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ABSTRACT

Environmental factors affecting the degradation efficiency of paper and pulp mill
wastewater were identified and optimized in this study. An attempt has been made to
design the thickening area of the secondary clarifier for paper and pulp mill wastewater to
ensure critical loading condition by considering the initial concentration of mixed liquor
suspended solids, recycling ratio, desired underflow concentration, and mean cell residence
time. Natural coagulants, coagulant dose, and coagulant aid dose used in the coagula-
tion_flocculation process were optimized using the design of experiment approach for
turbidity and chemical oxygen demand reduction. Operational charts were developed for
parameter adjustments in steady state process control.

Keywords: Paper and pulp mill; Secondary clarifier; Grey relational analysis; Bioremediation;
Coagulation_flocculation; Physiochemical parameters; ANN; Operational diagram

1. Introduction

Pulp and paper mill effluent contains a large
amount of organic matter which is a source of food
for microorganisms. Wastewater treatment plants
(WWTPs) based on the activated sludge process are
subjected to transient operating conditions. The
effective settling of activated sludge from the treated
mixed liquor is mainly dependent on the ability of
the activated sludge to form flocs. The activated
sludge must be settled and separated from the
treated water before it is discharged into any receiv-
ing water body. The activated sludge process is
commonly used for secondary biological treatment
to achieve very high efficiency of removal of
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biochemical oxygen demand (BOD) and chemical
oxygen demand (COD).

The function of a clarifier is to thicken the solids
and return them to the aeration process. When this
does not happen, the biological mass in the aeration
basin ultimately decreases during the activated
sludge process. Thus, the functions of the biological
process and that of the secondary settling tank influ-
ence each other and the design of one cannot be
undertaken independently of the other. Failure in
either of these two unit processes causes failure of
design objectives.

1.1. Background and motivation

With an emphasis on sustainable wastewater
treatment all over the world, many industries are keen
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on pursuing methods that can be cost-effective and
provide sustainable, long-term solutions for the
treatment of wastewater [1]. Paper and pulp mills are
sources of major pollution as they generate and
release huge amounts of intensely colored effluents
into the receiving end. Hence, paper industries are
keenly exploring bioremediation as an important route
to clean up wastewater [2,3]. Bioremediation uses
naturally occurring microorganisms and other aspects
of the natural environment to rid wastewater of its
pollutants [4,5]. Such an approach provides an eco-
nomical and environmentally sustainable way to treat
wastewater. However, control measures are necessary
to counter the colonization of microorganisms in
paper mills, especially when white-water systems are
being closed to reduce water consumption [6].
Efficient performance of a biological treatment unit
depends on developing a suitable mixed culture of
microorganisms in the aeration tank, by maintaining
appropriate environmental conditions in the system.
This study describes the interaction between the
aerator and the secondary clarifier for the efficient
functioning of an activated sludge system for treating
paper and pulp mill wastewater. Coagulation_
flocculation studies were conducted using natural
coagulants to reduce the pollution load in aeration
tank. With the optimal combination of microorganisms
and optimized environmental parameters, settling
studies were conducted at stationary phase to design
the secondary clarifier of the WWTP.

2. Related work

Most soluble components from wood and recycled
paper are biodegradable; therefore, biological treat-
ment can efficiently reduce nutrients such as phospho-
rus, nitrogen, and multivalent metal ions [7].
Microbial species play a significant role in bio-oxida-
tion and subsequent clarification in an activated
sludge process. Microorganisms, such as bacteria,
fungi, protozoa, and rotifers, exist in the activated
sludge reaction vessel and clarifier as flocs. Microor-
ganisms have developed a number of mechanisms
enabling them to survive rather long periods without
external substrates, some of which are still unknown
[8]. Lerner et al. conducted experiments on aerobic
and anaerobic versus aerobic bio-treatment of paper
mill wastewater [9]. They compared the results from a
full-scale activated sludge treatment (AST) system
working as the only bio-treatment with those from an
AST working with anaerobic pretreatment by up-flow
anaerobic sludge blanket. Their findings indicate that
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the anaerobic process, followed by AST, considerably
reduced electrical and chemical consumption as well
as the operational cost in the biological treatment
plant. Much research has been done on natural coagu-
lants such as cactus (Cactaceous opuntia) by Zhang
et al. [10], Moringa oleifera by Ndabigengesere et al.
[11], and Ipomoea dasysperma seed gum by Sanghi et al.
[12]. Numerous studies have shown that M. oleifera
seeds possess effective coagulation properties [13] and
are not toxic to humans or animals. Chitosan is a
natural cationic polyelectrolyte, a suitable coagulant
for the treatment of industrial wastewater because it is
safe and has no environmental impact. It has been
used to treat olive oil wastewater [14] and pulp and
paper wastewater [15].

This study focused on treating paper and pulp mill
wastewater to bring down the pollution load by
applying the above-mentioned techniques and
methodologies. The study was planned in such a way
that the operational parameters were optimized in
each stage of the treatment process to ensure cost-
effective functioning of the WWTP and so that its
treatment efficiency could be more reliable. Empirical
models were developed using the experimental data
to optimize the operational parameters, and the results
were validated using various optimization techniques
such as response surface methodology (RSM) [16],
artificial neural network (ANN) [17], and grey theory-
based Taguchi method [18]. Using these models, plant
operators will be able to assess the performance of
paper and pulp effluent treatment.

3. Research approach

A brief overview of the methodology employed in
this study is shown in Fig. 1. Phase-I shows the exist-
ing primary treatment practice in the paper and pulp
mill, which is the subject of this study. Phase-II
portrays the proposed optimization techniques for
treating the paper and pulp mill wastewater to
minimize the pollution load and maximize the effi-
ciency of subsequent stages of treatment. Some of the
processing needs in most WWTPs include improved
performance as well as the minimization of opera-
tional costs and environmental impact while adhering
to stringent standards for the process effluents.
Optimization of every stage of the WWTP demands
systematic investigation of each stage and the deter-
mination of control strategies [19] that will lead to
minimization of multiple objective criteria.

This study was executed by employing the
methodology mentioned below:
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Fig. 1. Schematic diagram of research methodology.

(1) Identifying the microorganisms present in
paper and pulp mill effluent using biochemical
methods.

(2) Evaluating the effects of environmental factors
such as temperature, pH, and incubation
period on microbial survival and on physico-
chemical parameters.

(3) Identifying optimal conditions for the use of
natural coagulants in the coagulation_flocculation
processes for the removal of COD, total dissolved
solids (TDS), and turbidity via the grey-based
Taguchi method, thereby reducing the pollution
load to the aeration tank.

(4) Conducting column settling studies to design a
secondary clarifier area and modeling the clarifier
area using ANN.

(5) Determining bio-kinetic coefficients on a
laboratory scale in a continuous flow stirred tank
reactor to develop an operational chart for the
secondary clarification of activated sludge based
on the solids flux theory using ANN.

3.1. Materials and methods

The effluent was obtained from a South India-
based Integrated Pulp and Paper company. The paper
pulp effluents from the outlet of the primary settling
tank were wused for the investigation. Samples
were collected using sterile plastic containers and
transported to the research laboratory within 4 h. The

effluent was stored at 4°C until required. All the
testing was performed according to standard
microbiological methods for the examination of water
and wastewater [20]. The shake flask method was
used to evaluate the treatment efficiency of individual
isolates and also of combinations of isolates.

3.1.1. Enumeration of bacteria

One milliliter of the raw effluent was added to
99 mL of sterile distilled water (107" L). The sample
was serially diluted 107'-107° times using sterile
pipettes. Nutrient agar medium containing peptone
(5g/L), yeast extract (1.5g/L), sodium chloride
(5 g/L), and agar (15 g/L) was sterilized before use for
the enumeration of bacteria. The serially diluted sam-
ples (107° and 10~°) were plated on nutrient agar plates,
and the plates were incubated at 37°C for 24 h to obtain
pure cultures (Fig. 2). The serially diluted effluent was

Fig. 2. Enumeration of bacteria (107> and 10~ dilution).
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found to contain 130 x 10~ colony-forming units
(CFU)/mL and 12 x 10~® CFU/mL of bacteria.

3.1.2. Enumeration of fungi

Potato dextrose agar medium containing potato
(200 g), dextrose (20 g), agar (15 g), and distilled water
(1,000 mL) at pH 5.6 was sterilized before use. The
serially diluted samples (10> and 107°) were plated
on potato dextrose agar plates, and the plates were
incubated at room temperature for 3-5d (Fig. 3). The
serially diluted effluent was found to contain 3 x 107
and 2 x 107 CFU/mL of fungi.

3.2. Isolation and identification of organisms

The larger colonies appearing after the preliminary
isolation were sub-cultured and subjected to identifica-
tion. Five different organisms with different colony
morphology were isolated by streaking on nutrient
agar plates. The organisms were purified by repeated
streaking on nutrient agar plates. Organisms were
identified based on colony morphology, microscopic

Fig. 3. Enumeration of fungi (107 and 107 dilution).

Table 1
Treatment efficiency of individual bacteria
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observation, and confirmation tests. Gram staining
was performed to distinguish between gram-positive
and gram-negative bacteria under the microscope.

3.2.1. Microbial treatment of effluent

Raw effluent was treated with the isolated bacteria
and fungi. Treatment efficiency was validated by
calculating percent reduction of the physiochemical
parameters. Table 1 gives the treatment efficiency of
the five isolates; isolates of Klebsiella sp. and Proteus
sp. were excluded from further study as their percent
reduction of parameters were low compared to the
other three isolates.

3.2.2. Combinations of microorganisms to improve
treatment efficiency

To improve the efficiency of the bacterial treat-
ment, the three isolates that were found to be good
degraders were combined in different ways, as shown
in Table 2, and a validation test was performed based
on the same physiochemical parameters. It is evident
from Table 2 that combinations 2 and 4 were found to
be efficient when compared to other combinations;
hence, they were used for further study.

Combination 1: Pseudomonas alkaligenes + Bacillus
pumilus.

Combination 2: P. alkaligenes + Bacillus subtilis.
Combination 3: B. pumilus + B. subtilis.
Combination 4: P. alkaligenes + B. pumilus + B.
subtilis.

Trichoderma reesei was found to be efficient in the
treatment of paper mill effluent [21]. Hence, the

% Reduction

Parameters studied Pseudomonas alkaligenes Bacillus pumilus Bacillus subtilis Klebsiella sp. Proteus sp.
pH 7.3 7.5 7.5 7.1 7.8

TDS 11 12 12 0 11

TSS 58 60 59 35 20

BOD 92 79 85 60 55

COD 77 69 72 65 50
Hardness 40 58 47 23 0
Chlorides 36 32 29 11 11

Floc size 1 mm 2 mm 1.3 mm 0 0

Notes: pH*—not in percentage; 0*—no floc formation.
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Treatment efficiency of different combinations of microorganisms

% Reduction

Parameters studied Combination: 1

Combination: 2

Combination: 3 Combination: 4

pH 7.3 7.3
TDS 11 12
TSS 49 58
BOD 77 98
COD 59 77
Hardness 39 45
Chlorides 36 36
Floc size 0 1.2 mm

8 7.7
0 11
42 49
69 62
66 69
40 40
36 36
0 1.1 mm

Notes: pH*—not in percentage; 0*—no floc formation.

efficient bacterial combination 2 (P. alkaligenes + B.
subtilis), combination 4 (P. alkaligenes + B. pumilus + B.
subtilis), and T. reesei were combined to enhance the
treatment efficiency even further. It is evident from
Table 3 that combination 2+ T. reesei was more
efficient than combination 4 + T. reesei, and the
derived consortia were used for the validation and the
standardization of process parameters.

3.3. Effects of temperature and pH on physicochemical
parameter reduction

The characterization of paper mill effluent and
culture preparation of the sample effluent was carried
out as discussed in the preceding Sections 3.1 and 3.2.
Among the identified microorganisms, two bacterial
strains and one fungal strain were found to be more
efficient during the preliminary study; therefore,
further investigations were continued with these
three microorganisms only. The identified bacteria
(Pseudomonas, Bacillus types) and fungal colonies

Table 3
Treatment of effluent using the bacterial and fungal isolates

(Trichoderma) were used to determine the efficiency of
degradation of the paper and pulp mill effluent under
various temperature and pH conditions. Degradation
studies were performed in paper and pulp mill
effluent in batch shake flasks in an orbital shaker at
100 rpm.

The study was performed in two phases as
described by Saraswathi and Saseetharan [22]. The
impact of temperature variation in degradation rate
was analyzed in the first phase at temperatures rang-
ing from 25 to 55°C at intervals of 10°C. In the second
phase, the effect of pH was assayed using 1 N NaOH
in a pH range of 3-9. Degradation was carried out at
25, 35, 45, and 55°C, and the optimal temperature was
established for floc permanence. Saraswathi and
Saseetharan [21] had already described the influence
of temperature on floc stability in an earlier study.
The results obtained from the central composite
design (CCD) experiments were fitted to a second-
order polynomial equation to explain the dependence
of microbial degradation on medium components.

% Reduction
Parameters studied

Combination: 2 + T. reesei

% Reduction
Combination: 4 + T. reesei

pH 7.2
TDS 22
TSS 59
BOD 99
COD 85
Hardness 56
Chlorides 40
Floc size 1.7 mm

6.9
12
52
82
72
40
36
1.2 mm

Note: pH —not in percentage.
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Statistical analysis proved that the interaction effects
between pH and temperature, pH and time (P % 0.9)
for TDS and BOD; and temperature and time (P % 0.7)
for BOD, COD, and chlorides were found to be signifi-
cant. The significance of these interaction effects
between the variables would have been lost if the
experiments were carried out by conventional meth-
ods. A mathematical model using MINITAB 14
software was used in the above study to generate the
optimal values for the above three variables. The
model-predicted values for the rate of decrease in
physiochemical parameters from the experimental
study were found to be 5.37% TDS, 45.37% TSS,
73.87% BOD, 63.98% COD, 32.59% hardness, 17.59%
chlorides, and floc size of 1.16 mm, which is nearly
75% of the degradation seen under optimized condi-
tions. Optimization results from RSM show that a
more marked decrease in physiochemical parameters
can be achieved with some modification in the
physical parameters (pH, temperature, and incubation
period), thus enhancing degradation as well.

3.4. Coagulation_flocculation process

Coagulation is the most widely used process in
wastewater treatment and is usually achieved through
the addition of inorganic coagulants, such as alu-
minium or iron-based salts, and/or synthetic organic
polymers commonly known as polyelectrolytes [23].
Coagulation involves the precipitation of flocs that
adsorb and remove pollutants. This method is used
for the removal of metals, treatment of toxic wastes,
removal of turbidity and suspended solids, and the
control of color. Thus, it is economical and enhances
the effectiveness of subsequent treatments [24]. This
experimental study explored the optimal conditions of
the coagulation_flocculation process in paper mill
wastewater treatment by employing the Taguchi
method and grey relational analysis (GRA) by
Saraswathi and Saseetharan [18]. Coagulation_floccula-
tion experiments were carried out in a jar test appara-
tus (OSK—Japan). After thorough mixing, the
wastewater was allowed to settle for 2h and the
supernatant was collected and transferred to a clean
container. Precise dosages of coagulants, including M.
oleifera, Vicia faba, Bentonitic clay, Pisum sativum, and
of coagulant aids including calcium carbonate, ferric
chloride, aluminium sulfate, ammonium sulfate, were
added to 1,000-mL jars containing paper and pulp mill
wastewater with specific pH values. A series of jar
tests were carried out by rapid mixing followed by
slow mixing. The rapid mixing was carried out at
100 rpm for 3 min followed by slow mixing at 30 rpm
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for 25 min. Finally, the aggregated particles were
allowed to settle for 30 min after coagulation_
flocculation. The resulting supernatants were used for
the measurement of the remaining COD, TSS, TDS,
and turbidity.

GRA based on Taguchi method was used to evalu-
ate the feasibility of using coagulation_flocculation
process in paper and pulp mill wastewater treatment.
Optimal coagulation_flocculation process parameters
have been determined by grey relational grade (GRG)
for multi-performance characteristics (COD, TDS, and
turbidity). From the response table of average GRG
values, the following parameters showed maximum
GRG values for: coagulant aid dose, 120 ppm;
coagulant aid type, Al(SO4)s; pH 9; coagulant dose,
500 ppm; and coagulant type, V. faba. These are the
recommended levels of controllable process parame-
ters when larger COD and TDS values as well as lower
turbidity levels are simultaneously attained. ANOVA
of GRG for multi-performance characteristics revealed
that the coagulant aid dose is the most significant
parameter. Based on the confirmation test, improve-
ments in performance characteristics were as follows:
COD removal is 8.2%, TDS removal is 6.35%, and
turbidity removal is 26.1%. Thus, performance charac-
teristics of coagulation_flocculation process parameters
are simultaneously improved using GRA. This study
was performed to bring down the pollution load in the
effluent being fed to the aeration tank.

4. Design of secondary clarifier

The secondary settling tank plays a very crucial
role in achieving very strict effluent standards of
wastewater treatment plants. The principal function of
secondary settling tanks is to separate the activated
sludge from the biologically treated wastewater. The
loading capacity of an activated sludge plant is deter-
mined substantially by the concentration of suspended
solids in the activated sludge and the volume of the
aeration tank. The concentration of suspended solids
depends essentially on the functional capacity of the
secondary settling tanks with fluctuating hydraulic
feeding, sludge volume index, sludge removal as well
as the return sludge ratio and waste sludge removal.

4.1. Experimental system

Experiments were carried out in a bench scale
reactor. Two air pumps with normal air flow rates
were used for air supply. The air pump was
connected with four stone diffusers and a horizontal
diffuser for complete aeration to keep the contents of
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the reactor in a completely mixed regimen. A glass
heater (Amazon, 220 V, temperature range 20-50 “C)
was used to maintain the temperature in the reactor.
A glass settling column of 600 mm height and
225 mm diameter was used for settling studies.
Settling studies were conducted in stationary phase
for mean cell residence times (6. of 5, 7, 9, 11, and
13 d.

4.1.1. Activated sludge preparation

Dilution experiments were carried out for paper
and pulp mill sludge by running a batch scale reactor
in stationary phase. The reactor was filled with 20 L of
the effluent (primary outlet), 5% of the activated
sludge seeding, and 5% of the inoculum containing
isolates of Bacillus subtilus, P. alkaligenes, and T. reesei
isolated from the sludge seeding. Factors such as pH
and temperature were optimized for these microbes
by conducting laboratory-scale experiments. The
microbes showed effective reduction in parameters
such as hardness, chlorides, COD, BOD, and TDS at
35 °C and pH 7. Temperature stabilization was done
using the glass heater, and pH stabilization was done
manually using 0.1 N HCl and 0.1 N NaOH. The
mixture was aerated continuously using a diffused
aeration system to keep the mixture in a completely
mixed state and to supply oxygen to the aerobic bac-
teria. The units were operated with 6. ranging from 5
to 13d in the stationary phase of microbial growth
after the acclimatization and stabilization period. The
daily loading rate was based on food to microorgan-
ism ratio (F/M) of 0.25kg BOD/kg mixed liquor
volatile suspended solids (MLVSS) for the stationary
phase [25,26]. From the time of inoculation of the
microbes into the system, parameters like COD, hard-
ness, chlorides, pH, and TDS were monitored for
every 24 h until steady state was reached. Microbial
counting was done by serial dilution and spread
plating methods to estimate microbial growth with
respect to the availability of substrates (organic/
inorganic content) in the effluent.

4.2. Performing settling studies

Settling studies were conducted for mixed liquor
suspended solids (MLSS) from 2 to 8 g/L with an
increment of 1g/L and from 8 to 20 g/L with an
increment of 2 g/L for mean cell residence times (6.)
of 5,7,9,11, and 13 d. The desired 6. was maintained
by wasting a portion of mixed liquor (6.=V/Q.)
from the reactor manually. Interface height was moni-
tored for 90 min. Fig. 4 shows the settling curve for
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Fig. 4. Settling curve for 6. =5 d.

0.=5d for different MLSS levels. Similar settling
curves for different MLSS and 6. values were devel-
oped in stationary phase for 6.=7, 9, 11, and 13 d.
Through experience, operators of conventional
activated sludge reactors have found that 6. should lie
between 3 and 14 d in order to produce a biological
floc that can be handled easily. The settling
characteristics of activated sludge depend upon the
physiological state of the organisms present, which is
controlled by regulating the MCRT.

4.3. Zone settling velocity

Interface height versus time is a linear function.
Zone settling velocity associated with a particular con-
centration can be determined as the slope of the linear
part of the settling curve [26]. Zone settling curves for
0.=5 7,9, 11, 13d are shown in Fig. 5. It was
observed that the zone settling velocity increases with
increase in 0. and decreases with an increase in MLSS
concentration. This is because at higher MLSS concen-
trations, the likelihood for particles to approach each
other is higher due to which the inter-particle forces
are higher, thus decreasing the rate of settling of the
sludge particle by Chen et al. [27]. Dupont and Henze
[28] reported that the settling velocity in a zone
settling model is assumed to depend on the gravity
forces acting on the particles and on the inter-particle
forces only. This means that the settling velocity
decreases downwards through the clarifier with
increasing sludge concentration. Sludge age values
would result in high removal efficiencies. Operation
with high sludge age renders the system capable of
assimilating shock loads without affecting sludge
settleability [25].
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Fig. 5. Zone settling curve.

4.4. Solid flux analysis

Solids flux is defined as the mass of sludge solids
passing through a unit horizontal area in a unit time.
The area required for thickening of the applied mixed
liquor depends on the limiting solids flux that can be
transported to the bottom of the sedimentation tank.
As the solids flux varies with the characteristics of the
sludge, column settling tests should be conducted
to determine the relationship between the sludge
concentration and the settling rate. As the sludge
concentration usually has to pass through the critical
concentration which defines maximal solid loading,
the design of the secondary settling tank is based
essentially on the estimation of the required area for
that value of the limiting flux, G.. Gravity flux curves
were developed for 6.=5, 7, 9. 11, 13 d at stationary
phase (Fig. 6).

The equations derived from material balance were
used for calculating Cy and A/Q for any values of C,,
Gr, R. Table 4 shows the calculated values of A/Q
and C, at different recycle ratios for 6. =5. Similarly,
the values for A/Q and C, at different recycle ratios
for 6.=7, 9, 11, 13 were obtained from experiential
studies.

The following inferences were drawn from the
settling studies:

When 6. increases, the surface charge on microbial
cells is reduced as the zone settling velocity increases.
The microorganisms start to produce extracellular
enzymes and eventually become encapsulated in a
slimy layer. Formation of this slimy layer promotes
floc formation and enhances the rate of gravity
settling. Fig. 6 shows the effect of mean cell residence
time on the settling nature of activated sludge
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Fig. 6. Gravity solid flux curves.

suspensions. The fitted curves obtained for the effects
of sludge age on zone settling velocity show that
greater sludge age resulted in higher removal efficien-
cies. When zone settling velocity increases with
increase in mean cell residence time, the limiting solid
flux also increases. This in turn reduces the value of
A/Q and the surface area requirement of the
secondary clarifier. Moreover, waste is completely
mineralized at longer 6.

5. Performance evaluation of ETP using ANN model

Neural networks (NNs) have been widely used for
complex processes that are poorly described by first
principle models, such as wastewater biological treat-
ment systems. In recent years, NNs have been success-
fully applied to various biochemical processes [29,30].
They have a distinct ability to model nonlinear
dynamic systems without requiring a structural
knowledge of the process to be modelled. NNs can
map a set of input patterns onto a corresponding set
of output patterns on the basis of historical data. In
this section, an artificial NN (ANN)-based predictive
model has been proposed to assess the performance of
paper and pulp effluent treatment plants. In this
study, recirculation ratio (R), underflow concentration
(Cy, g/L), and limiting solid flux (G, kg/m” h) were
selected as input variables. Area of secondary clarifier
required per unit flow (A/Q) was selected as the out-
put variable.

There are two important stages in ANN-based
model development: The first stage is training the
model and the second stage is testing of the trained
model. Training of an ANN requires input data,
namely R, C,, and G. The parameters R, C,, Cp, and
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Table 4
A/Q values for 6. =5d
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Recycle ratio

Ca (g/L) Gy, (kg/m? h) Description 0.25 0.40 0.55 0.70 0.85 1.00
10 20.7 Co 2 29 35 41 46 5
A/Q 0.121 0.193 0.265 0.338 041 0.483
11 11.65 Co 22 3.19 3.85 451 5.06 55
A/Q 0.236 0377 0519 0.66 0.802 0.944
12 6.7 Co 24 348 42 492 5.52 6
A/Q 05 0.716 0.985 127 1.52 1.79
13 4.65 Co 26 3.77 455 533 5.98 6.5
A/Q 0.698 1.18 1.537 1.95 237 2.79
14 3.9 Co 2.8 4.06 49 5.74 6.4 7
A/Q 0.897 1.435 1.97 251 3.05 35
15 32 Co 3 435 5.5 6.15 6.9 7.5
A/Q 117 1.875 2578 3.8 3.98 4.68
16 28 Co 3.2 4.64 5.6 6.56 7.36 8
A/Q 143 2.285 3.14 4 485 5.71
17 25 Co 34 493 5.95 6.97 7.82 8.5
A/Q 17 2.72 3.74 476 5.78 6.8
18 24 Co 3.6 5.22 6.3 7.38 8.28 9
A/Q 1.87 3 4125 5.5 6.375 7.5
19 22 Co 338 551 6.65 7.79 8.74 9.5
A/Q 2.16 345 475 6.04 7.34 8.63
20 2.1 Co 4 5.8 7 8.2 9.2 10
A/Q 2.38 3.8 5.23 6.66 8.09 9.55
21 2 Co 42 6.09 7.35 8.61 9.66 105
A/Q 2.625 42 5.775 7.35 8.925 105
2 1.9 Co 44 6.38 7.7 9.02 10.12 11
A/Q 2.89 4.63 6.36 8.1 9.84 1157
23 1.85 Co 4.6 6.67 8.05 9.43 10.58 115
A/Q 3.11 497 6.837 8.7 10.56 12.43
24 1.75 Co 438 6.96 8.4 9.84 11.04 12
A/Q 343 5.48 7.52 9.6 11.65 13.71

A/Q were correlated so as to develop the model for
the thickener area of secondary settling tank. The
models were developed for various 6. (5-13 d) and R
(0.25-1.0) values. The primary goal of training is to
minimize an error function by searching for a set of
connection strengths and biases that cause the ANN
to produce outputs that are equal or close to targets.
The architecture, training method, and training rates
were determined for the model using a trial and error
approach. Training was stopped when there was no
further improvement (reduction in root mean square
error) in the forecasts obtained using an independent
test dataset. This value, which is the model-predicted
value, was compared to the correct value for the given
patterns, and the connection weights were modified to
decrease the sum of the squared error. The training
records contain sufficient patterns to allow the ANN

model to adequately mimic the underlying relation-
ships between the output and input variables. The test
records were not applied to the networks during train-
ing, but they were used to test the performance of the
trained network for its forecasting ability of output
variables after the training was completed. Repre-
sentative data for training and test data for the
developing ANN model are given in Table 5.

The training time varied between 1.8 and 22s
(Table 6). Test data were applied to the network for
each value of 6. and R. The simulation results
obtained by the ANN coincided well with the experi-
mental data. For a given value of 6. and different val-
ues of R =0.25-1.0, the feed-forward NN was trained
and the trained network was tested with the test data.
Training specifications of the ANN model for 6. =11d
and R = 0.4 are given in Fig. 7 from which it could be



N. Raggul and R. Saraswathi | Desalination and Water Treatment 57 (2016) 12518-12535 12527
Table 5
Representative data for training and testing ANN model (4. =7 d, R = 0.4)

ANN train data ANN test data

Trial No. C, Gy, Co E(A/Q) ANN (A/Q) Error Cu Gy, Co E(A/Q) ANN (A/Q) Error
1 10 291 286 0.1376 0.1375 1E-04 10.1 287 288 0.1407 0.1408 —0.0001
2 11 222 314 0.1982 0.1982 0 113 21.1 323 0.2142 0.2142 0
3 12 193 343 0.2486 0.2487 —0.0001 126 1865 3.6  0.2792 0.2792 0
4 13 172 371 0.302 0.302 0 13.8 14 3.94 0.3942 0.3943 —-1E-04
5 14 133 4 0.421 0.4211 -1E-04 141 13 4.03 0.4338 0.4338 0
6 15 104 429 0.576 0.5769 —0.0009 153 9.3 4.37 0.658 0.6581 —1E-04
7 16 81 457 0.79 0.7901 -1E-04 166 735 474 0.9034 0.9034 0
8 17 67 486 1.014 1.0149 —0.0009 178 6 5.09 1.1866 1.1867 —1E-04
9 18 59 514 122 1.2203 —0.0003 182 5.7 52 12771 1.2772 —1E-04
10 19 49 543 154 1.551 —0.011 194 455 554 1.7054 1.7055 —-1E-04
11 20 41 572 1948 1.95 —0.002 203 3.8 58  2.1368 2.1368 0
12 21 345 6 243 2.4348 —0.0048 218 28 6.23 3.1142 3.1143 —0.0001
13 22 27 629 325 3.2593 —0.0093 227 24 649 3.7833 3.7833 0
14 23 23 657 4 4 0 234 215 6.8 4427 4.4279 —0.0009
15 235 22 67 42727 4.2727 0 236 21 6.83 4.5523 4.5524 —1E-04

determined that the error was 1E-5 and the training
data required 139 epochs. Results were similarly
obtained for the remaining ANN data.

The epochs required for the trained feed-forward
network varied between 100 and 500. The accuracy of
the results is in the range of 1E-3. ANN models were
trained for each 0. of 5, 7, 9, 11, and 13 d and for the
R values of 0.25, 0.4, 0.55, 0.7, 0.85, and 1.0. After all
the data were trained, new sets of data were tested.
Among the 4,230 data, 2,230 were used as training
data and the remaining 2,000 as testing data. The com-
putation of regression coefficient, i.e. R* = 0.992 for the
train data and test data was obtained from Minitab 16,
which exhibits the robustness of the ANN model.

5.1. Evolution of the mathematical model

It should be noted that, theoretically, using an infi-
nite number of independent variables to explain the
change in a dependent variable would result in a high
correlation coefficient (R*) of one for the modeling
datasets. In contrast to R? the adjusted R increases
only if the additional model parameters improve the
regression results significantly to compensate for the
increase in regression degree of freedom. Neverthe-
less, there is no similar statistical parameter to per-
form reliable comparative analyses of the predictive
performances of NN models, and the methods pro-
posed in the literature usually lead to contradictory
results. Comparative analyses of statistical and NN
models are based on R* values estimated from the
validation and test datasets. The quality of match

between the ANN model values and experimentally
measured values was verified with the mathematical
model using SPSS software (Ver.15.0). A mathematical
model was obtained for the thickener area of sec-
ondary settling tank by correlating the parameters R,
Cu Co, and A/Q. R? shows the effectiveness of the
models developed in this study. These models are
depicted in (Egs. (1)—(6)).

Mathematical model for experimental data

log(A/Q) = — 2.967 + 2.405log C, + 1.505log Cy

¢))
—1.097log 0, R? =0.917

log(A/Q) = — 3.401 + 3.909 log C, + 1.000 log R

()
—1.097 log 6., R*> = 0.918
log(A/Q) = — 2.245 + 3.881 log Cy + 1.568 log R 3
—1.097 log 6., R*> = 0.913
Mathematical model for ANN data
log(A/Q) = —3.018 + 2.553log C, + 1.5051og Cy @
—1.225log 0., R*> = 0.968
log(A/Q) = — 3.452 + 4.058log C, + 1.000log R 5)

—1.225log ., R* = 0.969
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Table 6

Training and simulation time for various MCRT (4,)

N. Raggul and R.

R=10

R =0.85

0.70

R =

R =0.55

R =040

R =0.25

Training  Simulation

time (s)

Simulation
time (s)

Training Simulation Training
time (s)

time (s)

Training  Simulation

time (s)

Training  Simulation

time (s)

MCRT Training Simulation

(d)
5

7
9

time (s)

time (s)

time (s)

time (s)

time (s)

time (s)

10.789640 0.013403

5.537524

0.013191
0.011580

4.907897
3.697090

0.013662

3.738856

0.017478
0.016978
0.012900
0.010987
0.013450

2.560292
5.951715
1.947908
3.113203
2.532787

0.011593
0.013330
0.012899
0.142725
0.009889

2.671431
3.719618
4.704291
12.14948
8.640731

0.01788

7.117237
7.950571

0.012748

11.398533 0.096304

9.590542
7.874811
8.753423

0.093089
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22.602292 0.010564

2.957643
6.473655

7.7259905 0.013465

4.579651
4.140551

0.011016
0.014416
1.075456

1.8966588 0.011831

0.016157
0.016195

0.14291

16.212307 0.136313

0.011343

13.173632 0.012431

13

log(A/Q) = — 2.252 + 4.029 log Co + 1.665 log R

) ©)
—1.225log 0., R* = 0.964

In this study, two models based on ANN and
experimental investigations were developed to predict
the area of the secondary clarifier for unit flow for a
major paper and pulp mill WWTP. The ANN models
provide a robust tool for prediction in which the pre-
diction error varied slightly and smoothly over the
range of data sizes used in training and testing. Once
the feed-forward architecture for the training data was
created, it could be utilized for identifying the A/Q
value for any input data. The test data applied to the
A/Q values coincided very well with the experimental
values. ANN has proved to be a very useful tool in
overcoming some of the limitations of conventional
mathematical models for effluent treatment plants
because of their complex mechanisms, variability, and
dynamics. The secondary clarifier area can be
designed using the models proposed in this study for
any values of C,, Cop, R, and 6. The predicted models
give a rational approach to the design of a secondary
clarifier.

6. Steady state process control for activated sludge

The final settling tank is a vital part of the acti-
vated sludge process. It combines two functions,
namely clarification and thickening. Failing to provide
either of these two functions results in solids being
carried over with the final effluent. This will not only
affect the effluent quality, but can also affect the
behavior of the biological process. In this study, opera-
tional charts for secondary clarification of activated
sludge were developed to connect the process opera-
tional parameters, MLSS, flow, volume, area, and recy-
cle ratio, in a unified graphical form. This chart can be
used to design and analyze the performance of
secondary clarification and to evaluate operating
strategies in response to changes in flow rate or solid
settleability.

6.1. Materials and method

Laboratory-scale reactors are normally used to
determine kinetic coefficients. A completely mixed
continuous flow reactor is usually employed without
recycling for its easy operational control. In such a
reactor, detention time () is equal to the mean cell
residence time (f.). The procedure is to operate the
unit over a range of effluent substrate concentrations.
Using the data collected at steady state conditions,
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Performance

r',h

139 Epochs

Fig. 7. Training specifications of ANN model for . =11d, R = 0.4.

mean values are determined for influent BOD (S,),
effluent BOD (S), and MLSS of the aeration tank
(denoted by X) to determine the kinetic coefficients.
The capacity of the influent tank was 18 L. The
wastewater to the reactor was fed using a 20-L glass
tank. A peristaltic pump was used to regulate the flow
for a particular 6. Diffuser stones were used to supply
air and were placed at the bottom of the aeration tank
along the wall. Filtered air was supplied to the dif-
fuser stones from an air pump. A final clarifier of 10 L
capacity followed the aeration tank.

6.2. Determination of kinetic coefficients

The purpose of studying kinetic coefficients is to
obtain information on the rate of cell growth and the
consumption of substrates. This enables the calculation
of the required volume of the reactor, and the simula-
tion of the system can be used for process control.
Kinetic coefficients of a biological system have gener-
ally been determined experimentally using either con-
tinuous flow, completely mixed, or batch laboratory-
scale reactors. In a continuous flow completely mixed
reactor, kinetic coefficients are usually determined by
collecting data from laboratory-scale or pilot-plant
experiments. The system was operated at various
hydraulic retention times or at various sludge reten-
tion times, and at steady state. Measurements of the
biomass and permeate substrate concentration were
recorded. Parameters such as K, x4, Y, and kg4 were
determined through the linearization of equations.
Mean values of the influent substrate concentration,

effluent substrate concentration, and MLSS concentra-
tion were measured to determine the kinetic coeffi-
cients for various mean cell residence times 6.=15, 7,
9,11, and 13 d (Table 7).

In order to determine the yield coefficient (Y) and
endogenous decay constant (Kg), a graph (Fig. 8) was
plotted with 1/6. on the y-axis and (S, —S)/X. 6 on
the x-axis. As there is no recycling in this experiment,
0 can be written as 6.. The slope of the line gives the
yield coefficient, and the y-intercept gives the endoge-
nous decay constant (Kg). The value of the yield coeffi-
cient, Y, was 0.5 and the endogenous decay coefficient
kq was 0.14 d 7.

Using these kinetic coefficients, the volume of the
reactor can be calculated by Eq. (7)

YQ(SI - Se)
V=2 = 7
X(1/0c + ka) @)
where Y is the yield coefficient given by Eq. (8)
rsu  Substrate utilised
Y = — =
Tg Growth rate ®)

6.3. Evolution of zone settling velocity constants

Batch settling studies were conducted for paper
and pulp mill activated sludge for 6.=5,7,9, 11, 13d
in stationary phase, as discussed in Section 4.2. Zone
settling velocity “v” was determined for various C,
and 6. values in the stationary phase, as discussed in



12530

Table 7
Data for determining bio-kinetic coefficients
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6. (d) Mean S, (mg/L) Mean S (mg/L) MLSS X (mg/L)
5 386 203 145
7 326 149 106
9 282 123 86
11 379 91 153
13 328 64 139
0.25
Table 9a
02 ¢ Values of (VX/A) for various S; and (Q/A) for 6.=5d
0 (experimental)
=
'—":, Si— Q/AL 100 150 200 250 300 350 400
& y=0.55x-0.1471
e, 0.3 0.77 132 187 242 297 352 4.08
0.6 154 264 375 48 59 7.05 8.16
0.9 231 396 562 72 89 10.57 12.34
12 3 528 7.5 96 119 14.1 16.32
o8 15 385 66 937 12 1482 176 204
1.8 463 792 1125 144 178 213 244
Fig. 8. Determination of kinetic coefficients.
Table 9b

Section 4.3. Control strategies were developed based
on steady state control methods in the stationary
phase. Steady state process control is used to control
the performance of the activated sludge process sub-
ject to transient loading conditions for a long term on
a rational basis. The values of zone settling velocity
(v) and concentration (Cy) were analyzed for curve
fitting. The model of best fit conforming to the avail-
able data of v and Cy was the exponential model,
v =V, e(=2%)_ The values of the constants a and V,, for
6. 5, 7,9, 11, 13d) for the stationary phase are
represented in Table 8. Results show that the coeffi-
cient of V, is not influenced by solid concentration,
whereas “a” has influence on solid concentration on
the settling velocity.

Table 8

Zone settling constants—stationary phase

0. (d) a Vo

5 0.3312 5.1853
7 0.2996 8.2173
9 0.2735 9.6643
11 0.2609 10.2626

13 0.2571 11.9504

Values of (VX/A) for various V and (X/A) for 6.=5d
(experimental)

vV — X/Al 200 400 600 800 1,000 2,000
0.01 2 4 6 8 10 20
0.02 4 8 12 16 20 40
0.03 6 12 18 24 30 60
0.04 8 16 24 32 40 80
0.05 10 20 30 40 50 100
0.06 12 24 36 48 60 120
Table 9c

Values of X for various A and (X/A) for 6.=5d

(experimental)

A— X/AL 50 100 150 200 300 400

0.01 0.5 1 1.5 2 3 4
0.02 1.0 2 3 4 6 8
0.03 1.5 3 4.5 6 9 12
0.04 2.0 4 6 8 12 16
0.05 25 5 7.5 10 15 20
0.06 3.0 6 9 12 18 24
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Table 9d
Values of (Q/A) for various Cy and R for 8. =5 d (experimental)
R — Cyl 0.20 0.30 0.40 0.50 0.6 0.7 0.8 0.9 1
2.00 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.67
3.00 1.2 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9
4.00 0.8 1.29 1.4 1.4 1.4 1.4 1.4 1.4 14
5.00 0.59 0.9 1.08 1.14 1.2 1.29 1.29 1.29 1.29
6.00 0.47 0.63 0.8 0.87 0.98 1.03 1.1 1.1 1.2
7.00 0.24 0.58 0.53 0.63 0.75 0.88 0.97 0.97 1.08
8.00 0.07 0.35 0.39 0.48 0.57 0.71 0.85 0.92 1.02

6.4. Data generation and evolution of operational charts

Recognizing the need for a more easily applied
approach for the design and analysis of the opera-
tional state of the secondary clarifier, operational
charts were developed based on the experimental
data determined through settling and kinetic studies
by Antonio and Carbone [31]. Each operational chart
has four quadrants. The first quadrant shows the
relationship between Q/A and VX/A for S; ranging
from 100 to 400 mg/L. The second quadrant shows
the relationship between VX/A and X/A for V

EXPERIMENTAL

ranging from 200 to 2,000 m®. The third quadrant

relates the parameters X/A and X for different
values of A ranging from 50 to 400 m” The fourth
quadrant shows the relationship between C, and the
overflow rate for various recycling ratios R, ranging
from 0.2 to 1.0 for the stationary phase. For any
change in Q/A, it is possible to find the value of R
that satisfies the condition of the application of
lower solid flux as compared to the limiting solid
flux, and the adjusted R ensures the necessary
Co in the reactor. The lower part of the fourth

(8¢ = 5 Days)
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Fig. 9. Operational chart for 0. = 5 d (experimental).
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quadrant corresponds to the curve of the equation
Q/A = V,exp©, which shows the region of failure.
It is possible to adjust the recycling ratio R for main-
taining the MLSS concentration in the reactor above
this curve for any variation in the overflow rate. The
lower part of the curve of the fourth quadrant shows
that whatever the Q/A, no value of R gives the C,
value compatible with the proper functioning of the
secondary clarifier. Each point in this area represents
the failure of the system, which leads to the raising
of the sludge blanket in the secondary clarifier and
the presence of suspended solids in the final effluent.
The data generated to draw the operational chart for
various 6.=5d in stationary phase are given in
Tables 9a-9d, and the corresponding operational
charts are shown in Fig. 9.

Similar diagrams can be drawn for the remaining
6. values

I'RAIN, TEST (0
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6.5. Development of operational chart using ANN

The new concept about treatment systems involves
efficient operation as well as good design to achieve
the desired goals. It should be understood that only
efficiently operated plants can produce a minimum
pollution load out of a good design. Consequently,
process control has become an important issue in
wastewater treatment systems. Expertise in process
control of wastewater treatment systems needs spe-
cially automated control, which is a very attractive
area of interest in the field. But the need for continuous
measurement of system variables, which requires
expert staff, again reduces efficiency. ANN models can
be a solution to this problem in many aspects. ANN
models are also good error predictors and can be used
not only on behalf of a deterministic model, but can
also be plugged into the system as an error predictor.

Fig. 10. Representative operational chart by superimposing ANN train and test data 6. =9 d.
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In this study, a feed-forward algorithm was
applied which consisted of one input layer, one hid-
den layer, and one output layer, all connected with no
feed-forward connection, as discussed in Section 5.
Volume of the reactor (V), flow per unit area (Q/A),
initial substrate concentration (S;), initial MLSS
concentration (Cp), recycling ratio (R), surface area of
secondary clarifier (A), and biomass per unit area of
secondary clarifier (X/A) were the input variables
applied to the feed-forward NN, and the total biomass
in the reactor per unit area of the secondary clarifier
(VX/A), (X/A), MLVSS, and MLSS were the output
variables. The number of neurons in the hidden layer
was 0.05. With the experimental data of (Q/A), (X/A),
V, A, Cy, R as input and VX/A, X, Q/A as output, the
ANN was trained for various 6. values (5, 7, 9, 11,
13 d). With the weights updated using experimental
data, the ANN was trained with a new set of inputs
(Q/A), (V), (4), (Cp), and R, which yielded the output
of the ANN. A representative operational chart for 9 d
given in Fig. 10 was obtained by superimposing the
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training data and test data. Likewise, the representa-
tive operational chart for 7 d given in Fig. 11 was plot-
ted by superimposing experimental, test, and training
data to authenticate the meticulousness of the experi-
mental and ANN results.

6.6. Interpretation from operational chart

Referring to Fig. 9, the operational chart for 6. =5d
and for an overflow rate (Q/A) of 1.2 m3/m? h,
influent substrate concentration of 300 mg/L, aerator
volume (V) of 800 m>, settler area (A) of 150 m?, the
MLVSS concentration, MLSS (Cy) concentration, and
recycle ratio (R) were found to be 5.5, 4.4, and 0.8 g/L,
respectively. Assuming that the flow changed and the
operating substrate concentration remained 300 mg/L,
the new operating flow rate was found to be
1.38 m?>/m® h. The corresponding values of MLVSS
and MLSS were observed to be 6.4 and 5.15 g/L, which
fall in the failure zone. In this case, the recycling ratio
no longer saved the process from failure and control

EXPERIMENTAL, TRAIN, TEST (0. =7 Days)
V = 1200 m°> . 425 mg/L
\ IVX/A Kg/m*
\
\ +30
423
\ Vo= 1000 .-1-." .
+26
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’ 3 100420
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p 3 )
V=800m 046
Vil I( 44
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' ety e Q410
Veioon® ¥ IRT o]
“—. 4
. 46
Ve 200‘.1:‘ _E'_ff ) m 20+4
XA Kg a2 — T Q/A n/nh
060,01 530 bro beo b0 beo S 1 27 30 V3 36 19 42 45 4% §1
3 /’.‘ 113
A= S0m” 5 €75 m* M,
A - 4] :T'.'" T
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Fig. 11. Representative operational chart by superimposing experimental data, ANN train, and test data for 6. =7 d.
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could be exercised by adjusting the 6. suitably. For an
overflow rate of 1.38 m®>/m?h, taking the MLSS con-
centration to be equal to Cy and compatible with the
proper operation of the secondary clarifier at 6.0 g/L,
the slope of the straight line (AB) gives an operating 6,
of 3.3d (0.6/0.18). Hence, to maintain a 6, of 3.3,
wasting of MLSS from the reactor was to be done at
the rate of 24242 m®/d (wasting rate Q,, =V/6,,
800/3.3 =242.42 m>/d) instead of the designed
wasting rate of 800/5 = 160 m®/d.

7. Conclusion

A long-term research study was carried out in a
South India-based paper and pulp mill WWTP using
an aerobic treatment process with significant operating
parameters and environmental conditions. This study
was planned in such a way that the operational
parameters were optimized in every stage of the treat-
ment process so that the functioning of the WWTP
should be cost-effective and the treatment efficiency
more reliable. The following conclusions were drawn
from the experimental investigations:

(1) Microorganisms present in the paper and pulp
mill wastewater were identified and the most
efficient degraders were used for further studies.

(2) The results obtained from the CCD experiments
were fitted to a second-order polynomial equa-
tion to explain the dependence of microbial
degradation on the medium components.

(3) Treatment was carried out using coagula-
tion_flocculation process, and the data obtained
were used by employing the Taguchi method
and GRA to find the optimal conditions for
removal of turbidity, COD, and TDS of paper
mill wastewater as output responses. Thus, per-
formance characteristics of coagulation_floccula-
tion process parameters are simultaneously
improved together using GRA.

(4) Further treatment of the paper and pulp mill
wastewater was carried out with these optimized
environmental factors and efficient microorgan-
isms to design a secondary clarifier to develop
operational charts.

(5) Mathematical models were developed using
ANN and SPSS software to predict the thickener
area (A) of the secondary settling tank, which
was then used to draw the operational chart for
steady state conditions.

(6) With the help of the operational charts for a par-
ticular aerator volume (V) and settler area (A), it
is possible:
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(a) to find the process parameters Cy and R for
a given 6. for various flow rates and
substrate concentrations,

(b) to evaluate the flexibility of the plant,

(c) to determine the operating conditions that
lead to the process failure, and

(d) to estimate the 6. to be adjusted to prevent
the failure.

(7) When overflow rate (Q/A) exceeds the maxi-
mum value, the process cannot be controlled
by increasing the recycling ratio (R). In this
case, the mean cell residence time (6.) has to be
adjusted to control the process failure.
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Nomenclature

Y — yield coefficient

k4 — endogenous decay coefficient (d™")

0. — mean cell residence time (d)

X — concentration of volatile suspended
solids in the reactor (mg/L)

Qw — waste sludge flow rate (L/d)

Xw — concentration of volatile suspended
solid in the waste (mg/L)

Q — flow rate (L/d)

Xe — concentration of volatile suspended
solids in the effluent (mg/L)

X, — concentration of volatile suspended
solids in recycle line (mg/L)
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