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AbstractThis article proposes the use of mathematical models obtained by the Pearson correlation between the con-
centration of various recalcitrant organic compounds (ROCs) measured by chromatographic analysis (ChrA) and
experimental chemical oxygen demand (COD). The aim is to reduce the number of samples processed by the ChrA,
diminishing the economic costs of analysis. Ten ROCs, including pesticides, colorants, aromatic hydrocarbons and
pharmaceuticals compounds, were introduced into four advanced oxidation processes operated at different residence
times. Every ROC was tested at each residence time by COD determination and by quantification of concentrations
with ChrA. Furthermore, chemical equations for the COD reaction of every ROC were formulated. A linear model
was obtained for all the ROCs, after corroborating that the correlation between theoretical and experimental COD was
>0.99, which established the ROC concentration from the experimental COD, omitting the ChrA. Results indicated
that it is possible to know concentrations in most of the ROCs by means of the experimental COD with a >99±0.01%
of accuracy, which leads to a cost decrease and even to evaluate methods in developing countries, which often do not
have chromatographs and where pollution issues are meaningful.
Keywords: Chemical Oxygen Demand, Advanced Oxidation Processes, Linear Correlation, Recalcitrant Organic Com-

pound

INTRODUCTION

Recalcitrant organic compounds (ROCs) are a large group of
substances which, regardless of their organic nature, have low bio-
degradability and high accumulation levels in certain organisms
[1]. These characteristics make them dangerous to ecosystems and
public health. For that reason, diverse organizations have recog-
nized these substances as ROCs when they are discharged into the
environment such as soil and, or, water.

Among the various ROCs, pesticides are the most used world-
wide, being applied in areas around 6.5 to 60 kg ha1, which adds a
total of 2.5 million tons per year [2]. Other ROCs which have caused
severe environmental damage are the ones produced by the petro-
leum industry, such as anthracene and derivatives of benzene and
both are polycyclic aromatic hydrocarbons (PAHs) [3].

Pesticides and PAHs, which are the two most released ROCs,
were the first recognized to cause environmental damage [4]. Pol-
lutants denoted as emerging, such as pharmaceutical and dyes, re-
present another critical ROCs group. The population growth in-

creased the ROCs production and consumption in the last twenty
years, causing a more significant presence in the environmental
systems [5].

From the preceding, several research groups have focused on
the effect of ROCs on the environment and, on the evaluation of
different methods to remove them from wastewater. Also, the indus-
try is the one that defines the ROC or group of ROCs in which re-
search will be done [5,6].

Catalogued as emerging pollutants, there are neither reference
data to design their treatment nor kinetic studies defined in offi-
cial guidelines, causing the majority of research to be carried out
in a laboratory using synthetic water samples to control external
variables in order to avoid interference and to study degradation
pathways [7]. Also, some analytic assays from different experi-
mental designs are required to obtain statistical reproducibility and
value and start proposing a significant design and operation data.
These assays are the primary step to implement treatment meth-
ods in laboratory-scale, pilot-scale and large-scale.

The experimental stage consists of monitoring the pollutant
analytically. This monitoring implies having a gas chromatograph
or high-performance liquid chromatography depending on the com-
pound. On the one hand, this equipment and its operation tends
to be expensive, which is the reason why in a large number of lab-
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oratories in developing countries it is not possible to find them, or
it is not possible to use them routinely, and it is in these cities where
the impact caused by ROCs is higher [8,9].

Besides the chromatographic analysis, the chemical oxygen de-
mand (COD) is also used as referential data, which has features as
low cost, representativity, and applicability in international stan-
dards. COD is an evaluation index of the wastewater discharge for
existing regulations. Several studies performed during the last two
decades also denoted the importance of COD, focused on modi-
fying or replacing standard methods [10,11]. Nevertheless, the
equivalence between the data found in ChrA and COD is done
empirically through several experiments, leading to an increase in
costs, time and hazardous wastes. In some cases, this equivalence
is not even considered in research.

The principal systems evaluated for ROCs removal are the those
based on advanced oxidation such a heterogeneous photocatalysis,
photo-Fenton, ozonation and UV/H2O2, due to their characteris-
tics that make them able to break molecular bonds from organic
compounds for their further mineralization. They can also treat
high ROCs concentration effluents, something that is important,
because levels of these compounds range from 0.1 a 500g L1 [12],
but on industrial effluents, where these type of treatment systems
would be used, levels as high as 300 mg L1 can be found [13,14].

During the experimental stage of ROCs removal using advanced
oxidation process (AOP), the concentration of the compounds and
their COD level present correlation with the different types of time
exposure and treatments. Knowing with precision and exactitude
the equivalence between the concentration of both compounds
with the ChrA and their COD level could reduce the costs, haz-
ardous waste and time. Therefore, these determinations could be
possible for institutions which do not have the equipment to research
a particular type of ROC in laboratory-scale.

The stoichiometric ratio of the COD is one option to establish a
mathematical correlation between the real values of an ROC and its
COD values, because part of the principle estimates that all organic
compounds are oxidized to CO2 and H2O in acid, chemical and
thermal conditions. In this way, the correct use of the equations
combined with the results obtained in experimental trials might
give representative information with statistical validity in order to
know precisely the concentration of a specific ROC, only quantify-
ing the COD.

The present paper aims to validate the theoretical concentra-
tions from different ROCs obtained experimentally by the specific
quantifications of COD. This work might represent a useful ana-
lytical tool to decrease the cost related to the removal of ROCs,
mainly in developing countries which are profoundly affected by
this type of pollutant.

MATERIALS AND METHODS

1. Experimental Procedure
A series of solutions were prepared according to the Sigma

Aldrich-Merck standards grade Certified Reference Materials under
ISO Guide 34: 2009. These solutions were Ibuprofen PHR1004,
Ciprofloxacin PHR1167, Ethylbenzene 40036, Anthracene 07671
and a multi-standard SKU-47915-U for pesticides. Likewise, dyes
were acquired with analytical certification Basic Red 12 by Aurora
Fine Chemicals LLC with number A24.091.418, and CIBA Spe-
ciality Chemicals Switzerland supplied Reactive Blue 69.

Based on the type of compound, Sigma standards contain as a
solvent the one with the highest chemical affinity; thus they could
be diluted with water. For example, the ibuprofen solution con-
tains 10% of methanol (Methanol Chromasolv for HPLC, 99.9%).
In that way, the ROCs were different types of pesticides, pharma-
ceuticals, dyes, and hydrocarbons. The preparation and concentra-
tion techniques applied correspond to previous research, in which,
characteristics from industrial wastewater with high ROC concen-
tration were emulated leading to a high COD level. Table 1 indi-
cates each of the compounds used during the research.

All the ROCs were tested in four different AOPs. Table 2 lists
the AOP which have had high removal efficiency and applicabil-
ity in a wide range of compounds. In each of the AOP four differ-
ent characteristic operation times for each process were evaluated

Table 1. Recalcitrant organic compounds used in the experimental phase
Compound Chemical formula Initial concentration (t0), mg L1 References
Malathion C10H19O6PS2 120.0 [25,26]
Parathion C10H14NO5PS 110.0 [27,28]
Endosulfan C9H6Cl6O3S 025.0 [29,30]
Dieldrin C12H8Cl6O 020.0 [31,32]
Ibuprofen C15H18O2 005.0 [33,34]
Ciprofloxacin C17H18FN3O3 006.0 [35,36]
Ethylbenzene C8H10 010.0 [37,38]
Anthracene C14H10 012.0 [38-40]
Basic Red 12 C25H29ClN2 090.0 [41,42]
Reactive Blue 69 C23H14BrN3Na2O9S2 100.00 [7,33,43]

Table 2. Advanced oxidation processes and its respective operation
times used to generate different concentrations

AOP Evaluated time, min References
UV/H2O2 20, 40, 60, 90 [33,41,42]
Heterogeneous photocatalyst TiO2 30, 60, 90, 120 [44-46]
Ozonation 45, 90, 150, 240 [41,47]
Photo-Fenton 20, 40, 60, 90 [48,49]
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(Table 2). Concentration of organic compounds was evaluated during
the application time of the AOP [5,15]. Different times of treat-
ment were applied to obtain different concentration levels of each
of the compounds and treatments indicated in Tables 1 and 2. The
theoretical and experimental COD data and chromatographic results
of these studies were compared and mathematical models were
obtained using this information.
2. Analytical Determinations

All analytical determinations were performed according to stan-
dard methods. To ensure quality control of the experimental data
obtained, intercalibration procedures were carried out with the Certi-
fied Materials Reference indicated at the beginning of this section.
Specifically, pesticides were quantified by Varian 3700 gas chroma-
tography automatic injector with capillary column DB-35ms (30m×
0.25 mm ID, 0.25m thickness) with a parallel flow subdivision to
an electron micro-capture detector (ECD) and then to a nitrogen-
phosphorus detector (NPD) in order to quantify the organochlo-
rine and organophosphate pesticides respectively. Initial chromato-
graphic conditions were injection volume 2L, a pulsed splitless
injection every 0.8 minutes, purge time of 0.6 minutes, purge flow
35 mL min1 and injector temperature of 250 oC. Ultrapure helium
at 1.1 mL min1 was used as carrier gas [15,16]. The aromatic hy-
drocarbons were quantified with the same standards as the ones
used with pesticides, but with the temperature and volumetric flows
indicated in [19,20].

Dyes quantification was performed using a Perkin Elmer HPLC
equipment Series 200 with UV-Vis detector. The samples were iso-
cratic eluted using a Waters C18 reversed phase column (25 cm,
4.6mm, 5m). The mobile phase consisted of a solution of ammo-
nia/methanol/water (5 : 15 : 80), and the mobile flow rate was 0.5 mL
min1 [21].

This equipment was also used for the quantification of the cip-
rofloxacin and ibuprofen by isocratic reverse phase using Waters
C-18 columns (125 mm×4 mm, 5m) coupled with a guard col-
umn of silica in mobile phase acetonitrile, flow rate 2.0 mL min1

at 25 oC and with UV detector at the wavelength of 278 nm [22].
 On the other hand, the COD was determined by the standard

method described in [23], and the pH parameter and redox poten-
tial (Eh) were measured at the end of each AOP system with a
Thermo Scientific Orion Star pH/ORP benchtop meter.
2. Analytical Basis of a Mathematical Model that Related the
Concentration of Organic Compounds and Chemical Oxygen
Demand
2-1. Stoichiometric Balances of the Chemical Oxygen Demand
Reaction

The fundamental of the COD technique establishes that organic
compounds are oxidized to CO2 and H2O because of the action of
the dichromate at acidic pH. Eq. (1) indicates the simplest COD
reaction, based on the glucose oxidation. According to the calculus,
each 180.16 g mol1 of glucose, requires 446.97 g mol1 of chemi-
cal oxygen, which is precisely the COD value. In addition, if both
molar masses correspond to milligrams and are dissolved in a liter
of water, it is observed a correlation of 1.0 mg L1 of glucose per
2.486 mg L1 of COD. The correlation implies that the theoretical
COD of any glucose concentration can be obtained or even the
quantity of glucose needed to reach a COD required. In Eq. (2),

the same calculus can be made using sucrose. In this case, the cor-
relation of 1.0 mg L1 of sucrose shows 6.22 mg L1 of COD.

Based on the above, the COD equations were posed and bal-
anced, making each of the ten ROCs (Table 1) react with potas-
sium dichromate in acidic pH. This study proposes to find the
theoretical COD concentration for each ROC similar to the exam-
ples given in Eqs. (1) and (2).

C6H12O6+4Cr2O7
2+32H+6CO2+8Cr3++22H2O (1)

C12H22O11+8Cr2O7
2+64H+12CO2+16Cr3++43H2O (2)

2-2. Use of Frost and Pourbaix Diagrams
In Eqs. (1) and (2), the CO2 and H2O were the only products,

due to glucose and sucrose only contain C, H and O. However, when
the oxidation occurs with organic products which contain, as part
of their molecules, other compounds such as nitrogen, phospho-
rus, chlorine and metals, these have to be presented as products
resulting from the equation, only being different because they have
been oxidized by the dichromate in acidic pH [24].

In Eq. (3), an example from the reaction between the malathion
and the COD is shown, where sulfates and phosphoric acid can be
found as products. This equation could not have been balanced if
the chemical species from sulfur and phosphorus had not been
calculated correctly.

The majority of ROCs contain in their molecular structure other
elements in addition to carbon and hydrogen, such as nitrogen
(N), phosphorus (P), fluorine (F), bromine (Br), chlorine (Cl) and
sodium (Na) (Table 1). Given the above, it was necessary to know
the chemical species in which the elements could be found at the
end of the reaction, to establish and balance properly every chemi-
cal equation. The pH and ORP were quantified at the end of the
COD reactions in such a way that the software HSC Chemistry 7
could introduce the values. Frost and Pourbaix diagrams indicate
the chemical species and the oxidation state of a specific chemical
element. To validate the stoichiometric calculation, chemical spe-
cies must be experimentally quantified. Chemical species indi-
cated in the Frost and Pourbaix diagrams within the ranges of pH
and ORP measured were quantified by ionic chromatography
Metrohm Compact IC Flex.

Based on this, chemical equations were formulated and they
represented the COD determination from each of the compounds
mentioned in Table 1. For each case, the theoretical COD is equal
to the oxygen mass required (present in the Cr2O7) multiplied by
the grams-mole from the molecule or organic compound investi-
gated and assuming the use of a liter of water.
2-3. General Steps for Model Development

Using the stoichiometric relation (the reaction of each ROC with
the dichromate) and the experimental COD determinations and
from each ROCs (chromatographic), a model was proposed accord-
ing to the steps indicated in Fig. 1. Subsequently, a model simula-
tion was made, comparing real data from the ChrA.

With the mathematical model, the mass required of ROCs was
obtained for any COD of interest, which is the typical scenario
during the ROCs treatment in laboratory scale and even in pilot
scale using synthetic water. Theoretical COD is considered the
COD of interest in the environmental chemistry field.
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3. Statistical Analysis and Validation
Each of the experimental COD and ChrA determinations were

done five times. Anderson-Darling and Kolmogorov-Smirnov tests
were used to corroborate the normality and homogeneity of the
results. Then, Pearson correlations were carried out (=0.99) [50].

Even though it was not the research aim, the removal results from
the different oxidation processes were compared by an ANOVA
analysis with repeated data followed by a Duncan test post hoc

(=0.95). All statistical analysis of data was performed using Minitab
15 package.

RESULTS AND DISCUSSION

1. Compounds Removal by Advanced Oxidation Processes
In Figs. 2-5 the removal results from the 10 ROCs evaluated into

the four AOP advanced oxidation at different times are shown. It

Fig. 1. General sequence for the development of the proposed mathematical model.

Fig. 2. Removal of recalcitrant organic compounds by the advanced oxidation process UV/H2O2.
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can be observed that, to a greater or lesser degree, the pollutant con-
centration decreases while the exposure time in the AOP increases.

In Fig. 2, the results of ROCs removal using UV/H2O2 are pre-
sented. All the compounds were degraded completely after 90
minutes of the treatment, where the ethylbenzene and anthracene
degradation was observed in 60 minutes (Fig. 2(d)). In each of the
cases a remaining COD concentration was observed even though
the ROC molecule was no longer present in the sample; this can
be related to the presence of chemical elements different from car-
bon that also need oxygen from the potassium dichromate (repre-
senting a COD concentration) [10], as it can be assumed comparing
Eqs. (1) and (2) versus (3) and (6). In the last ones, the phospho-
rous, sulfur and chlorine need oxygen to change their chemical
species in the acidic COD reaction [24].

This remaining concentration corresponds to the values of 0.70
mg L1 COD of ibuprofen, ethylbenzene and anthracene during
minute 90 of the treatment, which precisely the detection limit in
the analytical technique. This fact means that for the four com-
pounds it can be assumed that the COD concentration was reduced
to its minimal because their molecular structures only contain
chlorine, hydrogen and molecular oxygen (See (7), (9) and (10));
consequently, they do not contain any COD remnant.

The behavior of the ten ROCs during the photo-Fenton treat-
ment is practically the same observed in the UV/H2O2 process (Figs.
2 and 3), because both removal processes lasted 90 minutes. Al-
though in Fig. 3(a) and 3(b) can be observed that the malathion,
parathion, and endosulfan were not degraded entirely as it occurred
in the UV/H2O2 process (Figs. 2(a) and 2(b)), there were not sig-

nificant differences between both AOPs (P>0.05).
In Fig. 4, the ROCs removal tendency using heterogeneous

photocatalysis with UV/TiO2 is indicated. It can be observed that
although 120 minutes of treatment was applied, remnants from
malathion, parathion, endosulfan, and dieldrin are still present in
the samples. However, they represent only 5% of the initial con-
centration (Figs. 3(a) and 3(b)). In contrast with the UV/H2O2 and
photo-Fenton processes, the AOP UV/TiO2 presented an ROCs
removal of around 75%, which is significantly less than the one
presented for the UV/H2O2 and the photo-Fenton (Figs. 2-4). At
120 minutes, the degradation efficiency with UV/H2O2 is practi-
cally the same for each of the samples (Fig. 4), due to the produc-
tion of OH radicals, which is a characteristic radical of this AOP
[42,49].

In Fig. 5, the removal of organic compounds evaluated by ozo-
nation is indicated. As observed in the other three AOPs, at the
end of the process there is almost no ROCs presence and the
COD concentration achieved the detection limit for the ethylben-
zene, anthracene and ibuprofen. For the rest of the compounds
which contain other added molecules to the CxHyOz, COD con-
centration less than 3.5 mg L1 was observed (Figs. 5(a) and 5(b)).
2. Recalcitrant Organic Compounds Reactions During the
Chemical Oxygen Demand Determination

Eqs. (3) to (12) show the COD reaction balanced for each ROC.
The oxidized forms of nitrogen, phosphorus, sulfur, chlorine, fluo-
rine and bromine were identified in the Pourbaix diagrams with a
pH of 0.3-0.6 and ORP mean value of +0.85 V. These results were
quantified in the AOPs. According to this, in Eqs. (3) and (4) the

Fig. 3. Removal of recalcitrant organic compounds by photo-Fenton as advanced oxidation process.
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phosphorus contained in a pesticide molecule is transformed to
H3PO4. In Eqs. (3), (4), (5) and (12), sulfur is oxidized to SO4

2. In
Eqs. (5), (6) and (11), chlorine is released from organic molecules,
appearing as Cl. Nitrogen present in Eqs. (4), (8), (11) and (12) is

Fig. 4. Removal of recalcitrant organic compounds by the advanced oxidation process UV/TiO2.

Fig. 5. Removal of recalcitrant organic compounds by ozonation as advanced oxidation process.
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oxidized to NO3
. Sulfur contained in the organic molecule of Eqs.

(3), (4), (5) and (12) is oxidized to SO4
2. In Eq. (8), fluorine is con-

verted to HF and, finally, bromine present in the organic molecule
of Eq. (12) is released as Br. Subsequently, experimental quantifica-
tion by ionic chromatographic showed a variation of 1.0% to 5.1%,
compared to the obtained by stoichiometry (Eqs. (3) to (12)), which
indicates the feasibility of using the Pourbaix diagrams to identify
chemical species of interest. The speciation of these chemical ele-
ments was found in terms of the combination of pH and ORP [51].

In every case, quantification by ionic chromatography shows a
variation of ±4% compared to that obtained by stoichiometry (Eqs.
(3) to (12)). On the basis of the above, it was possible to balance
each of the chemical Eqs. (3) to (12) and to create Table 3. Based
on stoichiometry, the result of relating the ROC concentration with
the oxygen concentration present in the dichromate was CO2 and
H2O (COD reaction).

Malathion
C10H19O6PS2+7Cr2O7

2+30H+ (3)
10CO2+23H2O+14Cr3++H3PO4+2SO4

2

Parathion
C10H14NO5PS+6Cr2O7

2+21H+ (4)
10CO2+16H2O+12Cr3++H3PO4+NO3

+SO4
2

Endosulfan
C9H6Cl6O3S+4Cr2O7

2+12H+9CO2+9H2O+8Cr3++6Cl+SO4
2 (5)

Dieldrin
C12H8Cl6O+4Cr2O7

2+2H+12CO2+5H2O+8Cr3++6Cl (6)

Ibuprofen
C15H18O2+8Cr2O7

2+38H+15CO2+28H2O+16Cr3+ (7)

Ciprofloxacin
C17H18FN3O3+7Cr2O7

2+H+17CO2+9H2O+14Cr3++HF+3NO3
 (8)

Ethylbenzene
C8H10+4Cr2O7

2+14H+8CO2+12H2O+8Cr3+ (9)

Anthracene
C14H10+5Cr2O7

2+4H+14CO2+7H2O+10Cr3+ (10)

Basic Red 12
C25H29ClN2+12Cr2O7

2+27H+ (11)
25CO2+28H2O+24Cr3++Cl+2NO3



Reactive Blue 69
C23H16BrN3O9S2·2Na+11Cr2O7

2+30H+

23CO2+23H2O+22Cr3++Br+3NO3
+2SO4

2+2Na+ (12)

When the degradation results from the 10 ROCs through the
four different AOP and the balanced equation from each COD
reaction were obtained, the theoretical and experimental COD were
correlated, considering all the results altogether (Fig. 6). The cor-
relation coefficient was 0.9965, indicating that the concentration
range used during the research and for the ten chemical com-
pounds evaluated, it is possible to prepare synthetic solutions with
theoretical COD desired, in order to obtain an experimental value
with an acceptable statistical precision (Fig. 6). Also, this permits
to stablish the concentration range for the COD calibration curves,
in which empiricism is always present when the value interval is
defined in order to obey the Beer-Lambert law [52]. In the first
line of Table 4, a linear model is presented for the relationship ob-
served between both CODs.

In Figs. 7-8, the results of the correlation of the theoretical mal-

Table 3. The stoichiometric relation between the recalcitrant organic
compound mass and the oxygen quantity, present in the
dichromate, required to be oxidized (COD reaction)

Compound Molar mass,
g mole1

Oxygen requirement,
mg L1

Malathion 330.35 0783.51
Parathion 291.26 0671.96
Endosulfan 406.92 0447.72
Dieldrin 380.90 0447.72
Ibuprofen 230.29 0895.44
Ethylbenzene 106.16 0447.72
Anthracene 178.22 0559.65
Basic Red 12 392.95 1343.16
Reactive Blue 69 668.38 1231.23

The units of both columns are considered in one liter of solution

Fig. 6. Correlation between the theoretical and experimental COD.
Data obtained by the four AOP with five treatment times in
each of them, and the 10 ROCs (n=200 with five replicates).

Table 4. Mathematical linear models used to obtain the experimen-
tal concentration of recalcitrant organic compounds from
the experimental COD

Mathematical model R2 coefficient, %
Malathion=0.417COD0.7943 99.67
Parathion=0.4238COD+0.0.0989 99.11
Endosulfan=0.9754COD0.7763 99.27
Dieldrin=0.8547COD0.6322 099.02
Ibuprofen=0.2568COD0.1523 096.12
Ciprofloxacin=0.3944COD0.1998 097.19
Ethylbenzene=0.2325COD0.1109 099.07
Anthracene=0.2986COD0.1304 099.15
Basic Red 12=0.2885COD0.0239 099.78
Reactive Blue 69=0.4976COD+1.1682 94.7

All chemical compound and COD values are expressed in mg L1

n=200 with five replicates
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athion concentration are presented, for example, with its experi-
mental concentration (R2=0.9957) and the correlation of the ex-
perimental COD and the theoretical malathion concentration (R2=
0.9938). These results are relevant because they are the intermedi-
ate steps in the sequence to make the correlation between the
experimental COD and each ROC concentration. This means that
it was first necessary to obtain the results in Figs. 7 and 8 to then
make the correlation in Fig. 9, in which was finally established the
mathematical model that correlates the experimental COD con-
centration (which would be measured in the laboratory) with the

needed ROC by using chromatography.
To set an example, the mathematical model shown in Fig. 9

indicated that a 99.67% of certainty is achieved when calculating
the real malathion concentration by using a certified reference
material. These results were obtained only quantifying the COD in
the laboratory. This calculation applies to malathion concentra-
tions ranging from 0 to 120 mg L1.

Following the same procedure for malathion, the other nine math-
ematical models corresponding each ROC were made, making it
possible to obtain the ROC concentration from its respective experi-
mental COD determination. These results are shown in Table 4.

The correlation coefficients from ibuprofen, ciprofloxacin and
reactive blue 69 were found under 0.99, which means that the
mathematical model is not viable to use in laboratories were the
protocols ask for a more accurate analysis (Table 4). Nevertheless,
the correlation coefficients were found around 0.95; thus these
models could be used in laboratory trials where the determination
of concentrations range from a specific ROC is the main objective.

Both ibuprofen and ciprofloxacin molecular structures were not
mineralized even though being exposed to AOP. In fact [35,53]
report the complete degradation of the antibiotics molecules was
reported using the UV/H2O2 and UV/S2O8

2 processes, but with the
presence of secondary metabolites with cyclic structure and dou-
ble bonds was noticed. Furthermore, the ciprofloxacin contains in
its structure two anthraquinones, and one of them joined to a
cyclic compound with a fluorine radical, causing a higher resis-
tance to mineralization [24,45]. This chemical ciprofloxacin struc-
ture is very similar to the one of Blue Reactive 69, but this, besides
containing anthraquinones, also has four double bonds and in one
of them has a bromide joined, which leads to the display of at least
four secondary metabolites even though losing the coloration quickly
due to the molecular breakage of the chromophore group [7]. In
fact, in Table 4 it can be observed that the lowest correlation coef-
ficient (0.947) corresponds to Blue Reactive 69.

CONCLUSIONS

The suggested methodology allows establishing the linear mathe-
matical models for environmentally representative organic com-
pounds such as antibiotics, hydrocarbons, pesticides and dyes. The
methodology is extremely convenient for environmental engineer-
ing and a useful tool to optimize time and resources in water
management for developed and developing countries.

Based on the data obtained in laboratory experiments, it is rec-
ommended to conduct pilot-scale research with specific industrial
effluents such as those from the pharmaceutical, textile, agricul-
tural, or petroleum industries. The results will enable the presence
of other industrial wastewater compounds to be considered in the
mathematical model.
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