to the
decay of the parental dye. As a result, this profile is shaped according to the model
defined and the rate and adsorption constants are obtained as additional
information. The concentration profiles of the photoproducts formed are soft-
modelled.

3. Materials and methods
3.1. Chemicals
The reagents used in this study were analytical-grade chemicals. C.I. Acid

Yellow 9 (2-Amino-5-([4-sulfophenyl]azo)benzenesulfonic acid)) (95%) was
purchased from Sigma-Aldrich. ZnO powder with a particle size of less than 1um
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(99.9%) and TiO, in anatase form (99.8%) were also purchased from Sigma-
Aldrich and used as catalysts without further treatment. The pH was adjusted with
NaOH and H,SO, from PROLABO. All solutions were prepared in ultrapure Milli-Q
water from a system supplied by Millipore (USA). Degradation samples that contain
catalyst were filtered through 0.45 um Teflon syringe filters before measuring the
related UV spectra. We used Teflon filters instead of nylon filters to prevent the

sulphonated azo dye from adsorbing into the filters.

3.2. Instruments and software

Photodegradation studies were performed in a cylindrical annular batch
reactor consisting of a Pyrex glass outer reactor with a capacity of 0.7 L and a
quartz immersion tube (2.5 cm i.d. and 38 cm long) covered by a cooling quartz
jacket. This tube contained a 47 W high-pressure mercury-vapor lamp (HPML)
(Heraeus Noblelight, Germany). The light source emitted at 366 nm.

The spectrophotometric UV-visible data were acquired using a diode-array
spectrophotometer (Shimadzu MultiSpec-1501) and Hyper-UV 1.51 software. The
UV-visible spectra of the blank and dye degradation samples were recorded with a

spectral resolution of 1 nm from 270 to 720 nm.

The UV-visible spectra were exported and converted in MATLAB binary
files. The data matrix was first analyzed by MCR-ALS [35]. Hard and soft-modeling
MCR routines in this work were designed in-house with a MATLAB 6.5 computer
environment [36]. Experimental design calculations were performed using

Statgraphics plus 5.0.

3.3. Samples and photodegradation procedure

All samples contain 0.5 L solution of 20 mg-L? of C.I. Acid Yellow 9 in Milli-
Q water. Table 1 shows the design of the experiments performed, with the levels of
the selected factors detailed. The concentrations of dye and catalyst were selected
from those described in the literature and based on preliminary studies. ZnO and
TiO, were selected because they are the most commonly used photocatalysts for
dye photodegradation [5,6,8-10,12,15,21]. pH is considered a qualitative factor,
i.e., pH values selected were 1 unit above the zero point charge (high) when the

136



UNIVERSITAT ROVIRA I VIRGILI
ANALYTICAL METHODOLOGIES BASED ON CHEMOMETRICS TO OPTIMIZE THE PHOTODEGRADATION OF DYES
Cristina Fernandez Barrat

DL:T.

160-2012

Submitted

catalyst surface is negatively charged or 1 unit below the zero point charge (low)
when the catalyst surface is positively charged. The pH value for the zero point
charge corresponds to pH=6.5 for TiO, [13,37] and pH=9 for the ZnO [6].

Table 1. Experiments included in the full factorial 2° design.

Sample Catalyst Catalyst concentration (g-L™) pH

1 TiO; 1 low
2 ZnO 1 low
3 TiO; 2 low
4 ZnO 2 low
5 TiO, 1 high
6 ZnO 1 high
7 TiO, 2 high
8 ZnO 2 high

6 mL-samples of the degradation solution were taken at the beginning of
the experiment (t=0 min), every minute until 10 min, every 2 min until 30 min,
every 5 min until 60 min, every 10 min until 120 min and every 30 min until the
end of the degradation, which can be seen by the complete discoloration of the
solution. The total degradation time ranged from 150 to 240 min depending on the
experiment. Samples were stored in the dark until they were filtered with Teflon
syringe filters in order to separate the catalyst and record the spectra on a clean
solution. All spectra were recorded the same day the degradation was performed.
Moreover, a solution of 20 mg-L! of C.I. Acid Yellow 9 without catalyst, used as the
degradation blank, was introduced into the reactor and irradiated with the UV lamp
for 180 minutes. The spectra of this solution were recorded every 30 min.

3.4. Chemometric procedure

All spectra recorded during the photodegradation of C.I. Acid Yellow 9 were
arranged in a data matrix D (m x n) where m is the number of spectra recorded
during the degradation process and n is the number of wavelengths. In our
datasets, m can vary from 34 to 37 depending on the degradation time of each

experiment and n is 451 in all cases.

The number of variability sources in the experimental data was determined

by singular value decomposition (SVD). Evolving factor analysis (EFA) was applied
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to obtain the evolution of the components throughout the degradation processes,
i.e., when they emerge end when they decay [38]. The EFA solution was employed
as an initial estimate of the concentration profiles in the first MCR-ALS analysis,
where only the soft-modeling constraints of non-negativity for the concentration
and spectral profiles and unimodality for the concentration profiles were applied. In
a subsequent step, HS-MCR-ALS was performed including the hard-modeling
constraint, which forced the concentration profile of C.I. Acid Yellow 9 to follow the
Langmuir-Hinshelwood kinetic model (Eq. (11)). The spectral profiles obtained with
the first MCR-ALS analysis were used in this case as initial estimates. The initial
estimates for the adsorption and rate constants were obtained from the literature
[5,10,13,14]. Spectral and concentration profiles and adsorption and rate

constants were obtained from the resolution.

4. Results and discussion

Fig. 1 shows the recorded spectra as a function of the degradation time for
the blank (Fig. 1a), and for two experiments using TiO, (Fig. 1b) and ZnO (Fig. 1c)
as catalysts. These data show that the dye does not degrade in absence of
catalyst, whereas degradation is almost complete when ZnO is added and only
partial degradation occurs when TiO, is used. The figure also shows that the value
of maximum absorbance shifts slightly toward higher wavelengths during
degradation. This variation suggests that the degradation process takes place
through the formation of, at least, another chemical species that absorbs in the
same UV-vis region of C.I. Acid Yellow 9.

When the spectral data matrices recorded throughout the monitored
reactions were analyzed by singular value decomposition (SVD), two factors were
found significant in all cases. The estimation of this number was done taking into
consideration the second singular value obtained by SVD for the blank degradation
(A= 0.70) as a threshold value. Therefore, two absorbing chemical species were
assumed to be present during the dye degradation, i.e., the parental dye and an
absorbing degradation product.
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An evolving factor analysis (EFA) of the spectral data matrices recorded
over the course of the monitored reaction was conducted to determine the
evolution of the species involved in the degradation process, i.e., when they
emerge (forward EFA) and when they disappear (backward EFA). Fig. 2 shows the
EFA results obtained from the two first experiments listed in Table 1 (for the TiO,
(Fig. 2a) and ZnO (Fig. 2b) catalysts). The red line indicates the noise threshold
associated with the second singular value of the blank.

@ () ©

Degradation
time

Degradation
time

i 0 0 =
300 30 400 450 S0 S50 GO0 G50 70D 300 380 400 450 S0 55D BOD G5O 70D 300 30 400 450 S0 &S0 GO0 G50 70D
Wavelength (nrm) Wavelength (nrm) Wavelength (nir)

Fig. 1. Photodegradation spectra of C.I. Acid yellow 9: (a) dye solution in absence of
catalysts, (blank),(b) with TiO, as catalyst (experiment 1) and (c) with ZnO as catalyst
(experiment 2).
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Fig. 2. Evolving factor analysis (EFA) plots in forward (continuous lines) and backward

(dotted lines) directions. a) Results for experiments 1 and b) for experiment 2.
Analyzing the EFA plot in the forward direction (f), it can be seen that the

first factor (f;) maintains a significant value from the beginning of the degradation

process. The second factor (f;), which corresponds to the emergence of a new
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species, achieves a significant value at the 22" spectrum (35 min of degradation)
when TiO, is employed as a catalyst, whereas this factor becomes significant at the
13" spectrum (14 min of degradation) when ZnO is used. This is a first sign of the
faster degradation of the dye in the presence of ZnO. Complementary information
is obtained in the backward analysis. When TiO, is used as a catalyst, two factors
(b; and b,) exist throughout the degradation process, whereas the second factor
(by) achieves a significant value at the 27" spectrum (60 min of degradation)
when ZnO is used. This indicates that the parental dye disappears completely when
ZnO is used, whereas a certain amount remains in the solution when TiO, is used
for the same degradation process. This is consistent with the raw data shown in
Fig. 1.

The first MCR-ALS was performed using the concentration profiles retrieved
by EFA as initial estimates and soft-modeling constraints, such as non-negativity in
the concentration and spectral direction and unimodality in the concentration
direction. After this soft-modeling analysis, HS-MCR-ALS was performed using the
resolved spectrum for the intermediate species and the pure UV-vis spectra of C.I.
Acid Yellow 9 as initial estimates. As mentioned in section 3.4, the Langmuir-
Hinshelwood kinetic model was applied as a hard-modeling constraint to model the
decay profile of the parental dye. The resolution results obtained by HS-MCR-ALS
for the photodegradation of the two experiments shown in Figures 1b and 1c are
presented in Fig. 3. In all the experiments analyzed (see Table 1), the fitting error
varied from 1 to 6% and the explained variance was always higher than 99.6%.
These values indicate the satisfactory description of the variation of the raw data
and support the appropriateness of the hard model applied.

Fig. 3a and 3b show the recovered spectral profiles by HS-MCR-ALS. The
black spectrum is from the C.I. Acid Yellow 9, as shown by the correlation
coefficient between the real C.I. Acid Yellow 9 spectrum and the spectrum
retrieved by MCR-ALS, always higher or equal to 0.9999, whereas the grey
spectrum is attributed to an intermediate whose spectrum is slightly shifted
towards higher wavelengths. The correlation coefficient of the spectrum recovered
for the parental dye, along with the high explained variance and the consistency of

the spectral shapes recovered with the evolution of the raw spectra suggests that
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the results obtained provide a good description of the real process of photocatalytic
degradation.

( a) 012 ( b) 012
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Fig. 3. HS-MCR-ALS resolution results. (a and c) correspond to experiment 1 (TiO;) and (b
and d) to the experiment 2 (ZnO).

Fig. 3c and 3d show the concentration profiles recovered. When TiO, is
used (Fig. 3c), the intermediate remains in solution at the end of the degradation
process, whereas when ZnO is used (Fig. 3d), the intermediate is degraded over
the course of the photodegradation period and no new photoproducts are
generated. The evolution of these degradation profiles confirms the expected faster
degradation of the dye in the presence of ZnO as compared with TiO, and suggests
the following general degradation pathway (Eq 13):

Dye - Intermediate > X (13)
where X may correspond to non-absorbing species in the wavelength range
studied, such as CO, and H,O0 or small inorganic acids, which are typical products

of photocatalytic degradation processes. Despite the fact that MCR-ALS solutions
may incorporate certain degree of ambiguity [23], the solutions obtained in this
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example lack this phenomenon for several reasons: first, the spectrum of the dye
is unambiguously recovered because it is the only species present at the beginning
of the reaction. Second, because of the application of the hard-modeling
constraint, the concentration profile of the dye and the spectrum of the
intermediate are also resolved without ambiguities, as proven in a recent work by
Golshani et al. [39]. Therefore, the conclusions extracted related to the dye
degradation process and the related adsorption and rate constants are highly
reliable and unaffected by the uncertainty coming from ambiguity.

Table 2 shows the adsorption and rate constants for each analyzed
experiment and the degradation rate calculated using Eq 11. It is important to note
that the photodegradation processes carried out using TiO, as a catalyst (Exp 1, 3,
5 and 7) always needed longer degradation times. In all cases, the degradations
using this catalyst were measured until the fixed limit time value (240 min) and in
all cases after this time the solution remained coloured. The degradations
employing ZnO as a catalyst (Exp 2, 4, 6 and 8) were performed for 150-210 min
and after this time, discoloration of the solution and, hence, complete degradation,

was achieved.

The degradation rate was always higher when ZnO was used as a catalyst,
which is consistent with previous results. For this catalyst, the adsorption constant
was lower than the rate constant, which suggests that this catalyst favours the
adsorption of water molecules and/or OH™ ions (reactions 5 and 6 in section 2.1)
and the generated OH® could be the species reacting with the dye molecules in
solution (reaction 9, section 2.1). When TiO, was used, the adsorption constant
was higher than the rate constant, except in experiment 3, which suggests that
reaction 3 and 4 in section 2.1, in which the degradation of dye is done on the

surface of the catalyst, are important processes when this catalyst is employed.

Fig. 4a shows the Pareto chart obtained to evaluate the significance of the
effects of the factors considered on the degradation rates. The vertical line
indicates the value above which the effects are relevant for a significance level of a
= 0.05. The chart shows that there are two relevant factors - catalyst type and
catalyst concentration - and that their interaction is significant. The most important
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factor is catalyst type, and high values for this factor corresponding to the use of
the ZnO catalyst are related to higher degradation rates, which is in agreement

with the results shown in Table 2.

Table 2. Adsorption, rate constants and degradation rates for experiments in Table 1.

Exp kr (mg-L™-min™) K (L-mg™) r (mg-L™-min™)
1 0.065 + 0.001 1.3 + 0.2 0.06

2 05 + 0.1 0.026 + 0.008 0.18

3 0.17 + 0.05 0.04 + 0.02 0.07

4 14 + 04 0.024 + 0.008 0.4

5 0.06 + 0.03 0.15 + 0.01 0.05

6 03 + 0.1 0.05 + 0.03 0.16

7 0.05 + 0.01 0.22 + 0.08 0.04

8 1.5 + 0.6 0.013 + 0.001 0.3

-+
s L D-.
(b) (c)
C B
BC C

B .+ BC I +
0- =-

Fig. 4. Pareto charts for (a) all experiments, (b) TiO, experiments and (c) ZnO experiments.

A designs catalyst type, B catalyst concentration and C pH.

Because catalyst type was found to have the most pronounced effect, we
decided to study the effect of concentration and pH separately for the set of
experiments performed with each catalyst. Fig. 4b shows that the effect of pH is
important when TiO, is used as catalyst and, in this case, the degradation is more
efficient at lower pH values (pH 5.5). The Pareto chart for ZnO shown in Fig. 4c
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demonstrates that only the effect of catalyst concentration is relevant with regard
to this catalyst. This is not easy to interpret because pH plays multiple roles in
photodegradation processes (reactions 5, 6 and 8, section 2.1), so it may be
affecting the process in a confounded manner [7].

Fig. 5 shows the concentration profiles retrieved by HS-MCR-ALS for C.I.
Acid Yellow 9 during the first 150 min in all eight experiments. It is clear from the
figure that the shape of the kinetic profiles is consistent with the conclusions
inferred from the Pareto charts of Fig. 4. The profiles are grouped according to
catalyst type. Odd numbers refer to TiO, catalyst and the degradation curves are
always above those using ZnO as catalyst (even numbers), implying a lower
degradation when the former catalyst is used. As seen in specific Pareto tables for
each catalyst, the increase of catalyst concentration with ZnO leads to higher
degradation (compare experiment pairs 2 and 4 and 6 and 8), whereas for TiO,
experiments, lowering the pH is the clearest option to favour degradation (compare
pairs 1 and 5 and 3 and 7). When TiO, was used, the best results were achieved in
experience 1 (approximately 20% of the dye remained in the solution) in which low
concentration values of TiO, were used at a low pH. When ZnO was used as a
catalyst in experiment 4, which corresponds to high concentration values of ZnO at
a low pH, 100% of the dye was degraded.

Concentration (%)

Time (min)

Fig. 5. Decay profiles for C.I. Acid yellow 9 retrieved by HS-MCR-ALS. Small numbers refer to
experiments listed in Table 1. (-) high catalyst concentration, (--) low catalyst concentration,
(e) high pH values.
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4. Conclusions

The method proposed, which is based on the use of UV-vis spectroscopic
monitoring and HS-MCR-ALS including the Langmuir-Hinshelwood model as a hard
modeling constraint makes possible understanding the behavior of the
photodegradation of C.I. Acid Yellow 9, establishing the reaction pathway and
obtaining the adsorption and rate constant values defining this process.

Preliminary exploratory by EFA analysis and soft-modeling MCR-ALS
suggested that the dye photodegradation takes place through the formation of an
intermediate that is afterwards degraded to form non-absorbing species, which
could be CO,, H,O and small inorganic acids. HS-MCR-ALS allowed a better
modeling of the photodegradation data by imposing the hard modeling constraint
only onto the dye concentration profile. As straightforward results, the physical
adsorption of the dye onto the catalyst was found to be more relevant when TiO,
was used as opposed to ZnO, where degradation took place without much effect of
adsorption in the global degradation rate.

From the HS-MCR-ALS analysis of all experiments, process parameters
could be derived that helped to understand better the effect of potential factors,
such as catalyst type, catalyst concentration and pH onto the photodegradation
evolution. The results showed that the most important factors in this process are
catalyst type, catalyst concentration and their interaction. pH was only found to be
relevant when TiO, was used. Optimal conditions for photodegradation of C.I. Acid

Yellow 9 involved using high concentration of ZnO as a catalyst.
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Dye determination by SIC

3.4. Dye determination by sequential injection chromatography (SIC)

This section deals with objective (d) mentioned in chapter 1 and is related
to one of the future proposals indicated in section 3.1: the development of rapid
analytical methods for determining dyes with an economic use of reagents and
little production of waste. The contribution of this thesis is presented in the paper:
Multisyringe chromatography (MSC) using a monolithic column for the
determination of sulphonated azo dyes. In this study the experimental work
was carried out in collaboration with the group of Analytical Chemistry, Automation

and Environment of the University of the Balearic Islands (UIB).

In this paper, a versatile and low-cost methodology based on MSC is
developed to determine Acid Yellow 23, Acid Yellow 9 and Acid Red 97 in real water
samples. Sequential injection chromatography, which involves monolithic columns
coupled to flow techniques is a promising technique for the analysis of simple

mixtures.
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Multisyringe chromatography (MSC) using a monolithic column for

the determination of sulphonated azo dyes

Cristina Fernandez?, M.Soledad Larrechi?, R. Forteza®, V. Cerda®, M. Pilar Callao?

@ Department of Analytical and Organic Chemistry, Rovira i Virgili University,
Marcel-Ii Domingo s/n Campus Sescelades, E-43007 Tarragona, Spain
® Department of Chemistry, Faculty of Sciences, University of the Balearic
Islands, Carretera de Valldemossa, Km 7.5, E-07122 Palma de Mallorca, Spain

Abstract

A methodology, based on multisyringe chromatography with a monolithic
column was developed to determine three sulphonated azo textile dyes: Acid
Yellow 23, Acid Yellow 9 and Acid Red 97. An ion pair reagent was needed because
of the low affinity between the monolithic column and the anionic dyes. The
proposed analytical system is simple, versatile and low-cost and has great

flexibility in manifold configuration.

The method was optimized through experimentation based on experimental
design methodology. For this purpose two blocks of full factorial 2® were done
sequentially. In the first experimental plan, the factors studied were: the % of
acetonitrile in organic phase, the % of H,0 in the mobile phase and the kind of ion
pair reagent. In this stage, a simple configuration was used which has only one
syringe for the mobile phase.

After the first experimentation, we added a second syringe with a second
mobile phase to the multisyringe module and performed a second full factorial 23.
The factors studied in this case were: the % of acetonitrile in the second mobile
phase, the pH and the concentration of ion pair reagent in both mobile phases.
After this design, the optimal conditions were selected for obtaining a good
resolution between the peaks of yellow dyes (1.47) and the elution of red dye in
less than 8 min.
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The methodology was validated by spiking different amounts of each dye in
real water samples, specifically, tap water, well water and water from a biological

wastewater lagoon.

Keywords: Textile dyes; Low pressure chromatography; Multisyringe module;
Experimental design; Full factorial design.

1. Introduction

Azo dyes are the main category of dyes used in the textile industry and
many of them are highly soluble in water and resistant to microbial degradation.
Consequently, these compounds can be found in wastewater as well as in surface
water [1]. These dyes are of great environmental and toxicological concern, which

mean that reliable methods are needed for their determination.

The most common methodologies for this purpose use separation
techniques [2]. The most frequently applied technique for determining sulphonated
azo dyes is ion pairing high-performance liquid chromatography (HPLC) with
tetraalkyllammonium salts. This technique is used because it fully ionizes anionic
(poly)sulphonated dyes over a broad pH range without suppressing their
dissociation in buffered mobile phases at a low pH [3-7]. Due to the ionic character
of the analytes, electrophoresis has a great potential for determining this kind of
compound [8-11]. Also, methodologies have been proposed that employ UV-visible
spectrophotometry to make direct measurements; these methodologies have lower
experimental costs and lower analysis times. In these cases, to solve the lack of
selectivity, chemometric techniques are employed to obtain the concentration of
the dyes [12-14]. In spite of the advantages, these kinds of methodologies are not
usually used in routine analyses in laboratories.

The aim of our study is to develop a methodology using multisyringe ion
pair chromatography with a monolithic column to determine three sulphonated azo
dyes (Acid Yellow 23, Acid Yellow 9 and Acid Red 97) which are used jointly in the
textile industry to obtain certain tonalities.
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Monolithic columns offer the opportunity to perform separations in some
flow-analysis manifolds that would not withstand the back-pressure from
conventional packed columns. Monolithic columns are more tolerant of eluent
switching and equilibrate more rapidly, which means they can work in
multiisocratic mode. The applications of ion chromatography and ion-pair
chromatography with C18 monolithic columns have been reviewed [15]. It has to
be noticed that despite their advantages this kind of columns are not frequently

used in typical HPLC configurations.

Sequential injection chromatography (SIC) used with a hybrid FIA/HPLC
system with monolithic columns combines chromatographic techniques with the
flow techniques of analysis and has been shown to be a good alternative to HPLC
for quickly analyzing simple samples [16,17]. There are some examples in the
literature that use SIC to determine pharmaceutical compounds [18-20], pesticides
[21] or phenolic species [22]. Multisyringe chromatography (MSC) is a new
combination of multisyringe flow injection analysis with low pressure
chromatography, which allows the mobile phase to be managed in ways that are
not possible with SIC. The main difference between SIC and MSC is that in SIC
only one syringe is employed; this means that there can be only one mobile phase.
In MSC, a multisyringe module is used which makes the system more versatile and
allows to use more than one mobile phase in the process, as well as sample
injection and derivatization strategies. Other features of the multisyringe module
are its robustness and the use of aggressive fluids [23]. MSC has been used to
determine different analytes such vitamins [24], phenolic pollutans [25],

pharmaceutical residues [26,27].

In chromatographic processes, a large number of factors could be
influential when separating analytes. Experimental designs are useful for
optimizing processes involving a high number of factors [28]. In most of the
papers consulted, the optimal conditions for separating the dyes were obtained by
varying one factor at a time without taking into account the possible interactions
between factors. Recently, experimental designs have been proposed for use in
HPLC [29-32], but have only been used to optimize SIC or MSC methodologies in a
few cases [24].
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After determining the acceptable initial conditions that allow the elution of
the three dyes, we have used experimental design methodologies to find the
optimal conditions for separating these three dyes. The usual strategy, when there
is an elevated number of factors to consider, is to design an experimentation to
screen the various factors (Plackett-Burman or saturated fractionated factorial
designs), these being the methodologies with the lowest experimental cost.
Moreover, in these strategies it must be assumed that the interactions between
two or more factors have no effect on the response. Consequently, these kinds of

designs can lead to erroneous conclusions.

Confusion between the factors and the interactions can be avoided by
optimizing the process through the performance of sequentially different full
factorial designs. This experimentation determines the effect of each factor and
each interaction. In this case a first full factorial design is built which contains 3 or
4 of the most basic factors. On the basis of the results obtained from this first
design, a second design is constructed which uses other factors or which rescales

some of the factors because they may have varied over inappropriate ranges.

To our knowledge, no studies have yet reported the use of SIC or MSC
methodologies to determine sulphonated azo dyes.

2. Experimental

2.1. Apparatus

The proposed multisyringe liquid chromatography (MSC) system (Fig. 1)
used a multisyringe burette module (MSP; CRISON, Alella, Spain), equipped with
two 5 mL high precision bidirectional syringes and one additional MTV-3-N1/4UKG
solenoid valve (Takasago, Japan) that can endure pressures up to 600 kPa without
damage. The manifold was constructed with 0.8 mm i.d. poly(tetrafluoroethylene)
(PTFE) tubing. The chromatographic separation was done on a Phenomenex Onyx
Monolithic C18 silica-based monolithic column (25 mm x 4.6 mm) protected with a
guard cartridge Phenomenex Onyx C18 (5 mm x 4.6 mm). A Hewlett Packard 8453
diode array spectrophotometer equipped with a flow-through quartz cell (Hellma,
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18 pL inner volume, 10 mm path length) was used as detector. Measurements
were recorded from 220 to 720 nm, with correction at 720 nm in order to minimize
the effect of changes in the refractive index (Schlieren effect). The sample volume

was of 50 pl.

The software package AutoAnalysis 5 (Sciware, Spain) was used to control
the instruments, to obtain the data and to process the chromatographic results.

Statistical calculations have been performed by MS-Excel.

Precolumn

Y
I
Sample Waste
2 SP
/

PC

Syringes

A

AN

Mobile phases

V1 and V2: Syringe valves; SV: external solenoid valve; HC: holding coil of 3 ml capacity; MPV: multiposition valve; Precolumn (5 x 4.6 mm);
MC: Monolithic column (25 x 4.6 mm); SP: Spectrophotometer.
*V2 and SV are added to the system when a second phase mobile is necessary.

Fig. 1. Multisyringe chromatography (MSC) system.

2.2. Reagents and samples

Acid Yellow 23 and Acid Yellow 9 were purchased from Sigma-Aldrich. Acid
Red 97 was obtained from Trumpler Espanola, S.A. (Barbera del Vallés, Barcelona,
Espafia). Fig. 2 shows the molecular formula and the spectra at 30 mg-L™* for each
dye. All dyes were used without further purification. Stock solutions of 500 mg-L™*
were prepared in distilled water purified by passage through a Millipore system.
Methanol Chromasolv® (HPLC grade, Sigma-Aldrich) and acetonitrile (HPLC-
gradient grade PAI-ACS, Panreac) were used to prepare the required mobile phase.
Other chemicals (acid orto-phosphoric and di-ammonium hydrogen phosphate)
were obtained from Scharlau (Barcelona, Spain). Triethylamine hydrochloride and
dodecyltrimethylammonium bromide were used as ion pair reagents and were

obtained from Fluka and Across Organics respectively.
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Mobile phases were filtered through 0.45 pm Nylon membranes. Calibration
standards and samples were filtered through 0.45 pum Teflon syringe filters. We
used Teflon filters instead of Nylon filters to prevent the sulphonated azo dyes from
adsorbing in the filters. Mobile phases as well as standards and samples were
degassed for 10 min in an ultrasonic bath. Spiked samples were prepared in tap

water, well water and lagoon water from a biological wastewater treatment station.

25¢ |
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Hp NaO,C

SONa

15

Acid Red 97

Absorbance

HO

SO-Na
OH
gesatatats
N N
OO

05

1 1 L
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250 300 350 400 450 500 550 600 650 700
Wawelength

Fig. 2. Spectra and molecular formula of the studied dyes.

2.3. Procedure

2.3.1. Chromatographic aspects

Usually the chosen mobile phase in ion pairing chromatography is
water/methanol, but methanol can cause overpressure problems with the
monolithic column due its high viscosity (0.59 cP at 25°C, compared with 0.38 of
acetonitrile or 0.894 cP of water), for this reason we used a mixture of
acetonitrile/methanol as the organic part in the mobile phase in order to decrease
the viscosity. We use a phosphate buffer (acid orthophosphoric and di-ammonium

hydrogen phosphate) in order to control the pH of the mobile phase.
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An ion pair reagent is needed to retain the compounds because of their
ionic character and their low affinity with the C18 monolithic column. We have
studied how the dye retention behaves with different amounts of a small ternary
ammonium salt (triethylamine hydrochloride) and a voluminous quaternary

ammonium salt (dodecyltrimethylammonium bromide).

Before starting the analysis of the factors with the experimental design,
certain variables were fixed that were thought not to have a determinant effect on
dye separation. Thus, the sample volume was fixed at 50 pl because this provides
enough sensitivity to determine the dyes and because smaller volumes are less
reproducible when a multisyringe is employed to inject the sample. The flow rate
was fixed at 1 mL-min’t. Major fluxes produce problems of overpressure when the
proportion of methanol is increased in the mobile phase.

Every day the column and precolumn were preconditioned with 5 mL of a
0.01% triethylamine solution in water to prevent the dyes irreversibly adsorbing to
the residual silanol groups on the bonded silica surface [3].

2.3.2. Experimental design aspects

Firstly, a 23 full factorial experimental design was built, in which the factors
considered where the percentage of acetonitrile in the organic phase, the
percentage of aqueous phase in mobile phase and the type of ion pair reagent.
Multisyringe chromatography (MSC) with only one syringe and mobile phase were
used because this is the simplest configuration.

The results obtained in the first experimental design showed that a second
mobile phase was needed to elute red dye in a shorter time; for this reason a
second syringe was added to the multisyringe with the aim of dispensing this
second mobile phase. We decided to use a muliisocratic mode instead of a gradient
mode due to the different composition of the two mobile phases. A second 23 full
factorial design was created which included new factors as well as the most
influential factors of the first design. Together these were the % of acetonitrile in
mobile phase, the pH and the concentration of ion pair reagent. This design was

used to finally select the best conditions for separating the three dyes.
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In all the experiments of both experimental designs, a standard 10 mg-L*
solution of each dye was injected in the system. The chromatograms were showed
at A=460 nm because at this wavelength, all of the studied dyes gave a signal with
a correction wavelength of 720 nm that minimized the effect of changes in the

refractive index (Schlieren effect).

2.3.3. Quantitative analysis

In order to establish a calibration curve, 10 different standards were
prepared in milli-Q water using different concentrations of each dye in each sample
(5 - 50 mg-LY). In this case the wavelength of maximum sensitivity for each dye
(392 nm for Acid Yellow 9, 428 nm for Acid Yellow 23, 500 nm for Acid Red 97)
was used for quantification. The peak area was used as the analytical signal. Each
dissolution was repeated twice and an ANOVA regression test was used to validate
the resulting calibration curve [33]. The concentration values of the calibration
standards are shown in the first 10 rows of Table 1. As can be seen, different
concentrations of each dye have been selected in each standard, all within the
linearity range, because the calibration curves include all possible circumstances,
for example, dyes that are present in the same concentrations or dyes that are
present in high or low concentrations. Repetitions of standard 1, which corresponds
to the standard containing 10 mg-L™? of each dye, were done at different days in

order to calculate the reproducibility and repeatability of the methodology.

All calibration standards were prepared from a concentrated standard of
500 mg-L? of each dye in milli-Q water, the corresponding solutions being diluted

with the first mobile phase used in the corresponding elution.

In order to validate the method, we used spiked real water samples (tap
water, well water and lagoon biological wastewater). These samples were prepared
in the same way as the standards, that is, different quantities of each dye were
spiked in each kind of water sample instead of in milli-Q water. The real water was
checked beforehand to ensure it did not contain any of the studied dyes. The
spiked concentrations in the real samples are shown in the last three rows of Table
1. The concentration levels selected are in according to the dye concentrations

obtained in industry during and after the tanning process. Usually, these

160



UNIVERSITAT ROVIRA I VIRGILI
ANALYTICAL METHODOLOGIES BASED ON CHEMOMETRICS TO OPTIMIZE THE PHOTODEGRADATION OF DYES
Cristina Fernandez Barrat

DL:T.

160-2012

Talanta 82 (2010) 137-142

concentrations are higher from 30 to more than 100 mg-L! [13] and a dilution

step is necessary before analytical determination.

Table 1. Concentration of calibration standards and real samples (mg-L™).

Number Acid Yellow 9 Acid Yellow 23 Acid Red 97
1 10 10 10
2 40 20 20
3 10 5 40
4 30 30 10
5 20 40 25
6 5 5 50
7 10 40 5
8 50 30 40
9 25 25 30
10 30 50 20
s1® 20 35 20
s2° 25 10 10
S3° 10 15 25

 Spiked concentration in real water samples

3 Results

3.1. Experimental design

As has been stated, the first experiments were carried out using only one
syringe in the multisyringe module working in isocratic mode. The factors studied
in the first full factorial design were the percentage of water in the mobile phase,
the percentage of acetonitrile in the organic phase formed by methanol and
acetonitrile and the type of ion pair reagent (dodecyltrimethylammonium bromide
or triethylamine hydrochloride). All of the experiments were carried out at pH =
7.5. The responses studied were qualitative (separation or not of the two yellow
dyes and elution or not of red dye).

Table 2 shows the 8 experiments in this 2 experimental design. It can be
seen that triethylamine hydrochloride as ion pair reagent does not allow to
separate yellow dyes; instead, it is necessary to use dodecyltrimethylammonium
bromide to favor the retention of these dyes in the monolithic column. Regarding
experiments 3 and 4 in Table 2, it can be seen that when the mobile phase

contains 50% H,0, 50% acetonitrile (100% of acetonitrile in organic phase) and
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DTMA, the yellow dyes are not separated but the red dye is eluted; however, when
the mobile phase contains 70% H>0, 30% acetonitrile (100% of acetonitrile in
organic phase) and DTMA, the yellow dyes are completely separated but the red
dye is not eluted. These results suggest that an intermediate mobile phase could
separate yellow dyes and elute the red dye. We tested this hypothesis by using a
mobile phase a mixture of 60% H,O and 40% acetonitrile (100% of acetonitrile in
organic phase) and keeping dodecyltrimethylammonium bromide as the ion pair
reagent; however, under these conditions yellow dyes were not separated and the

red dye were not eluted.

Table 2. Experimental plan and responses of the first experimental design 2°.

Experiment  H,O %ACN in organic phase® Irgggp:lr:i igﬁ)i\rlaé')?::f zgfj?/gcsecgk
1 50 50 DTMA YES NO

2 70 50 DTMA NO NO

3 50 100 DTMA NO YES

4 70 100 DTMA YES NO

5 50 50 TEA NO YES

6 70 50 TEA NO NO

7 50 100 TEA NO YES

8 70 100 TEA NO YES

organic phase = methanol and acetonitrile
DTMA = Dodecyltrimethylammonium bromide
TEA = Triethylamine hydrochloride

The main conclusion of this additional experiment was that the mobile
phases which allow the two yellow dyes to be separated are different from the
mobile phases which elute the red dye in a reasonable time. This means that the
dyes studied cannot be separated and eluted in a reasonable time if only one
syringe or mobile phase is used. The use of multisyringe chromatography (MSC)
allows two syringes to be used, that is, two mobile phases working in multiisocratic
mode. First, we can employ one mobile phase to separate the two yellow dyes and
then another different mobile phase to elute the red dye without stabilization
between the two phases because monolithic columns are more tolerant of eluent
switching and equilibrate more rapidly than the particle-packed columns used in
HPLC.

In order to find the optimum conditions, a second full factorial 23 design
was performed. According to the results obtained in the previous step, the initial
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factors were fixed as follows: 50% water, 25% acetonitrile and 25% methanol in
the first mobile phase and dodecyltrimethylammonium bromide as the ion pair
reagent. The factors studied in this case were the % of acetonitrile in mobile phase
2 formed by a mixture of water/acetonitrile, the pH of both mobile phases, and the
concentration of ion pair reagent in both mobile phases. This second design is
described in Table 3, which shows the experimental plan in its three first columns
and the quantitative responses obtained (the resolution between two peaks

corresponding to yellow dyes and the analysis time) in its last two columns.

Table 3. Experimental plan and responses of the second experimental design 23.

% ACN in lon pair Resolution between Retention time of
Experiment  phase 2 pH concentration (mM) yellow dye peaks red dye (s)
1 50 4 5 0.78 345
2 70 4 5 0.29 234
3 50 7.5 5 0.29 357
4 70 7.5 5 0.44 242
5 50 4 15 1.47 468
6 70 4 15 1.14 256
7 50 7.5 15 1.34 487
8 70 7.5 15 1.04 244

This experimental design allowed us to select the best conditions for
separating and determining these dyes. Table 3 shows that experiments 5 and 7
give good resolution values between the peaks corresponding to yellow dyes and
the analysis time is similar in both experiments. Any of these experiments could be
used to separate the three dyes but in our case we chose experiment 5 because it
has the highest resolution value between the two first peaks, specifically 1.47, and
because the red dye was eluted in a shorter analysis time, specifically 468 s. A
chromatogram obtained from this is shown in Fig. 3. This figure shows that the
three dyes could be completely and perfectly separated in less than 8 min. The first
dye to elute to the monolithic column is Yellow 9, followed by Yellow 23 in second
place and Acid Red 97 last of all.

The operating sequence for multisyringe liquid chromatographic separation
is summarized in Table 4, where details of multisyringe burette motion, positions
of the selection valve, syringe valves and the external solenoid valve are given

along with the corresponding consumption of the mobile phases and the sample.
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Fig. 3. Chromatogram obtained with the optimal conditions.
Table 4. Operating sequence for MSC separation.
Flow rate
Operation (mL-min™) Vi V2 VS Observations
Pre-conditioning of the
MSP Dispense 4000 pl 1 On Off Off system
SP Measure Blank
MSP Aspirate 3000 pl 2,5 Off Off Off
MPV Move to position 8
MSP Aspirate 200 pl 2,5 On Off Off Loading of sample
MPV Move to position 3
MSP Dispense 1000 pl 2,5 On Off Off
MSP Aspirate 1750 pl 25 Off Off Off
MPV Move to postion 8
MSP Aspirate 50 pl 1 On Off Off
MPV Move to position 1
Get spectral range from 220 to
SP 720 nm Data Acquisition
Multicommutation protocol
MSP HC* 1 On Off Off
500 pl phase 1 + 9500 pl
phase 2 1 Off On On
SP Stop measurement

V1:syringe valve corresponding to mobile phase 1; V2: syringe valve corresponding to mobile phase 2;
VS: external solenoid valve; MSP: multisyringe pump; MPV: multiposition valve; SP: spectrophotometer;
Position 8 corresponds to the sample; Position 3 corresponds to waste; Position 1 corresponds to
monolithic column.

*HC: Holding coil contains 3 mL of phase A
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3.2. Calibration and validation in real samples

Table 5 shows the figures of merit for the calibration curves obtained for
each dye. All of the curves pass the ANOVA regression test. The detection limit was
calculated with 95% of confidence whilst taking into account the uncertainty in the
regression line [33]. The repeatability, as standard deviation, was evaluated by
performing ten replicate measurements in a mixture of 10 mg-L! of each dye.
Reproducibility was calculated as the standard deviation of a solution with 10
mg-L'! of each dye on 8 different days (3 replicates per day). The values of
reproducibility and repeatability are satisfactory taking into account the simply
configuration employed (a syringe) to inject the sample.

Table 5. Figures of merit for the calibration curves of each dye.

Acid Yellow 9  Acid Yellow 23 Acid Red 97

Interval range (mg-L™) 5-50 5-50 5-50
Wavelength 392 428 500
Slope (sd®) 0.55 (0.01) 0.43 (0.01) 0.3
Intercept (sd®) 0.69 (0.28) 0.01 (0.29) 0.04 (0.20)
Standard deviation of residuals 0.64 0.65 0.43

R 0.9969 0.9954 0.9957
N 20 20 20
ANOVA, Fcal’ 1.48 241 2.38
Detection limit (mg-L™) 1.75 2.30 2.19
Reproducibilityc (RSD%, 10 mg-L™) 4.0 2.7 3.3
Repeatabilityd (RSD%, 10 mg-L™) 3.7 2.4 3.0

# sd: standard deviation
® Fax(0.05,8,18) = 3.03
° 8 days

910 repetitions

To validate this methodology in real samples, we used tap water, well
water and lagoon biological wastewater spiked with different concentrations of the
selected dyes. Specifically, we determined these dyes in nine samples, three for
each kind of water, spiked with different concentrations of Acid Yellow 9, Acid
Yellow 23 and Acid Red 97 (see Table 1).

In order to validate the results obtained with the real samples a regression
line was established representing the spiked concentrations versus the
concentrations predicted with the MSC methodology. This line was then compared
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using a join test with the following line of identity: regression slope=1, regression
intercept=0 [33].

All the dyes passed the test for all the water samples with a significance
level a=0.05 except Acid Yellow 23 in lagoon biological wastewater, which passed
the test with a significance level a=0.015. Fig. 4 shows the spiked concentration

versus the predicted concentration of the studied dyes in the well water samples.
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Fig.4. Validation curve for well water samples.

4. Conclusions

The proposed MSC system is simpler, more versatile and cheaper than
HPLC when the samples are fairly simple, as is the case in our study. It can be
regarded as a low pressure alternative to HPLC and it could be a very attractive
technique for improving selectivity in flow analytical systems (FIA and SIA).

Moreover, back-pressure was not a limiting factor in MSC.

MSC allowed us to use similar flow-rates to those in HPLC under the same
conditions. Therefore, special benefit can be derived from combining flow
techniques with monolithic columns when carrying out low-cost chromatographic
separations of azo dyes in polluted water samples. Another significant advantage

of using MSC is its great flexibility in manifold configuration. If necessary in the
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future, an on-line pretreatment of the sample can be carried out using a
multisyringe with a solid phase extraction cartridge to extract and preconcentrate

sulphonated azo dyes from water samples.

The application of experimental designs allowed us to use a smaller
number of experiments and qualitative responses to optimize the separation of the
three sulphonated azo dyes (Acid Yellow 9, Acid Yellow 23 and Acid Red 97). The
use of this strategy can determine the influence of each factor (pH, mobile phase,
ion pair reagent, etc.) and thus simplify the experiment because the separation
behaviour could be predicted when the value of the factors is changed. This
provides a collection of quality chromatograms that can be used for the further
quantification of the analytes.

Using the experimental design has clearly proven that the three target
compounds cannot be separated with one single syringe or mobile phase. These
compounds can, nevertheless, be completely separated using ion pair
multiisocratic MSC with two mobile phases. This methodology has been validated in
real samples (tap water, well water and water from a lagoon in a biological

wastewater treatment station) and in all cases good results were obtained.
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General conclusions

4. CONCLUSIONS

This chapter summarizes the general conclusions of the work presented in
this doctoral thesis. Specific conclusions have been drawn at the end of each of the
papers in chapter 3.

Experimental designs and chemometric treatment of UV-visible spectra
obtained by the photodegradation of azo dyes gave rise to analytical
methodologies that are in agreement with the principles that define green
chemistry. These methodologies can be extrapolated to solve other problems
pertaining to the removal of other contaminants from the same or different

samples.

The specific objectives described in chapter 1 and the conclusions that can
be drawn are the following:

(a) To prepare a critical overview of the processes that are currently
available for removing organic dyes and of the most common techniques

for monitoring these processes.

This bibliographic work made it possible to detect the weak and strong
points of research into the removal of organic dyes from industrial
wastewater samples. The aspects that needed to be developed and which
were related to our field of research were identified, a necessary first step

if the remaining objectives were to be achieved.

(b) To establish methodologies that use second order data treatment for
the simultaneous analysis of more than one component throughout
photodegradation processes.

The application of MCR-ALS to the data obtained with UV-visible
spectrophotometry during simultaneous photodegradation processes of
various components allows their quantitative control along the time. This
methodology is an alternative to separation techniques because it is quick
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and cheap. It can provide information about the behavior of each dye and
the reaction intermediates, which is not provided when such simpler
approaches as univariate monitoring are used in this kind of study.

(c) To use experimental design methodologies to study the influence of the

variables in photodegradation processes and to optimize these processes.

A experimental strategy was established that consists of screening
variables, which made it possible to study a high number of variables at
little experimental cost. From the screening results, a few of the most
influential variables were selected and the experimental domain was
adapted to the optimal response zone (high degradation efficiency). Finally
a response surface was established that enabled the response for a
selected value of the variables to be predicted and/or the value of

particular experimental conditions to be decided for a pre-set response.

(d) To establish methodologies for studying the degradation kinetics
(degradation constants and/or degradation intermediates) that are based
on the multivariate data obtained throughout dye photodegradation

processes.

Two different methodologies based on hybrid hard- and soft- multivariate
curve resolution with alternating least squares (HS-MCR-ALS) were
developed to study the kinetics of photodegradation processes. It can be

concluded that:

- By comparing the degradation rate values of the steps involved in this
process, the risk of assuming that the kinetics of the dye
photodegradtion can be analyzed without taking the pathway of the
process into account can be evaluated. In our particular study the
intermediates degraded at a degradation rate that was similar to that
of the initial dye, but this may not occur in other cases. This shows that
multivariate approaches need to be considered if the conditions of the
photodegradation process are to be optimal.
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General conclusions

- Although the adsorption constant is lower than the rate constant, it
needs to be taken into account in the analysis of the influence of the
process variables and in the study of the photocatalytic degradation
mechanism.

(e) To develop rapid methodologies based on sequential injection
chromatography (SIC) for determining dyes.

A methodology based on multisyringe chromatography (MSC) was
developed to determine three sulphonated azo dyes. This methodology is
an advance for dye determination because it can be a good alternative to
high-pressure chromatographic techniques: it consumes few reagents and
generates little waste, and is, therefore, low-cost and environmentally
friendly.
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