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Wastewater from the dye industry is typically analyzed using a standard method for measurement of
chemical oxygen demand (COD) or by a single-wavelength spectroscopic method. To overcome the disad-
vantages of these methods, ultraviolet-visible (UV-Vis) spectroscopy was combined with principal compo-
nent regression (PCR) and partial least squares regression (PLSR) in this study. Unlike the standard
method, this method does not require digestion of the samples for preparation. Experiments showed that the
PLSR model offered high prediction performance for COD, with a mean relative error of about 5% for two
dyes. This error is similar to that obtained with the standard method. In this study, the precision of the PLSR
model decreased with the number of dye compounds present. It is likely that multiple models will be required
in reality, and the complexity of a COD monitoring system would be greatly reduced if the PLSR model is
used because it can include several dyes. UV-Vis spectroscopy with PLSR successfully enhanced the per-
formance of COD prediction for dye wastewater and showed good potential for application in on-line water
quality monitoring.

Keywords: dye wastewater, UV-Vis spectrophotometer, chemical oxygen demand, partial least squares
regression.
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Cmounbie 800bl, 00pasyrowuecs npu npou3eoocmaee Kpacumeei, 00bIYHO AHATUIUPYIOMCSL CAHOAPHL-
HbIM MemoOOM UMepeHusi Xumuueckol nompeornocmu 6 xuciopooe (XIIK) unu 00HOB80IHOBbIM CHEKMPO-
ckonuveckum memooom. Ymodwl npeodoremv HeOOCMAMKU SMUX Memooos, 8 Hacmosaujell pabome chnex-
mpockonusi 8 Y@ u euoumou odbracmsx o0veduneHa ¢ peepeccueli o 0CHOBHOMY KOMHOHEHMY U YACMUYHOU
peepeccueti memooom Haumenviuux keaopamos (YPMHK). B omauyue om cmanoapmuo2o memooda 3mom
Memoo He mpeOyem npedsapumenvHol no02omosku 0opasyos. Iloxkazano, umo modero YPMHK obecneuu-
eaem 8bICOKYI0 mouHocmb npoenozuposanus XIIK co cpedueii omnHocumensHol noepewHocmvio ~5 % 0ns
cayyas 08yx Kpacumeneu. Ima omubka 6au3ka Kk owubke cmanoapmuo2o memood. B nawux uccredosanusnx
mounocms mooeau YPMHK ymenvuwianace ¢ uuciom npucymcmsyrowux Kpacumeneii. Beposmuo, nonaoo-
0Amcsa HecKObKO Mooenel, U ClOJHCHOCMb cucmembl monumopunea XIIK 6yoem 3HauumenvHo ymenvbuiena,
ecau ucnonvzosamv modenv YPMHK, nockonvky oHa modcem GKIOUAMb 8 ceOsl HeCKOMbKO Kpacumerell.
Cnexmpockonus 8 Y® u eudumoti ooracmsx ¢ covemanuu ¢ YPMHK nosviuwaem sgppexmugnocmos npocHo-
suposanus XIIK 0ns cmounwsix 600 KpACUTLHOU NPOMBIUAECHHOCIU U NEPCREKMUBHA 0I5l NPUMEHEHUs. 8 MO-
HUMOpUH2e Kauyecmsa 800bl 8 pedicume peanbHo20 8PeMeHU.

Knrwouesnvle cnosa: cmounvie 600bl KpACUNLHOU NPOMBIULIEHHOCMU, CREeKMpPogomomemp Oas yibmpa-
@uonemosoli u uUOUMOL obracmell CHeKmpad, XUMU4eckdas nompedbHOCMb 8 KUCI0pooe, YaCMUYHAs pespec-
CUs HA OCHOBE MemMOo0ad HAUMEHbUIUX KEAOPamos.
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Introduction. Chemical oxygen demand (COD) is an important indicator of organic matter concentra-
tion in water quality assessments. Real-time detection of COD can be useful for control and analysis of the
dye industry wastewater treatment process [1]. The standard COD test has low error and high precision but it
involves a digestion process that uses toxic chemicals (e.g., mercuric salts and dichromate), is time consum-
ing (2—4 h until the result is obtained), and is not applicable to on-line detection [2]. With the development
of optical techniques, spectroscopic techniques, including ultraviolet-visible (UV-Vis) spectroscopy, have
shown good potential for wastewater COD monitoring [3]. Research has shown that the UV absorbance is
related to the COD of water samples [4]. In addition, spectroscopic analysis is rapid, nondestructive, envi-
ronmentally friendly because it requires no additional chemicals, and can be applied to on-line detection [5].

In many studies, COD has been measured by UV-Vis spectroscopy at 254 nm, which is referred to as a
single wavelength method. This method is simple and accurate for water samples that are of uniform compo-
sition and relatively constant over time but is unsuitable for water samples where the composition changes
greatly with time [6]. Wastewater from industrial dyeing processes is highly colored and is complex in com-
position. The main ingredients of dye wastewater are dyes, with most being organic compounds, inorganic
additives (e.g., NaCl and NaOH), and surfactants [7]. The COD of dye wastewater is mainly affected by the
dye concentration [8]. There are thousands of compounds that are commonly used as dyes [9], and the dyes
and additives used in different dyeing processes vary. Consequently, the components in wastewater can also
display large differences, even after wastewater treatment, and thus the UV-Vis spectra can also vary [10].
Therefore, especially for the purpose of on-line effluent monitoring, new methods, such as those using
mathematical modeling, are required for measurement of COD in dye wastewater. Full spectrum analysis
combined with chemometrics, including principal component regression (PCR) [11], partial least squares
regression (PLSR) [2, 12] and artificial neural networks (ANN) [13, 14], can effectively improve the preci-
sion of analytical prediction. Among these methods, ANN provides strong approximation ability, but a num-
ber of experiments are necessary to determine the appropriate neural network model and parameter settings,
and its effectiveness on application depends on the user’s experience. Therefore, ANN is not suitable for
real-time spectral analysis. PCR and PLSR, which are widely utilized for spectral analysis of mixtures, can
also greatly compress high-dimensional data and effectively remove multicollinearity. The aim of the present
study was to develop a simplified model for dye wastewater using an aqueous dye solution. Models were
constructed using both PCR and PLSR. The feasibility and the prediction accuracy of each method for
measurement of COD in dye wastewater were evaluated.

Experimental. Materials and instruments. Two pure dye solutions (C.I. Direct Red 23 and C.I. Direct
Yellow 11, Li’ang International Trading Co., Ltd., Tianjin, China) and a mixed solution of the two dyes
(mass ratio of 1:1) were prepared in ultrapure water (p > 18 MQ cm at 25°C). These solutions were used to
simulate treated dye wastewater. A total of 45 solutions were prepared, with 15 different concentrations for
each dye and the dye mixture. All solutions were kept at 4°C before analysis. UV-Vis spectra were measured
using a UV-Vis spectrophotometer that was developed in our laboratory for the purpose of this investigation.
This instrument had a xenon lamp as the light source, recorded light attenuation in the wavelength region
between 200 and 800 nm, and communicated the results in real-time via a fiber optic probe.

Data collection. Data communication was via a USB interface. The band with A = 200-240 nm was not
suitable for modeling because there was strong short wavelength absorption and interference in this region.
In solutions of appropriate dye concentrations to represent dye wastewater, the intensity of the color is rela-
tively strong. Consequently, the absorbance in the visible wavelength region (A > 400 nm) for these solutions
will be outside the scope of the spectrophotometer. Therefore, COD was defined as the oxygen equivalents
of organic dyes that could be detected in the UV range. For this reason, the band from A = 240-400 nm was
used for the mathematic modeling. Spectra were measured in this region for dye solutions of different con-
centrations (Fig. 1).

The COD results for the dye solutions were obtained according to a Chinese national standard method
(Chinese Nation Standard “GB/T 11914-89 Water quality — Determination of the chemical oxygen demand —
Dichromate method”). Taking into account possible interactions between different components in the dye
mixture, we measured the COD and spectra of the dye mixture after 1 and 24 h. The 45 solutions were di-
vided into two sets, with 30 samples (10 samples from each subset) as a training set (Table 1) to build the
COD detection model and 15 samples as a validation set to analyze the error of the model.
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Fig. 1. UV-Vis spectra of dye solutions at a range of concentrations: a) Direct Red 4BS, b) Direct Yellow,
¢) two dyes (1:1) mixed solution after 1 h.

TABLE 1. COD Values (mg/L) of Each Dye Obtained by the Standard Method

No. | COD | No. | coD | No. | cop' | cop’
RI | 525 | Y1 | 700 | M1 99.0 103.9
R2 | 420 | Y2 | 560 | M2 83.4 87.6
R3 | 378 | Y3 | 448 | M3 49.5 52.0
R4 | 210 | Y4 | 280 | M4 39.6 41.6
R5 | 168 | Y5 | 224 | M5 29.7 31.2
R6 | 126 | Y6 | 168 | M6 25.7 26.6
R7 | 105 | Y7 | 140 | M7 20.8 21.8
RS | 9.4 Y8 | 112 | M8 16.4 17.2
RO | 73 Y9 7.0 | M9 9.9 10.4
RIO| 42 | Y10 | 56 | MI0 6.9 7.2

Note. Ris C.I. Direct Red 23, Y is C.I. Direct Yellow 11, M is Mixed dyes (R/Y).
' 1 h after mixing.
%24 h after mixing.

Performance evaluation. The precision of the model was assessed by leave-one-out cross-validation
(LOOCYV). Among n samples, LOOCV uses one randomly selected sample as the validation set and the re-
maining n—1 samples as the training set to build the model. This is repeated until all the samples are vali-
dated. The coefficients of determination (R*) and prediction residual error sum of squares (PRESS) are then
calculated [11].

Descriptions of the algorithms. There are two steps in PCR: principal component analysis (PCA) and
multiple linear regression (MLR). PCA is a statistical method that uses an orthogonal transformation to con-
vert a set of observations of possibly correlated variables into a set of values of linearly uncorrelated vari-
ables called principal components. This transformation is defined in such a way that the first principal com-
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ponent has the largest possible variance, and each succeeding component in turn has the highest variance
possible under the constraint that it is orthogonal to the preceding components. In the second step (MLR),
important principal components are used to replace the original variables as the variables of MLR [11].

PLSR is a multivariate analysis method based on PCA. In PCA, the only variable (the X matrix) is de-
composed orthogonally. In PLSR, both the X and Y matrices are decomposed at the same time. That is, a
PLSR model will try to find the multi-dimensional direction in the X space that explains the maximum mul-
tidimensional variance direction in the Y space. The precision of the PLSR model is often higher than that
for PCR, because PLSR can remove the noise in X and Y [2, 12].

Results and discussion. Single wavelength method. Generally, in application of the Beer—Lambert law,
curve fitting should be based on the maximum absorption peak [15]. However, for the different solutions
involved in this case, the wavelength of maximum absorption was different. In this investigation, the wave-
length A = 254 nm was chosen as a suitable standard with using the xenon lamp in the spectrophotometer.
According to the Beer—Lambert law, for the three types of solutions (red dye, yellow dye, and the mixture),
the three regression equations and their R* were obtained as follows:

3 =0.0682x —0.1202, R*=0.9752,
3=10.0342x — 0.0453, R*=0.9965,
y=0.0427x — 0.0257, R*=0.9993.

Excellent fit (minimum R? of 0.9752) was obtained. The three equations were very different, which indicates
that one model cannot be used for multiple dye compounds using the single wavelength method.

Comparison of the PLSR and PCR models for two pure dyes. Twenty samples of the pure dye solutions
were chosen as the training set to build PCR and PLSR model for the pure dyes. For the PCR algorithm,
more than 90% of the variance in the COD measurement was explained by the first two principal compo-
nents (Fig. 2). The first two principal components were then used as the variables for MLR. For the PLSR
algorithm, the factor (principal components) was calculated directly using Minitab 17.0. In the final regres-
sion equation, the number of variables was two for each algorithm (PCR and PLSR). Comparison of the pre-
diction performance by PCR (R* = 0.989, PRESS = 5.07) and PLSR (R = 0.994, PRESS = 2.61) for the
training set showed that the PLSR model exhibited much better prediction performance. This could be at-
tributed to dimension reduction of the spectral matrix (X) based on a comprehensive consideration of the
interaction of both COD matrices (¥ and X) in PLSR.
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Fig. 2. The percent of the measurement variance explained by the PCR as a function of the number
of components used in the PCR model.

One regression equation was established by PLSR or PCR for solutions of the two dyes, and the R
value was also close to one, which is the same as that for the single wavelength method. Thus, the PLSR and
PCR models could potentially expand the scope of the application of COD analysis. To verify the actual pre-
diction error of the PCR and PLSR models, red and yellow dye solutions were randomly selected from the
validation set. The mean relative error of the PCR algorithm (6.61%) was slightly higher than that of the
standard method (<4% [16]), and the PLSR algorithm (4.02%) (Table 2).



750 MAI W. et al.

TABLE 2. Measured and Predicted COD (mg/L) Comparison for the Solutions of Two Dyes

No. Measured Predicted

PCR PLSR

1 6.1 6.85 6.72
2 8.3 9.32 8.52
3 13.6 14.08 13.95
4 25 26.2 26.3
5 36.1 37.58 36.65
6 54.2 55.64 55.31
K 6.61% 4.02%

The effect of mixtures of dyes on the precision of prediction. One hour after preparation of the mixed
dye solution, the spectrum of the solution was similar to that expected for summation of the spectra of the
pure red and yellow dyes in accordance with the Beer—Lambert law (Fig. 3). However, as the time after mix-
ing increased, the absorbance increased and the wavelength of the maximum absorption peak changed
slightly (Fig. 3). After 24 h, the COD prediction result from the PLSR model ( & = 24.01%) was far higher
than that after 1 h (Table 3). This was probably because interactions occurred between the dyes, which
meant that the absorbance was no longer simply additive. Because the original PLSR model does not contain
the spectral data resulting from this interaction, the prediction error is larger. According to the PLSR model-
ing process, a corrected PLSR model was established using the three dye solutions (i.e., two pure dye solu-
tions and the dye mixture). The prediction accuracy of the corrected model was larger than that of the origi-
nal (Tables 3 and 4). When the PLSR model contains the target dye sample, the relative error is greatly re-
duced. The LOOCYV indicated that the prediction accuracy of the original PLSR model was better than that
of the corrected model (original model R = 0.951, PRESS = 10.1; corrected model R = 0.994,
PRESS = 2.6). The corrected model contains more dye compounds than the original. Consequently, the pre-
diction accuracy of the PLSR model decreased as the number of compounds in the target sample increased.
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Fig. 3. Spectra of dye mixtures (30 mg/L) over time: 1 — mixed 24 h,
2 —mixed 1 h, 3 —Red+Yellow

TABLE 3. COD Comparison for the Two Dyes at Different Times after Mixing (mg/L)

No. Measured |  Predicted Measured |  Predicted
1 h after mixing 24 h after mixing
1 24.2 25.05 29.5 34.87
2 19.4 20.26 23.5 28.69
3 14.6 15.25 18.2 22.02
4 7.2 7.55 9.1 12.06
5 4.8 5.06 6.0 7.59
5 24.01% 4.54%
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TABLE 4. Results for the PLSR Model of “Three” Dyes Mixed 1 h

No. Measured, mg/L Precdict, mg/L
1 29.5 31.34
2 23.5 24.47
3 18.2 19.25
4 9.1 9.77
5 6.0 6.34
5 5.83%

Results for validation for dye solutions. The reliability of each PLSR model (original and corrected) was
verified using the prediction set (Table 5). The mean relative error of the corrected PLSR model (6.45%)
was much smaller than that of the original PLSR model (12.17%). This shows that as much UV spectral data
as possible should be used to establish the PLSR model to reduce the total prediction error.

The relative error in the prediction results was generally high for lower COD concentrations (Table 5).
By contrast, when the standard method is applied to samples with low COD, the error is relatively large.

TABLE 5. Results of the Validation Set (mg/L)

No. Measured PLSR original 5. % PLSR cor- 5. %
model rected model
1 6.1 6.62 8.56% 6.69 9.68%
2 8.3 8.84 6.52% 8.92 7.52%
3 13.6 14.77 8.60% 14.93 9.78%
4 25 26.06 4.23% 26.58 6.32%
5 36.1 37.99 5.23% 38.07 5.45%
6 54.2 56.08 3.47% 55.95 3.22%
7 86.3 91.19 5.67% 90.03 4.32%
8 17.1 18.73 9.56% 18.60 8.75%
9 69.2 73.26 5.86% 73.97 6.89%
10 45.6 47.65 4.50% 48.17 5.64%
11 29.5 34.87 18.20% 31.34 6.24%
12 23.5 28.69 22.09% 24.47 4.13%
13 18.2 22.02 20.99% 19.25 5.77%
14 9.1 12.06 32.53% 9.77 7.36%
15 6 7.59 26.50% 6.34 5.67%
6=12.17% 0=6.45%

Therefore, the use of UV spectral methods combined with PLS for online detection of COD is suitable
for solutions with high COD. However, the detection range for COD should be studied further.

Conclusion. The single wavelength method and the PCR/PLSR method described in this paper use UV-
Vis spectroscopy to measure COD directly, without the need for a chemical digestion process as is required
for standard COD measurements. These methods can overcome many disadvantages of the standard method
and can provide fast and on-line COD detection.

The single wavelength method cannot be applied to wastewater with a complex composition (e.g., a so-
lution containing multiple dyes). Consequently, for each different dye, a new model must be established. By
contrast, the PCR or PLSR models developed in this study can be used to measure COD for mixtures of two
dyes. The precision of the PLSR model is higher than that of the PCR model. For on-line measurement of
COD in dye wastewater, spectral data and COD for pure dyes and dye mixtures measured in advance can be
used to construct a stable PLSR model to provide reliable COD results.
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