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Abstract

Quantitative structure-biodegradability relationships (QSBRs) were established to develop predictive models and mechanistic
explanations for acid dyestuffs as well as biological activities. With a total of four descriptors, molecular weight (My), energies
of the highest occupied molecular orbital (Egomo), the lowest unoccupied molecular orbital (Epymo), and the excited state (Egs),
calculated using quantum chemical semi-empirical methodology, a series of models were analyzed between the dye biodegradability
and each descriptor. Results showed that Eyomo and My were the dominant parameters controlling the biodegradability of acid dyes. A
statistically robust QSBR model was developed for all studied dyes, with the combined application of Eyomo and My,. The calculated
biodegradations fitted well with the experimental data monitored in a facultative-aerobic process, indicative of the reliable prediction

and mechanistic character of the developed model.
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Introduction

Acid dyestuffs account for a large portion of the
dyes used in textiles, leathers, papers, woods, and inks,
with over 25000 t produced annually for these pur-
poses in China (Yang and Yang, 2001). It has been
recognized that brightly colored, water-soluble acid dyes
are hardly biodegradable in the natural environment, re-
sulting in problematic color pollution in water bodies
(Venkataraman, 2000; Pagga and Brown, 1986; Brown
and Laboureur, 1983). Therefore, the investigation of dye
biodegradability seems to be essential, to prevent dye
molecules from persisting in the aquatic environment, and
will aid in efficiently decolorizing and degrading acid dye
effluents by a biotreatment process.

With the development of computer science, computer-
assisted modeling methods, relating chemical structure to
qualitative biological activity and quantitative biological
potency, have been applied to a diversity of problems. The
basis for any quantitative structure activity relationship is
that the biological activity of a new or untested chemical
can be inferred from the molecular structure, or properties,
of similar compounds whose activities have already been
assessed (Luan er al., 2006; Schultz et al., 2003; Lu
et al., 2001; Chen et al., 2000). In dye biodegradation,
the outcome models are used to explain and represent
the mechanism of dye molecule bioreduction, and most
importantly, to predict the biodegradability associated with
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correlative dyes in the biological system.

The recent application, QSAR (quantitative structure-
activity relationship) technique, to dye biodegradability is
focusing on azo dyes (Mior et al., 2001; Oprea et al.,
1997). A number of reports suggest that the biodegrad-
abilities of azo dyes are governed by their properties
of substituents in aromatic hydrocarbons, which in turn
are determined by their chemical structures, such as,
sites, numbers, and molecular weights of the substituents
(Chen et al., 2003; Sun et al., 1999; Dai et al., 1998).
There are several interrelationships between dye molecular
structure and biodegradability or decolorization, howev-
er, models are still in short supply for those dyes that
may possess congenic application function. This study is
designed to develop predictive and mechanism-based QS-
BR (quantitative structure-biodegradability relationship)
models for acid dye, in which the biodegradability of a
dye is expressed as its decolorization efficiency, because
the biodegradation effect predominates in the total decol-
orization (biodegradation and biosorption) after reaching
biosorption equilibrium at a steady state operation.

Four descriptors reflecting the main characteristics of
the dye molecule were employed in this study. Three
quantum chemical descriptors, energies of the highest oc-
cupied molecular orbital (Egomo), the lowest unoccupied
molecular orbital (E ymo), and the excited state (FEgs),
were computed by PM3 Hamiltonian and the chemical
descriptor, molecular weight (M), was also considered
in the model’s establishment. The relationship of dye
biodegradability with each descriptor was investigated and
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the impact of structure parameters on its biodegradability
was discussed. Finally, the general QSBR modeling yield
was tested and verified by the experimental decoloriza-
tions.

1 Materials and methods

1.1 Studied dyes

All studied dyes were provided by Anhui Fengyang
Dyestuffs & Chemicals Co. Ltd., China. Twenty acid
dyes were selected on the basis of availability and struc-
tural non-congener, to allow interpretation of differences
in efficiencies of decolorization. The inclusion of such
structural diversity presented a significant challenge for
QSAR/QSBR development. The names and Color Index
number of the dyes are listed in Table 1.

For comparison of the calculated and experimental re-
sults, each studied dye effluent was treated in a facultative-
aerobic process. The operation of this biological treatment
system and determination of the biodegradation degree and
decolorization efficiency were described in the early report
(Li and Xi, 2004).

1.2 Quantum chemical descriptors and statistical anal-
ysis

The energies of frontier orbitals, Eyomo and Epymo,
which directed the nucleophilic and electrophilic reactivity
of a compound respectively, were calculated using the PM3
Hamiltonian contained in the quantum chemical computa-
tion software HYPER (version 5.0) (Stewart, 1989). This
program allowed one to draw any structure of interest, to
create the input file for the calculations, and to perform the
actual calculations of interest via simple pull-down menu
options. The method of PM3 was selected because it was a
recently developed semi-empirical molecular orbital algo-
rithm and the computational time was much shorter than
needed by the ab initio methods. All statistical analyses

were carried out by ORIGIN software (version 6.0). The
regression analysis was used to establish the model. Model
quality was characterized by the number of observations
(n), the correlation coefficient (R), the standard deviation
(SD), the Fisher criterion (F), and the significance level
P).

1.3 Computer calculation method

The method for performing quantum mechanical calcu-
lations includes the following steps: (1) draw the molecular
carbon-frame structure. The initial geometry can generally
be designed by applying chemically reasonable atomic
distances, angles, and dihedral angles. With a molecular
editor the molecule can be built interactively including the
chemically reasonable bonds and angles; (2) set up the
molecular dynamics and optimize the structure parameters.
Once the molecular geometry has been defined, consid-
erations involved in selecting the quantum mechanical
method, checking numbers of unpaired electrons present
in the molecule, and understanding the effect of the en-
vironment, are required; (3) select a calculation model.
The semi-empirical method, PM3, or AMI, is selected.
The method of PM3 can automatically optimize the bond
length, angle, and twist angle, and yield a lot of infor-
mation on the structure; (4) define and select the output
parameter. Quantum chemical calculations produce a large
amount of output data. Therefore it is important to decide
which output is relevant for the chemical, biochemical, or
biological mechanism underlying the phenomenon under
investigation. In this study, Egomo, ErLumo, and Egs can
be expected to be of importance for dye biodegradability
in the relevant process; (5) run the calculation job. After
the method and all generated output have been defined, the
calculation can begin. The geometry optimization is the
most time-consuming part of many quantum mechanical
calculations. The extent to which the geometry is converg-
ing to an energy minimum is listed in the output file and
indicates when the calculation is about to be completed.

Table 1 Names, Color Index number, molecular weights (Mw), calculated Egomo, ELumo, and Egs of the acid dyes used
in this study and their biodegradabilities

Name (Color Index number) My Egomo (eV) Erumo (€V) Egs (eV) Biodegradability (%)
Acid Red 1 (C. 1. 18050) 509 -8.817 -4.698 -4.268 95.0
Acid Brown 2 (C. I. 17605) 515 -8.678 -1.919 -2.834 76.0
Acid Green 20 (C. 1. 20495) 586 -7.602 -2.119 -2.567 494
Acid Orange 156 (C. 1. 26501) 462 -8.403 -4.654 -2.161 94.3
Acid Red 151 (C. I. 26900) 454 -8.330 -2.186 -2.249 60.2
Acid Blue 113 (C. I. 26360) 681 -7.839 -2.508 -2.470 92.6
Acid Blue 25 (C. 1. 62055) 416 -8.717 -1.972 -2.243 96.1
Acid Blue 40 (C. 1. 62125) 473 -8.679 —4.457 -3.410 79.8
Acid Blue 129 (C. I. 62058) 458 -7.858 -1.898 -2.256 84.0
Acid Blue 324 (NA) @ 473 -8.460 -2.172 -3.298 93.6
Acid Violet 17 (C. 1. 42650) 761 -4.481 -0.413 -2.899 21.1
Acid Blue 7 (C. 1. 42080) 690 -5.038 -0.830 -10.447 21.3
Acid Red 52 (C. 1. 45100) 596 -4.763 -0.921 -2.540 19.7
Acid Red 87 (C. 1. 45380) 692 -8.631 —2.444 -2.993 54.6
Acid Black 2 (C. I. 50420) 637 —4.423 -0.987 -1.914 66.3
Acid Orange 3 (C. I. 10385) 452 -9.348 -2.104 -4.803 89.5
Acid Violet 68 (NA) # 811 -8.466 2415 -2.631 429
Acid Violet 90 (C. 1. 18762) 963 -8.685 -3.649 97.817 38.5
Mordant Red 7 (C. I. 18760) 446 -8.320 —-1.686 -2.810 94.6
Acid Black 52 (C. 1. 15711) 461 -8.545 -2.355 -3.132 94.1

4 NA presents that the Color Index number is not available.
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The calculation results of quantum chemical descriptors
are also listed in Table 1.

2 Results and discussion

The statistical models developed, primarily employed
simple linear regression analysis to investigate the effect
of each chemical or molecular descriptor of the selected
dye on its biodegradability (B). On the basis of the ex-
perimental data, a plot of dye biodegradations versus their
molecular weights developed model 1.

Model 1

B = 143.54(x 18.44) — 0.13(% 0.03) Mw
n =20, R* =0.75, SD = 20.19, P = 0.000,
F (3114) > FO.Ol(l, 18) (828)

Where, B is the biodegradability; My is the molecular
weight; n is the number of observations; R? is the correla-
tion coefficient; P is the significance level; F is the Fisher
criterion.

The result of simple regress analysis showed that model
1 was highly significant at 99% confidence intervals (Mw
was in the range of 416 to 963), indicating that the
molecular weight was closely correlated with the property
of dye biodegradation and had an important effect on dye
decolorization. This result was consistent with the studies
of Moir et al. (2001), and Sun et al. (1999). Generally,
in dyes with high molecular weights it was rather difficult
to penetrate the cell membrane of a microorganism. Early
qualitative study also found that the higher the molecular
weights, the worse the biodegradabilities for dyes with
similar structures in the same biotreatment process.

The energy of the highest occupied molecular orbital,
Enomo, was widely used in developing the QSAR model,
for studying the different mechanisms of chemicals, such
as, toxicity, biotransformation, and bioreduction (Hu et
al., 2005; Soffers et al., 2001; Wang et al., 2001). The
quantum chemical descriptor Eyomo usually directed the
nuclephilic reactivity of a compound. In this study, Egomo
was calculated and the relationship with biodegradability
in all the 20 studied dyes with Eyopmo was established.

Model 2

B =-19.47(+ 4.13) - 11.38(= 3.07) Enomo
n=120,R*=0.81,SD =21.44, P = 0.001,
F (13.73) > Foou1.1s) (8.28)

Obvious correlation between decolorizations of the se-
lected dyes and Egomo (Enomo was between -9.346 eV
and -4.423 eV) implied that the biodegradabilities of these
dyes were strongly involved in their molecular reactivities
of donating electrons. This finding would illustrate the
reason why acid dyes normally reacted in acid conditions.

The use of frontier orbital characteristics to describe
relative chemical reactivities of a series of compounds, is
based on the so-called frontier orbital theory. Although
Erumo is an electronphilicity parameter and it appears
as directly proportional to the electronic affinity of a

compound, to explore the biodegradation mechanism of
the tested dyes, the Epymo-dependent relationship has
been investigated, and thus Model 3 was obtained.

Model 3

B =43.24(%+12.34) - 10.75(% 4.74) EL umo
n =20, R*=0.47,SD =25.10, P = 0.036
IR| < |R0.()1(18)| =0.56
F (515) < FO.OI(I,IS) (828)

Because the absolute value of the correlation coefficient
and F value was less than 0.56 and 8.28 respectively,
a weak correlation was found from the quantum chem-
ical descriptor Erymo (ELumo fluctuated from -4.698
eV to -0.413 eV). This finding suggested that the acid
dye biodegradability depended more on Eyomo than on
Erumo, which was not in good agreement with the results
of Dai et al. (1998) and Sun et al. (1999), who studied
QSBRs on azo dyes. The lack of statistical significance
correlation observed for B and Epymo was most likely a
result of the fact that complicated mechanisms existed in
the studied biochemical process, especially for enzymatic
reduction by microbes, in the facultative bio-film reactor.
Biosorption might have, to a great extent, synchronized
with biodegradation in the microbial zoogloea during the
dye decolorization. Walker and Weatherley (2000), also
found that biosorption accounted for 13%—-19% of decol-
orization in the aerobic biodegradation of acid blue 277:1.
Furthermore, an attempt was made to check the influence
of AE (ELumo — Enomo) on the dye biodegradability,
however, no statistical linear relationship could be found
between them.

Although the excited probability between the singlet
state and the triplet state in a dye molecule is rather low,
the energy of the triplet state is a significant parameter of
photochemical reaction for color change. Therefore, Egs
was still taken into consideration in this study. Regres-
sion analysis on decolorization against the energy of the
molecular excited state was performed and model 4 was
obtained.

Model 4

B = 68.68(% 6.22) — 0.28(% 0.02) Egs
n=20, R =0.48,SD =27.72, P = 0.336
IR| < |Roo1as)| = 0.56
F (1.02) < Foo1(1,18) (8.28)

Similar to the effect of Epymo on the dye biodegrad-
ability, model 4 explained the Egs-dependent correlation
without statistical meaning (Egs was in the range of —1.914
eV t097.817 eV).

In view of the complex effects in the biologi-
cal treatment, the description of quantitative structure-
biodegradability relationships often does not follow a
one-descriptor mechanistic approach. A multi-parameter
approach is widely accepted by researchers, which is of
the idea that a single descriptor will not contain enough
information to capture the dominant features of a given
biological phenomenon and that the characterization of
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Table 2 Correlation matrix of independent variables (calculated from 20 cases)
Mw Enomo ELumo AE (ELumo-Enomo) EEs
My 1
Enomo 0.334 1
Evrumo 0.133 0.670 1
AE (ELumo-Enomo) -0.311 -0.657 0.119 1
Egs 0.596 -0.161 -0.268 -0.057 1

Table 3 Comparison of observed biodegradation and their predicated values from model 5

Name (Color Index number) Exomo My Predicted value Observed value Difference (observed value—predicted value)
(eV) (%) (%) (%)

Acid Orange 7 (C. I. 15510) -8.577 350 98.7 96.4 -2.3

Acid Black 1 (C. I. 20470) -7.420 616 62.6 59.8 -2.8

Acid Yellow 219 (NA) ? -8.437 448 87.8 86.9 -0.9

Acid Blue 145 (NA) -1.577 430 84.0 85.1 1.1

Acid Green 27 (C. 1. 61580) -8.030 706 58.7 57.3 -14

2 NA presents that the Color Index number is not available.

chemicals should be multivariate (Leonard and Roy, 2006;
Mon et al., 2006; Verma and Hansch, 2005). On the
basis of previous analyses, it can be seen that the studied
independent variables such as Egomo, Erumo, Egs, AE,
and My are strongly inter-correlated, probably owing to
a similar dependence on the molecular wave function
(Table 2), and these one-parameter models are far from
complete. However, the main trend is apparent: Epomo
and Mw have dominating effects on dye biodegradation.
Thus, two descriptors including Exgomo and Myw have been
applied, to determine a general and robust QSBR model.
Multiple linear regression technique and variance analysis
have been used in model 5.

Model 5

B = 63.18(+8.04)-8.23(+2.44) Exionmo—0.10(+£0.02) My,
n =20, R? = 0.80, SD = 16.10, P < 0.0001
F (2964) > F0'01(2,17) (61 ])

The great significance of the multiple-variable-
containing model justified by F-value was obtained in
model 5, with the majority of variances (99%) being
explained, and the significance of all variables in the
model. Parameters reflecting the electronic properties
and penetration were selected to construct the QSBR

100
90 |-
80 -
70 -
60 |-
50 -
40|
30 -
201 =
10 L

Experimental decolorization
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Fig. 1 Correction plot of experimental decolorization efficiencies versus
calculated values by model 5.

model 5, which covered the major factors controlling the
biodegradation mechanism. No overlapped information
was included in the model.

For the sake of verifying the accuracy of the combined
QSBR model, comparison of calculated values with ob-
served color removal efficiencies was made. It could be
found from Fig.1 that a good correlation existed, except
for very few outliers, because of a slight biosorption in the
process of decolorization and fluctuation of environmental
factors during the experiment. In addition, another five acid
dyes were induced in the facultative-aerobic process to test
the practicality of the obtained model (Table 3). Calculated
data from model 5 fitted well with the experimental values,
demonstrating that the developed QSBR model was able
to serve as a general predictor for unknown acid dyes.
It would be significant for theoretical guidance, for dye
wastewater biotreatment and dye product development for
environmental protection.

3 Conclusions

QSAR approaches have been used extensively to study
many types of biological activities, including chemical
toxicity of a variety of different classes of compounds
(Jurani¢ et al., 2006; He and Jurs, 2005; Netzeva and
Schultz, 2005). The use of these approaches in dealing with
problems of acid dye biodegradability, however, has been
rather limited. In view of the widespread use of acid dyes in
various consumer products, developing practical, reliable
QSAR/QSBRs to screen new and existing acid dyes, as
well as their metabolites, for potential biodegradation
problems is of vital importance.

In this study, a QSAR method was employed to study
the predictive and mechanism-based relationships on the
biodegradability of acid dyes. Chemical and molecular
descriptors, Mw, Egomo, ELumo, and Egs, were computed
and QSBRs were obtained through each descriptor to
investigate the controlling mechanism of biodegradation.
Results showed that Eyomo and My were the domi-
nant parameters governing biodegradability of acid dyes.
A general and robust QSBR model, B=63.18(+8.04)—
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8.23(x2.44) Epomo—0.10(x£0.02) My, was developed by
20 acid dyes with the combined application of variables
reflecting nuclephilic reactivity and molecular property.

Tendency in the calculated values from the general
model with molecular descriptors versus their observed
biodegradations in a facultative-aerobic process presented
quite a linear behavior, indicating that the developed
model 5 could be explained mechanistically and applied
practically for reliable predictions.
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