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Abstract: Printing and dyeing wastewater is characterized with complex water quality and poor
biodegradability. In this study, a pilot-scale anaerobic baffled reactor (ABR) with packing was verified
to effectively degrade the complex organic pollutants in the wastewater through the hydrolysis
and acidification of anaerobic microorganisms. At a hydraulic retention time (HRT) of 12 h and an
organic loading rate (OLR) of 2.0-2.5 kg COD/(m3-d), the ABR stabilized the fluctuation range of pH
and achieved an average colority removal rate of 10.5%, which provided favorable conditions for
subsequent aerobic treatment. During the early operation period, the reactor increased the alkalinity
of the wastewater; after 97 days of operation, the volatile fatty acid (VFA) content in the wastewater
decreased. To demonstrate the suitability of the support vector regression (SVR) technology in
predicting the performance of the reactor, two SVR algorithms with three kernel functions were
employed to relate the chemical oxygen demand (COD) removal rate to its influencing factors, and

fu:edcgtfgsr the predictions of both the training and validation groups agreed with the measurements. The
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Academic Editors: Eldon R. Rene 1. Introduction
Printing and dyeing wastewater is a type of industrial wastewater that is very difficult
to treat, characterized by high colority, complex composition and poor biodegradability [1].
Technologies including physical-chemical methods, biological methods and the combina-
tion of these methods have been applied for its treatment [2]. Due to cost competitivity, the
Publisher’s Note: MDPIstays neutral - anaerobic technology has maintained attention from scientists and engineers, which can
with regard to jurisdictional claims in - degrade refractory macromolecular organic pollutants, such as colorant anthraquinone and
published maps and institutionalaffil- - 5, qyes, into small molecular ones, so as to improve the biodegradability of wastewater [3].
Among a few types of anaerobic reactors, such as expanded granular sludge bed (EGSB)
reactor [4], up-flow anaerobic sludge blanket (UASB) reactor [5], anaerobic membrane
bioreactor (AnMBR) [6], recirculating fixed-bed bioreactor (RFBB) [7] and strengthened
circulation anaerobic (SCA) reactor [8], anaerobic baffled reactor (ABR) has been widely
investigated [9].
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anaerobic digestion reactions [10,11]. It is generally believed that the anaerobic microorgan-
isms in the front compartments of ABR are mainly hydrogen and acid producing bacteria,
and the acids produced are then used by methanogens in the latter compartments [12].
Through the biomass communal synergism, the pollutants are stepwise degraded. At the
same time, the baffles of ABR play a role in intercepting sludge and ensure a high amount
of sludge in the reactor, and this structure is also conducive to resist hydraulic, organic and
toxic shocks [13]. Researchers have continued to improve the ABR process for the printing
and dyeing wastewater treatment. For instance, some integrated ABR with microbial fuel
cells, which promoted the degradation of azo dyes and improved the removal of chemical
oxygen demand (COD) [8,14]; some equipped ABR with packing to improve the reactor
performance by promoting the formation of biofilm to reduce biomass loss, controlling
sludge bulking and enhancing environmental tolerance [10,15].

To establish the relationship between the treatment performance of the anaerobic
system and its influencing factors based on the measured data is of great significance to
guide the process design and operation of a wastewater treatment plant. As the anaerobic
digestion system is a complex nonlinear biological treatment system, it is difficult to use
mechanism models that need to determine a large number of parameters to simulate and
predict its actual performance, and the data-driven fitting modeling is more applicable
because of its flexibility [16]. Artificial neural network technology has been widely used in
the modeling of wastewater treatment systems, but it is highly dependent on the sample
size and easy to fall into the local optimal solution in the training process, which has poor
prediction stability [17]. In recent years, the support vector regression (SVR) technology
has been applied in the area of wastewater treatment, which is based on the algorithm of
support vector machine (SVM). SVM is a statistical learning method based on structural risk
minimization proposed by Vapnik et al. [18], which can effectively process small sample
data and obtain the global optimal solution, and has strong generalization ability. The
basic idea of SVM is to map the samples in the input space to high-dimensional feature
space by kernel function, and then obtain the optimal classification surface that linearly
separates the samples in the high-dimensional characteristic space, so as to solve the highly
nonlinear regression problem in the original sample space. Among the software packages
for SVR, LibSVM is an easy-to-use, fast and effective one that provides compiled executable
files that can be used in Windows systems with the cross validation function [19]. Liu et al.
established an SVR model with LibSVM to predict the COD removal of a submerged
anaerobic membrane bioreactor processing low-load domestic sewage, and achieved a
high level of accuracy and fitness [20]. However, the suitability of SVR on the performance
prediction of anaerobic reactor processing refractory industrial wastewater needs to be
further examined.

In this study, an ABR equipped with packing was constructed to treat the printing and
dyeing wastewater from the coagulation sedimentation tank of a real wastewater treatment
plant. The main objectives of this work include: (i) to reveal the comprehensive performance
of the ABR during the startup and normal operation; (ii) to verify the effectiveness of the
enhanced anaerobic baffled technology on degrading the printing and dyeing industrial
pollutants; and (iii) to develop mathematical tools to predict the reactor performance. The
new element of this work includes the application of different support vector regression
algorithms with different kernel functions in relating the reactor performance with its
influencing factors. Referring to the analytical result of Qi et al. [21], the related factors
including flow rate, organic loading rate (OLR), water temperature and influent suspended
solids (SS) were taken as feature variables to estimate the COD removal rate. The results
obtained may provide scientific evidence for the design and operation of the anaerobic
technology for refractory industrial wastewater treatment.
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2. Materials and Methods
2.1. Environmental Setup

To investigate the anaerobic fermentation process of printing and dyeing wastewater,
an ABR was designed and constructed in this study, with total length, height and effective
volume of 3.5 m, 3.6 m and 18 m3, respectively, shown in Figure 1. The reactor was divided
into six equal-volume chambers by vertical plates, and the plane size of each chamber was
1.5 m x 0.5 m, consisting of a downflow chamber and an upflow chamber with a width
ratio of 1:7.5. The wastewater entered the downflow chamber first, and then flowed into
the upflow chamber through the inclined plate at the bottom, so that the water could be
well mixed with the sludge; when the wastewater reached the top edge of the vertical
plate, it would then overflow into the next chamber by gravity. The ABR was equipped
with a peripheral foam insulation layer to maintain temperature, with an open top of each
chamber for water sampling; the middle and lower part of each chamber was equipped with
a sampling port for sludge-water mixture, and the bottom with a sludge discharge outlet.

Influent =

Packing
Effluent
Sampling
port
Baffle
Sludge

outlet

Figure 1. Schematic diagram of the anaerobic baffled reactor with packing in this study.

In order to effectively intercept sludge and ensure sufficient microbial biomass in
the reactor, the upper part of each chamber was equipped with a type of packing that
was composed of multiple groups of symmetrical packing plates and fixed frames. The
corrugated filler plates with positive concave and reverse concave were arranged in a
cross manner and bonded at the junction. The mixed liquid flowed upward from the gap
between the cross plates. Due to the cross turbulence of the flow, the organic pollutants in
the wastewater could fully contact and react with the biofilm fixed on the plate, so as to be
degraded more effectively.

2.2. Experimental Procedure

The wastewater used in this study was the effluent from the coagulation sedimentation
tank of a wastewater treatment plant in southern China. More than 90% of the treated
wastewater of this plant comes from printing and dyeing plants, and the rest is domestic
sewage. The activated sludge from the sludge storage tank of the plant was inoculated into
each chamber of ABR at the startup. The influent water flowed into the ABR by gravity,
and the influent water flow was changed by adjusting the valve. The reactor was operated
for 130 days, with a startup flow rate of 7.2 m?/d, that is, a hydraulic retention time (HRT)
of 60 h, which was gradually reduced to 12 h by increasing the flow rate. The influent water
quality is listed in Table 1. The OLR of the reactor gradually increased from about 0.45 kg
of COD/(m3-d) at the startup to 2.0-2.5 kg of COD/(m3-d), respectively, at the stable
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operation stage. During the operation, water temperature in the reactor rose naturally with
the warming of the weather from about 10 °C to about 35 °C.

Table 1. Quality of the wastewater entering the anaerobic reactor.

Index COD (mg/L) pH Colority (Times) ~ VFA (mmol/L)  Alkalinity (mg/L)
Value 670-1280 6.4-9.5 220-340 1.0-4.0 570-1300

2.3. Analysis of Water Quality and Sludge Activity
2.3.1. Analysis of Water Quality

In order to assess the performance of the anaerobic reactor, the wastewater samples
of the influent and effluent were collected and analyzed during the operation period. The
test water quality index included: water temperature, pH, COD, SS, colority, alkalinity
(calculated by calcium carbonate) and volatile fatty acid (VFA). The analytical methods
with the corresponding standard followed for the water quality indexes are summarized in
Table 2.

Table 2. Analytical methods for the investigated water quality indexes.

Water Quality Index Analytical Method Standard Followed

Water temperature Thermometer method China national standard GB 13195-1991
pH Glass electrode method China national standard GB/T6920-1986

COD Potassium dichromate method China national standard GB 11914-1989

SS Gravimetric method China trade standard CJ/T 51-2018

Colority Dilution multiple method China national standard GB 11903-1989
Alkalinity Neutralization-titration method China national standard GB/T 9736-2008
VFA 'l Distillation-titration method China trade standard Q/YZJ10-03-02-2000

! The unit is molarity (mmol/L) or mass concentration (mg/L) converted according to acetic acid.

The relative contents of five types of dye substances (acid blue, acid orange, Direct
Blue 106, Naphthol AS-E and Sudan Red 1) in the wastewater were analyzed by a Thermo
Finnigan Surveyor liquid chromatograph (LC)-Thermo Finnigan LCQ Deca XP MAX mass
spectrometer (MS) system. The operating conditions were: sheath gas flow rate: 343 arb,
auxiliary gas flow rate: 0 arb, electrospray voltage: —5 kV, capillary temperature: 270 °C,
capillary voltage: —15V, lens compensation voltage: —30 V.

2.3.2. Analysis of Sludge Activity

To assess the activity of the anaerobic microorganisms, the sludge-water mixture from
the bottom of compartments 1, 3 and 5 of the ABR were sampled and analyzed. The indexes
mixed liquid suspended solids (MLSS) and mixed liquid volatile suspended solids (MLVSS)
were measured according to the US standard methods [22], and the sludge activity (SA) is
calculated by Equation (1):

SA = MLVSS/MLSS. 1)

2.4. Support Vector Regression (SVR)
2.4.1. Principle of SVR Algorithm

For a training set {(x;,y;)}\_;, where x; denotes the feature vector, y; denotes the
response vector and 7 is the number of training data points, the purpose of SVR is to
find a function f(x) to forecast the response with an error &, which can be expressed as
Equation (2):

fx) = wd(x) +b @)
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where w and b are the weight vector and the bias, respectively, and ¢(x) is a non-linear
transformation to a high dimensional space. w and b can be estimated by solving the
standard SVR function: .
. T n

wriugré*iw w+c Zi:l (i +¢) 3)
subject to wl @ (x) + b —y; < e+ & and y; — w! @(x) — b < € + ¢}, where c is a constant
that regulates the model complexity and training error, and §; and ¢; are the non-negative
slack variables. Then Equation (1) can be transformed to Equation (4),

n

flx) =) (=i +af)K(x;,x)) + b 4)

where «; and « are the Lagrange multipliers, and K(x;,x;) is the kernel function in the
feature space to replace the scalar product. The commonly used types of kernel func-
tions include linear kernel function: K (x,',xj) = (xl-,x/-); polynomial kernel function:

K(xi,xj) = (7(xi, %)) + C)d, where 7y > 0, C is a constant and d is the polynomial degree;

Gaussian radial basis function (RBF) kernel function: K (xi,x]') = ¢l _x/'HZ, where 7 > 0;
and sigmoid kernel function: K (x;, x;) = tanh(7y(x;,x;) + C), where 7 > 0 and C is a con-
stant. For non-linear kernel functions, the parameter y determines the amplitude of the
kernel [23].

In addition to the above so-called e-SVR algorithm by Equation (3), there is another
type of regression, named as v-SVR, in which a parameter v is used to control the number
of support vectors [24], which solves Equation (5):

o1 1
w,g}jl,?*,eEWTw + C("e +o )i (@it C?)) ®)

2.4.2. Application of SVR with LibSVM

In this study, Matlab R2018a software (MathWorks Inc., USA) was used to compile
and configure the downloaded and decompressed LibSVM library [25]. According to the
grey correlation analysis results of Qi et al. [21], the COD removal rate was closely related
to the flow rate, OLR, water temperature and influent SS. To establish the regression model
in this study, the COD removal rate was taken as the response, and flow rate, OLR, water
temperature and influent SS as the feature variables. During the operation of the reactor, a
group of data was measured every 2-3 days, and there were 57 groups of data obtained in
130 days, of which the first 80% (46 groups) was used as the training set and the last 20%
(11 groups) as the validation set.

In order to eliminate the difference of variation range among variables, the ‘mapmin-
max’ function was used to normalize the response and the feature variables in Matlab. SVR
type was set as e-SVR or v-SVR, and the kernel function types used included linear, RBF
and sigmoid kernel function. The polynomial kernel function was not used because of
its huge number of iterations. In the mode of 5-fold cross validation and non-shrinking
heuristics, the grid search method was used to find the optimal ¢ and < in the nonlinear
kernel functions (this parameter does not exist in the linear SVR model); the ‘svmtrain’
function was used to train the SVR model with the training set data; the ‘svmpredict’
function was used to validate the model with the test data; and then the ‘mapminmax’
function was used for reverse normalization. Finally, the time series of both the predicted
and the measured COD removal rate were plotted in the same figure for comparison.
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2.4.3. Performance Evaluation of SVR

To evaluate the performance of the SVR model, indexes of root mean square error
(RMSE) and absolute fraction of variance (R?) were used [26], which can be calculated by
Equations (6) and (7):

noh )2
RMSE = # ©)

o Yia(vi—Y) (y/i - ?)
\/Z?—l (vi =9 Ty (yli - ?)2

where y; and y/; are the actual values (measurements) and regressed values (predictions),
and i and y/ are the average of the actual values and regressed values. RMSE is used to
measure the deviation between the predictions and the measurements, while R? reflects
the correlation closeness between them.

@)

3. Results and Discussion
3.1. Performance of the ABR
3.1.1. Variation of VFA Content in the Wastewater

VFA is the intermediate metabolite of anaerobic methane fermentation [27]. In anaero-
bic wastewater treatment, detecting the content of VFA can timely reflect the stability of
reactor operation [28]. Due to the multi-compartment structure of ABR, the nutrients in
front compartments are rich and sufficient. Acidogenic bacteria can use organic matter
to produce more VFA, which can be used by methanogens in subsequent compartments
to produce methane through interspecies hydrogen transfer or direct interspecies elec-
tron transfer [29]. In anaerobic reactions, the variation of VFA depends on the change of
production and consumption in the whole process, that is, effluent VFA = influent VFA +
VFA generated in the reactor-VFA degraded in the reactor. The influent and effluent VFA
concentration and ratio of VFA to COD in mass concentration during the 130-day operation
of the ABR is shown in Figure 2a,b, respectively. In the first 43 days after the startup, the
variation range of influent VFA was about 2.5-4.0 mmol/L, with an average value of about
3.3 mmol/L; the variation range of effluent VFA was 2.6-4.2 mmol/L, with an average
value of about 3.5 mmol/L, slightly higher than that of influent. This result shows that
only a small amount of VFA was accumulated in the reactor because the newly inoculated
activated sludge had not adapted to the wastewater at the initial stage of startup, and
the acid production effect was not significant. With the gradual activation of acidogenic
bacteria, the production and accumulation of VFA in the reactor was accelerated. During
the 46-78 days of ABR operation, the average VFA was increased from 3.1 mmol/L in the
influent to 3.6 mmol/L in the effluent. For the 100 days operation since the start-up, the
ratio of VFA to COD changed from 0.12-0.29 in the influent to 0.17-0.42 in the effluent, with
an average increase of 0.06. The variation range of the ratio was lower than those achieved
by a sequencing batch reactor (SBR) at a much longer HRT of 5 days [30], as well as an
anaerobic membrane bioreactor (AnMBR) treating low strength wastewater [31]. When the
reactor ran to days 97-130, the influent VFA range of ABR became 1.9-3.4 mmol/L, with an
average value of about 2.8 mmol/L, and the effluent VFA range was 1.1-2.3 mmol/L, with
an average of about 1.7 mmol/L, a decrease of 1.73 mmol/L. The ratio of VFA to COD after
day 111 also displayed an average decrease of 0.03 from the influent to the effluent. This
remarkable reduction was because methanogens in the ABR had played a leading role and
consumed more and more VFA, such as the acetic acid [27].
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Figure 2. Variation of the (a) VFA concentration and (b) ratio of VFA to COD in the influent and
effluent wastewater during the ABR operation period.

3.1.2. Variation of Alkalinity and pH of the Wastewater

Alkalinity in an anaerobic system mainly comes from bicarbonate, which can reflect
the reactor operation performance and is used to evaluate the buffer capacity of the system;
an appropriate alkalinity avoids sharp decline of pH value in the reactor caused by the
massively generated VFA [32]. The change of influent and effluent alkalinity during the
ABR operation period is shown in Figure 3a. It can be seen that the range of influent
alkalinity from day 1 to 83 was 466-902 mg/L, with an average value of 667 mg/L; the
effluent alkalinity ranged from 620-1111 mg/L, with an average of 920 mg/L. This rise
was because in the anaerobic reaction system, the sulfate reducing bacteria used organic
matter and hydrogen as part of energy and electron donors to reduce the sulfate in the
wastewater to sulfur ions, which significantly increased the alkalinity [33]; in addition, the
nitrogen-containing organic compounds, such as proteins were biodegraded to ammonia
and amines, which also improved the alkalinity. After day 85, the difference between
influent and effluent alkalinity became insignificant, mainly due to the weakening of
sulfate reduction activity compared with previous days [21].
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Figure 3. Variation of the alkalinity and pH of the influent and effluent wastewater during the ABR
operation period. (a) shows the variation of alkalinity in the influent, Compartment 3 and effluent;
(b) shows the variation of alkalinity in the influent and effluent.

pH is another important parameter to maintain the stable operation of reactor, which
changes the activity of microorganisms by affecting the activity of enzymes [34]. The suit-
able pH for acidogenic bacteria is 5.5-8.5, while that for methanogens is 6.5-8.2 [35]. When
the pH of an anaerobic reactor drops below 5.0, methanogens cannot metabolize normally
and acid production will also be inhibited. Even if the pH is returned to neutral, it is
difficult to restore the normal operation of the reactor; moreover, the alkaline environment
also helps to promote the production of VFA [36], so the anaerobic system should remain
slightly alkaline or neutral [37]. The change of influent and effluent alkalinity during the
ABR operation is shown in Figure 3b. During the whole operation period, the variation
range of influent pH was 6.4-9.6, while that of effluent pH was 6.6-8.8. Because some conju-
gate acid-base pairs existed in the anaerobic system, such as NH;*/NHj, H,CO3;/HCO3 ™,
HCO;~ /CO3%7, etc., the reactor behaved as an acid-base buffer. Therefore, the ABR could
narrow the fluctuation range of wastewater pH, so as to provide a relatively stable pH
environment for subsequent aerobic biological treatment. It should be noted that after
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the reactor ran to day 99, the influent pH became significantly lower than that in the
early stage. At this time, the effluent VFA concentration became significantly lower than
that in the influent (see Figure 2), but the effluent pH range did not change significantly
compared with that in the influent, indicating that the reactor maintained a good state of
acid-base balance.

3.1.3. Variation of Colority of the Wastewater

The colority of printing and dyeing wastewater mainly comes from the dye molecules
dissolved in it. Through a series of oxidation, reduction and hydrolysis activities, microbial
enzymes can destroy the unsaturated bonds and chromogenic groups of dye molecules,
degrade some dye substances and realize wastewater decolorization [38], while some dyes
are decolorized via adsorption onto microbial granules [39]. Under anaerobic conditions,
azo dye decolorization takes place through nonspecific extracellular reactions, in which
other organic compounds coexisting in the wastewater act as the main source of electron
donor for breaking down the azo bonds [40]. Figure 4 shows the variation of influent and
effluent color during the ABR operation. The influent color range was 220-341 times with
an average value of 273 times, while the effluent color range was 200-301 times, with an
average of 244 times. The average decolorization rate was 10.5%, lower than that reported
by Huang et al. [10] (56%). In order to further analyze the decolorization of anaerobic
treatment, five dye substances (acid blue, acid orange, Direct Blue 106, naphthol AS-E and
Sudan Red 1) in the influent and effluent water of the ABR on day 90 were determined by
LC-MS. It can be found that the reactor showed different removal capacities for different
dyes. The tryptophan AS-E and azo dye acid blue detected in the influent had not been
detected in the effluent, indicating a strong removal capacity of the reactor for these two
organic dyes; the removal rate of azo dyes acid orange and direct Blue 106 was 23.2% and
10.9%, respectively, but there was little removal of azo dye Sudan Red 1, probably due
to its water-insolubility [41]. Nevertheless, during the actual operation of the full-scale
wastewater treatment plant, the colority of the effluent from the subsequent aerobic process
can meet the standard, so the low colority removal rate in the anaerobic section is not a
serious problem.

400 " - r . - ;
—a— Influent
- —o— Effluent
8 /7’
g 300 |
5 3
i i
g 250 (j
2 ‘ :
5 v
200
150 : : . :

0 20 40 60 80 100 120
Operation period (d)

Figure 4. Variation of colority of the influent and effluent wastewater during the ABR operation period.

3.1.4. Variation of Sludge Activity in the ABR

In the engineering practice of wastewater treatment, the sludge activity is generally
expressed by the ratio of mixed liquid volatile suspended solids (MLVSS) over mixed
liquid suspended solids (MLSS), which indicates the proportion of active components in
the sludge. The higher the sludge activity, the stronger the pollutant degradation capacity
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of unit mass sludge [42]. Figure 5 shows the variation of sludge activity in Compartments
1, 3 and 5 during the ABR operation. It can be seen that when the reactor was started,
the sludge activity was about 0.70, and then continued to decrease, falling to 0.42, 0.49
and 0.50, respectively, in Compartments 1, 3 and 5 at day 130. The range of the sludge
activity was similar to those reported by a few studies [43,44], and the decrease was mainly
caused by the accumulation of inorganic solids in the sludge. Generally, when the inorganic
matter is deposited or suspended in the reactor, it will hinder the full contact between the
activated sludge and organic pollutants in wastewater and cause harm to the growth and
metabolism of the microorganisms. The sludge activity in Compartment 1 was always
the lowest among these compartments because the wastewater first flowed into it, where
the most inorganic solids were accumulated. When the wastewater reached subsequent
compartments, the inorganic solids in it had been intercepted and reduced. This means
that in order to maintain high sludge activity, an appropriate amount of sludge should
be discharged regularly from the reactor bottom so as to reduce the content of inorganic
components and ensure the activity of anaerobic microorganisms.

0.8 ' -
—a— Compartment 1
—o— Compartment 3

- 0.7 —— Compartment 5 |
=

2

= 0.6

Q

&

@ ) ;

= 0.5 \ 3!

().3 i L L L L L L
0 20 40 60 80 100 120

Operation period (d)

Figure 5. Variation of the sludge activity in Compartments 1, 3 and 5 during the anaerobic reactor
operation period.

3.2. SVR for the COD Removal

Since the final product of anaerobic treatment of organic wastewater is inorganic salt
or gas, the anaerobic reactor in good operation can achieve a certain COD removal rate.
Generally, a high COD removal rate achieved by the anaerobic reactor may reduce the
organic load for the subsequent aerobic treatment process and make the system operate
more effectively and economically. During the 130-day operation, the range of the COD
removal rate achieved by the ABR increased from around 10% to a maximum value of
45.1%, shown in Figure 6.

In order to predict the performance of the ABR in degrading organic pollutants, the
SVR technology was employed to relate the variation of COD removal rate to its influencing
factors. The data used for SVR is listed in Table Al. The performance of v-S5VR and e-SVR
with linear, RBF and sigmoid kernel function, including the iteration times, and RMSE
and R? for both training and validation data sets, respectively, is summarized in Table 3.
For the six combinations for training, an RMSE range of 4.05-4.27% and an R? range of
0.688-0.701 have been achieved by the SVR. For the validation, it can be found that the
v-SVR algorithm generally performs better than ¢-SVR does, indicated by a lower range
of RMSE (4.77-5.05%) and a higher range of R? (0.737-0.738) of the former. The two
algorithms do not display significant difference in their performance when using different
kernel functions.
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Figure 6. Comparison between the experimental measurements and the predictions by the SVR on

the COD removal rate during the reactor operation period. The regression mode was v-SVR with

linear kernel function in (a), and e-SVR with RBF kernel function in (b), respectively.

Table 3. Performance of v-SVR and e-SVR with three types of kernel functions on the prediction of

COD removal rate.

Training Validation
SVR Type Kernel Function Type
RMSE (%) R? RMSE (%) R?

Linear 4.05 0.701 477 0.737

v-SVR RBF 4.05 0.700 4.88 0.737
Sigmoid 4.09 0.694 5.05 0.738

Linear 4.27 0.689 6.85 0.715

e-SVR RBF 427 0.688 6.86 0.715
Sigmoid 427 0.688 6.89 0.715

Table 4 summarizes the optimized parameters used by v-SVR and e-SVR with linear,
RBF and sigmoid kernel function, respectively. The number of support vectors used by the
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e-SVR (25) is smaller than that used by the v-SVR (34), consistent with its fewer iteration
times. This indicates that when the data amount is huge, the e-SVR using fewer support
vectors may obtain a faster model training and prediction speed. Both algorithms with
linear kernel function has the lowest value of ¢ (0.22 and 0.13), which shows the highest
tolerance for error, while those with RBF kernel function have the highest ¢ (21.11 and
48.50), indicating the lowest error tolerance.

Table 4. Optimized parameters of v-SVR and e-SVR with three types of kernel functions on the
prediction of COD removal rate.

Kernel Function Number of
SVR Type Type Support Vectors v b ¢ Y
Linear 34 0.696 —0.118 022 -
v-SVR RBF 34 0696 —0384 2111  0.0052
Sigmoid 34 0702 —0.129 264 0.109
Kernel Function Number of
SVR Type Type Support Vectors € b ¢ 4
Linear 25 0214 —-0.184 0.13 -
e-SVR RBF 25 0214 —0.193 4850 0.0013
Sigmoid 25 0214 —-0.184 3.03 0.041

Figure 6 shows the predictions against the measurements of the COD removal rate
for the v-SVR with linear kernel function in (a) and e-SVR with RBF kernel function in (b),
respectively. Both predictions can capture the variation trend of the COD removal rate, but
the outputs from the former algorithm behave more closely to the actual measurements.
In general, the performance of SVR seems not as good as some reported studies on its
application to anaerobic treatment of domestic sewage [43] or synthetic wastewater [45],
which can be mainly attributed to the complex water quality of the printing and dyeing
wastewater. However, the errors caused by the SVR models and the fitting correlation are
acceptable in engineering practice.

3.3. Advantages and Limitations of This Study

One advantage of this study is that a pilot-scale anaerobic reactor equipped with
packing was employed to treat the printing and dyeing wastewater collected from a real
wastewater treatment plant, with long-term operation and monitoring. Furthermore, the
advanced and powerful artificial intelligence machine learning algorithm-support vector
machine is used to establish the regression model, which enables the prediction of the
reactor performance.

One limitation of this study is that the effect of the change of weather conditions was
unknown. The results were obtained when the water temperature naturally increased with
the warming of the weather, but if the reactor was started in the season of temperature de-
cline, the operation results might differ. In addition, this study focused on the performance
of the reactor in degrading organic pollutants, while the biogas was not analyzed in detail,
which is another limitation.

4. Conclusions

A pilot-scale anaerobic baffled reactor with packing was constructed to treat the
printing and dyeing wastewater from the coagulation sedimentation tank of a wastewater
treatment plant. The reactor was operated for 130 days, and the performance was monitored.
The alkalinity of the wastewater increased at the early stage of operation, mainly due to
the reduction of sulfate and the degradation of nitrogen-containing organic compounds;
after 97 days of operation, both the VFA content and the ratio of VFA to COD in the
wastewater decreased, indicating the activity of methanogens. At an HRT of 12 h and an
OLR of 2.0-2.5 kg COD/(m3-d), the reactor stabilized the pH fluctuation of wastewater
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and achieved an average colority removal rate of 10.5%, eliminated tryptophan AS-E
and azo dye acid blue, as well as reduced azo dyes acid orange and direct Blue 106,
which is conducive to subsequent aerobic treatment. The accumulation of inorganic solids
in wastewater led to the decline of sludge activity, indicating that a proper amount of
sludge should be discharged regularly from the reactor. On the whole, the reactor system
maintained stable operation and showed satisfactory degradation effect on the printing and
dyeing wastewater. The support vector regression technology demonstrates its ability in
relating the reactor performance to its influencing factors. The algorithm of v-SVR achieves
an RMSE range of 4.77-5.05% and an R? range of 0.737-0.738 for the validation data set
of COD removal rate, which can satisfy the need of practical engineering prediction in
wastewater treatment.
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Appendix A

Table A1l. Data used for SVR.

Operation  Influent COD  Effluent COD  Water Temperature Flow Rate VLR Influent SS
Period (d) (mg/L) (mg/L) °C) (m3/d) (kg COD/(m3-d)) (mg/L)
1 1125 970 15.6 7.2 0.45 120.5
3 1188 1043 16.7 7.3 0.48 115.0
5 1236 973 17.4 74 0.51 234.2
7 1164 982 16.3 7.6 0.49 166.2
9 1085 899 17.8 7.8 0.47 270.8
11 1311 1090 17.8 8.1 0.59 257.6
14 1263 1104 18.8 8.6 0.60 212.2
16 1231 1131 23.7 8.6 0.59 203.9
18 1090 864 243 114 0.69 266.0
21 1072 973 21.8 10.6 0.63 143.0
23 1012 858 20.8 11.0 0.62 133.9
25 936 832 23.8 10.6 0.55 188.4
28 809 629 22.8 13.8 0.62 237.0
30 936 722 20.9 13.3 0.69 336.5
32 970 856 209 11.0 0.59 190.3
35 989 865 21.5 11.1 0.61 210.3
37 963 804 224 11.8 0.63 210.3
39 977 760 23.6 12.9 0.70 184.3
42 925 697 244 144 0.74 253.3
44 905 795 24.0 13.7 0.69 139.6
46 911 761 23.8 14.0 0.71 201.3
49 817 697 241 13.9 0.63 228.6
51 891 744 25.0 14.6 0.72 206.6
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Table Al. Cont.

Operation  Influent COD  Effluent COD  Water Temperature Flow Rate VLR Influent SS

Period (d) (mg/L) (mg/L) Q) (m3/d) (kg COD/(m3-d)) (mg/L)
53 875 687 24.5 16.9 0.82 209.4
56 1040 830 26.4 16.3 0.94 251.6
58 962 737 27.8 18.2 0.97 273.7
60 887 692 26.8 179 0.88 192.8
63 767 605 28.0 20.2 0.86 208.9
65 833 682 29.9 21.6 1.00 146.0
67 828 659 31.4 229 1.05 368.8
70 772 659 329 23.8 1.02 162.8
72 1313 1019 32.1 24.0 1.75 374.9
74 1004 708 314 244 1.36 395.3
77 1163 714 30.9 24.0 1.55 4155
79 1134 764 324 314 1.98 364.5
81 974 736 329 33.8 1.83 335.9
84 1146 847 32.0 344 2.19 368.7
86 827 674 31.9 33.3 1.53 230.3
88 867 723 32.2 32.2 1.55 219.0
91 844 601 33.0 35.4 1.66 367.8
93 854 634 31.9 344 1.63 223.3
95 1004 691 329 35.3 1.97 229.5
97 1045 685 33.4 35.5 2.06 302.8
100 1002 779 34.0 32.3 1.80 213.9
102 918 662 33.0 30.6 1.56 267.2
105 1270 737 34.0 34.7 245 359.2
107 1317 723 34.9 34.7 2.54 481.5
109 1322 773 35.0 34.1 2.50 461.3
112 1346 781 36.5 30.9 2.31 464.6
114 1315 790 35.8 30.5 2.23 420.2
116 1316 928 35.4 30.2 2.21 405.1
119 1279 905 35.2 30.8 2.19 304.3
121 1272 840 35.8 324 2.29 347.3
123 1313 761 36.2 33.6 2.45 399.0
126 1165 774 35.8 31.1 2.01 328.5
128 1191 794 36.1 30.2 2.00 349.2
130 1140 820 36.0 36.0 2.28 299.6
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