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ABSTRACT

Kinetic data is an indispensable tool for design, optimization and scaling up industrial processes. In this
present study, an attempt was made to investigate the suitability of different kinetic models for the activated
sludge treatment of tannery wastewater using a pilot activated sludge rig and to optimize the process
parameters using Response Surface Methodology (RSM). Central Composite Design (CCD) was used to
study the interactive effects of air flowrate and hydraulic retention time, (HRT) on COD removal. Biological
Oxygen Demand (BOD) and Chemical Oxygen Demand (COD) decreased by 69.23% and 78.18%
respectively at 10 hours’ HRT. The mixed liquor suspended solids (MLSS) as well as Bacterial coliform
counts increases fairly with the increase in HRT. A correlation model: COD = 8.4654BOD - 20.851 (R*=
0.96) was obtained. The kinetic models tested are; first order (RZ =0.92, k=0.127 hr! ), Michaelis Menten
(R’=0.94, ky, =1082.47 mg/L.hr, Fmae = 227.27 mg/L.hr) and Monod (R*= 0.91 & 0.93). Monod was found
to be more explicit in the process description. The Monod’s kinetic parameters evaluated include; K=
0.0042hr”", K; = 423.40 mg/L, Kq= 0.23 hr'', Y = 0.034 mg/mg and u = 0.00143 hr’'. A quadratic model.:
COD = 1006.34 -77.40%4 -53.30*B +0.82*4° +0.54* B> +3.33* A*B, was obtained based on the level of
interaction of factors;, A (HRT) and B (air flowrate). The optimal solution obtained was 9.69 hours HRT,
10.48 L/min air flowrate and 172.627 mg/L COD. In order to meet the effluent discharge limit, an extended
aeration beyond 10 hours was recommended in addition to exploring more kinetic models.

Keywords: Kinetics, chemical oxygen demand.

1 INTRODUCTION

have rendered immense contribution to the degradation and pollution of the environment and this

lead to a significant contamination of the water bodies (rivers and ocean) which has huge economic
potentials [1].Tannery industry uses huge quantity of water at different stages, generating a very large
amount of liquid effluents [2] which are harmful to the environment they are discharged into [3]. Globally,
on annual basis it is estimated that the industry is liable for discarding 300-400 million tons of heavy metals,
solvents, toxic sludge etc., into waterbodies [4]. Tanning is the systematic transformation of raw hides and
skin into a stable and economically viable products namely leather [S]. The quality of water discharged
from the tanneries is outrageously below the level of acceptance into our water ways [6]. Acids, alkalis,
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tannins, solvents, chlorides, dyes and many other chemicals are added at various stages of the process.
Biological wastewater treatment is secondary treatment processes that relies on microorganisms mostly
Bacteria, to remove pollutants from the wastewater. These include processes such as waste stabilization
lagoon, trickling filters, rotating biological contactors and activated sludge etc. Generally, biological
treatment methods can be broadly classified based on the availability of dissolved oxygen [7] as aerobic
and anaerobic methods. These treatment methods are selected over physicochemical processes as they are
cost effective, efficient, flexible and environmentally friendly as they don’t generate secondary pollutants
[8]. In activated sludge process, micro-organisms are activated aerobically to oxidize harmful organic
pollutants into an ecologically more satisfactory and useful biomass [9] and chemically stable compounds
like water, carbon dioxide etc. This process is classified under the suspended film system because the
microorganisms (biomass) grow in suspension within the wastewater [10]. Kinetics encompasses the
studies of rates of reactions be it physical, chemical or biological. kinetics is an indispensable tool for
reactor design [11]. Bio-kinetic parameters are function of the metabolic activities of the wastewater.
Hence, the design of biological wastewater treatment systems centered on bio-kinetics will be more rational
than designs based on thumb rules. ASP has been modified in many ways through the years essentially to
improve the process efficiency, flexibility, reduce energy consumption, capital and operating cost [12].
Optimization is a necessary tool frequently used to cut the design and operating costs of wastewater
treatment plant. Response surface methodology (RSM) is a statistical technique that uses quantitative
information from appropriate experimentations to determine regression model and operating conditions. It
is a critical machinery in evolving new processes, optimizing performance and improving designs [13]. The
fundamental objective of RSM is to design experiments by determining the optimum set of operational
variables of the process. At the end of this study, the interactive effects of the ASP process parameters will
be evaluated with the view of obtaining the optimal operating conditions which will lead to reduced cost of
operation and the kinetic data with potentials for scale-up to commercial ASP systems will be obtained.
The commercial ASP system will help to reduce environmental pollution associated with disposal of
tannery wastewater and other associated benefits.

2 MATERIALS AND METHODS
2.1 Sample Collection

The wastewater was collected from the tannery department of Nigerian Institute for Leather Science
and Technology (NILEST) Zaria, using a sterilized plastic container and transported in an ice-block
jacketed container to the analytical laboratory of chemical engineering department Ahmadu Bello
University Zaria for analysis. The sample was collected from the factory’s common effluent discharge
point.

2.2 Sample Pre-treatment

The temperature and the pH of the sample were measured using a pH and thermometer 2-in-1
continuous monitor meter (Bibby Scientific Ltd. Jenway 3510 Model, England) to check if it is within the
normal physiological range for biological treatment. The analysis of BOD and COD were done to determine
the amount of organic pollutants in the sample before and after treatment. The seed of the activated sludge
was collected within the factory site, it was inoculated and given sufficient time to acclimatized. Suspended
and particulate materials like animal hairs and remnants of flesh were removed using 1-p filter paper.

2.3 Equipment Description

A continuous flow conventional activated sludge process was used in this study. It consists of a
plastic tank of 25L, a stainless-steel aeration basin (bioreactor) of 25L and 20L secondary clarifier as shown
in Figure 1. The secondary clarifier was tapered designed to gravimetrically accelerate sludge formation
and settlement.
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Figure 1. Schematic Flow Diagram of Activated Sludge Process
24 Process Description

Since the volume of the aeration basin is constant, 25 L, the valve controlling the flow to the basin
was tuned to achieve various hydraulic retention times; 2,4,6,8 and 10 hours. A compressor of 120 W
capacity (Jiaxipera N1116DY) was used to supply air to the aeration basin, the air was regulated with
pneumatic valve and kept constant at 10Lmin™!, the airflow was read with a rotameter and conveyed to the
bioreactor through 20mm diameter hose. The air was sufficient enough to keep the mix liquor in suspension
and to supply enough oxygen to the aerobic Bacteria. Some of the active sludge were returned to the
bioreactor using lhp centrifugal pump (Gold water pump ISO9001) to maintain concentration of the mix
liquor. At the end of every retention times, the treated sample was further analyzed and the data in Table 1
was generated.

2.5 Testing Kinetic Models

BOD is the most commonly used parameter for the analysis of organic pollutants in wastewater
[12]. The index is assumed to be the measure of the substrate composition in the wastewater and also the
only reacting specie in the sample. From the results generated in the treatment processes, different kinetic
models were tested to ascertain the suitability of the data to fit into the models and to describe and predict
the behavior of the system. First order, Michaelis Menten and Monod kinetics were tested as follows

2.5.1 First Order Kinetics

General rate expression is given as follows:
C,-C AC
o= _ 8% et M
At At
Where r is the rate of reaction (substrate utilization); AC is the change in concentration of reactants

(BOD); C,, is the initial BOD; C is the final BOD; n is the order of reaction; t is the hydraulic retention

r

time and k& is the reaction rate constant. For first order, n=1, equation (1) becomes,
r=kC 2)
Rearranging (2) and integrating within the limits; C,, to Cand ¢, to f,

IS 3)

o

Solving (3), yields
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C=C, e 4)

Equation (3) was used in evaluating the kinetic parameter (k).
2.5.2  Michaelis Menten kinetics
Michaelis Menten kinetic expression is given as,

r — rmax CS (5)
ok
m + CS

Where r, is the rate of consumption of substrate; ¢, is substrate concentration; 7, maximum

reaction rate; and &, reaction constant (Michaelis constant). This model is usually applicable in the design

of an enzyme catalyzed reactions and processes. Microorganisms usually utilize specific enzymes to
metabolize certain organic molecules [14]. Using Line Weaver — Burk method [19] to linearize the rate
expression by inverting the Michaelis Menten equation to obtain the eqn. (6).

1oL (1) ©)

™ Tmax Tmax \Cs

Equation 6 was used in evaluating the kinetic parameters (7,, and &, ).

2.5.3 Monod'’s kinetics

Monod kinetics attempts to describe the process of cell growth [14]. Eqn. (7) and (8) show Monod
equations in term of biomass growth. Specific growth.

M S
— max 7
k+s 7

Where . is the maximum specific growth rate; S is the substrate concentration and &, is the

affinity coefficient. The rate of biomass growth.
dx
—=ux—k,x (8)
ar TN

Where x is the biomass growth and £, is the endogenous decay constant. Substituting Eqn., (7)
for u into eqn. (8).

dx | u_.s
- max _k 9
dt (ks+s]x o ®

Substrate utilization rate,

1(ds
K=-|2= 10
x(dtj (10

Sludge yield,

dx
Y=— 11
s (11)

Hence specific growth.

u=YxK (12)

Modifying eqn. (9) by incorporating the concepts of food to microorganism ratio (F/M) and
introducing substrate utilization (k) described by Lawrence and McCarthy to obtain eqn. (13) and (14)
respectively;
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Eqn. (13) and 14 was employed in evaluating the bio-kinetic parameters.
2.6 Effect of Air flow & HRT on the Organic Removal Using Design Expert

The Design expert (6.0.6) is used for model development and other statistical analysis. The
response surface methodology (RSM) was employed and central composite design (CCD) was used with
input parameters; hydraulic retention time (2-8 hours) as factor A, and air flowrate (6-12 L/min) as factor
B. The response was the COD in mg/L.

2.6.1 Analysis of Variance (ANOVA) for COD Response

ANOVA is a statistical administrative tool utilized for sensing and identifying any differences in
average performance of tested parameters [15]. It employs the “sum of squares” and “F-statistics” to
determine the relative importance of the analyzed process parameters, measuring errors and uncontrolled
constraints. It is an empirical method commonly used to check the adequacy of the model for the response
in the experimentation.

2.6.2  Optimization

The goal or the objective function of the optimization was to minimize the organic load
(COD) of the tannery wastewater to the minimium discharge limit of 160 mg/L (Standard by
National Environmental Standard Regulatory Enforcement Agency, NESREA). The constraints are
the airflowrate and HRT. The HRT was set between the limit of 2 to 8 hours and airflowrate was
also set within the range of 6 to12 L/min.

3 RESULTS AND DISCUSSION

The pH of the sample was reduced from 10 to 7.6 using a calculated amount 0.1M H2SO4 (98 %
w/w) The initial temperature of the sample was recorded as 21.5°C, which is within the normal
physiological range for biological treatment [16]. The results of the BOD and COD obtained and the
corresponding MLSS concentration at different hydraulic retention times were tabulated as shown in Table
1.
Table 1. Substrate Concentration and Biomass Growth at Hydraulic Retention Times

S/N HRT ©(Hours) BOD (mg/L) COD (mg/L) MLSS (mg/L)
1 0 130 1100 1800
2 2 90 670 1875
3 4 65 540 1900
4 6 55 500 1920
5 8 50 465 2000
6 10 40 240 2000

3.1 Organics (COD, BOD) Correlation Index

It is important to obtain a relationship between the two critical parameters; BOD and COD which
are commonly used for the design and operation of wastewater treatment plants [17]. These correlations
will help in giving a quick estimation of each parameter for monitoring, evaluation and improving the
plant’s performance. From Table 1, a correlation index: COD = 8.4654BOD - 20.851 was developed using
the plot in Figure 2. This model has about 95% significance and is valid for BOD 31 mg/L and above.
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Figure 2: COD to BOD Correlation Plot
3.2 Substrate Utilization and Growth of Biomass

Substrate utilization (reduction of BOD and COD) which usually resulted in the growth of biomass
(MLSS) is the basis for the activated sludge kinetics [14]. As shown in Figures 3 and 4, the reduction in
BOD and COD resulted in the increase in the concentration of the MLSS with the increase in retention

times.
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Figure 3. BOD and COD Utilization Figure 4. Biomass (MLSS) Growth at Various HRT

3.3 Bacterial Coliform Counts

The Bacterial population increases at higher retention times, this could be due the availability of
organic substrate that supports their growth as already stated in section 3.2. The plot in Figure 5 indicated
an initial slow growth probably due to acclimatization which was accompanied by a sudden increase and
sustained growth rate at later stage. This pattern is in conformity with the transition from lag to exponential
(log) growth phase of Bacteria in culture media [19].
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Figure 5. Bacterial Coliform Counts at Hydraulic Retention Times

34 First Order Kinetics

Figure 6 was used to test the suitability of the model in the process description and to obtain the
kinetic parameter; rate constant, k. An R? of 0.92 implies a conformity of the model with the experimental
data.
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Figure 6. First Order Kinetics for BOD Reduction

From Figure 6, the reaction rate constant k, is 0.127 hr'. This basically shows the rate of
degradation of the organic pollutant (BOD) if other parameters are kept constant [10]. k is usually affected
by factors such as temperature, toxicity, availability of nutrients, dissolved oxygen etc.

3.5 Michaelis Menten Kinetics

Michaelis Menten kinetics is principally based on hypothesis and hence the model is theoretical or
mechanistic [11]. It was tested with an assumption that the degradation of the substrate (BOD) is an enzyme-
controlled process. Figure 7 was used to evaluate the kinetic parameters; Ky, and tma.. An R? of 0.94 is also
an indication of the data and the model are in conformity.
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Figure 7. Line Weaver — Burk Plot
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From the above plot; r

max

= 227.27 mg/L.hr and k, = 1082.47 mg/L.hr. The parameter r __ is
proportional to the initial enzyme concentration. k, is equal to the substrate concentration when the

reaction rate is half of r

max

it is a parameter that characterizes the interaction of an enzyme with a given
substrate [19].The lower the k, the greater the binding affinity of the enzyme to form enzyme-substrate

complex and the reaction will approach 7

max

more rapidly and vice versa.

3.6 Monod kinetics

The kinetic parameters; sludge yield ( Y ) and endogenous decay coefficient (&, ) were evaluated

from the plot in Figure 8 while substrate utilization rate (K) and Saturation Coefficient (ks) were also
evaluated from Figure 9.
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From Figure 8, the kinetic parameters; k,=0.231 hr' and Y = 0.034 mg/mg were evaluated. Also,
from Figure 9,K =0.042 hr'; k,=423.40 mg/L and p = 0.00143 hr'. The R? of 0.93 and 0.91, confirms

the suitability of the data to fit in to the model. These bio-kinetic parameters have direct consequence in the
design of activated sludge facilities [18] as itemized below; (i) K is often used to evaluate the size of bio
reactors. The greater the value of K , the smaller the size of the reactor and vice versa. K = 0.042 hr!is an

indication of larger reactor may be needed. (ii) &, gives an idea about the change in the specific growth
rate of Bacteria with a change in the concentration of the growth limiting substrate. k, has no direct

application in the process design. (iii) Y is used to estimate the quantity of sludge synthesized. Y= 0.034
indicates that a relatively small proportion of biodegradable organics was converted in to new cells in the

MLSS. (iv) k, is used as an indicator of net volume of sludge to be handled and hence an indicator of the

size and cost of the sludge management facility. The k, of 0.231hr" is relatively high. This indicates

smaller sludge volumes due to higher rate of decay of cells at ends a result of endogenous respiration. With
this explicit information on substrate utilization and biomass generation, Monod kinetic model is obviously
more adequate in the ASP process description and hence useful in design [14]. The summary of the kinetic
studies indicating the kinetic parameters, empirical model and significance level is shown in Table 2.

103



Nigerian Journal of Engineering Science and Technology Research, Vol. 9, No. 2, 2023(96-108)

Table 2. Summary of the Kinetic Studies

s/n Model Kinetic Parameter Empirical Model R?
1 First order k =0.127 hr! C =130e 0127 0.92
2 Michaelis Menten  k =1082.47 mg/L.hr 227.27¢ 0.94
m r — Ky
7. =227.27 mg/L.hr 7 1082.47 +c,
3 Monod K =0.042 hr! 0.91
k,=0.231hr! d 0.00143
! —XZL—ij—O.BIx 0.03
k,=423.40 mg/L dt 423.40+s

Y =0.034 mg/mg
3.7 Effect of Airflow and Retention Times on COD Reduction

The Response Surface Methodology (RSM) was employed in this analysis. Central Composite
Design (CCD) gives a set of 13 runs which were conducted experimentally. The result of the COD obtained
at each run is tabulated as shown in Table 3.

Table 3. Effect of Time and Airflow rate on COD Removal

Run Factor 1 A: Factor 2 B:  Response 1
Time (hr) Air (L/min) COD (mg/L)
1 8 12 200
2 5 9 350
3 2 12 370
4 5 9 360
5 5 9 360
6 5 9 350
7 5 4.76 480
8 8 6 300
9 0.76 9 540
10 5 9 350
11 2 6 590
12 5 13.24 250
13 9.24 9 200

The following quadratic model was developed by the program based on the level of interaction of
the variable parameters; hydraulic retention time (A) and airflow rate (B) on the removal of COD;

COD = 1006.34 -77.40*%4 -53.30*B +0.82*4° +0.54* B> +3.33* A*B (15)

Eqn. (15) was validated and confirmed to be accurate in describing the behavior of the system. This
could be useful in design, performance evaluation, optimization and scale up to industrial process.

3.7.1  Analysis of Variance (ANOVA)

The results of the ANOVA for the proposed model and model parameters are presented in Table 4.
In response surface methodology, if the “prob > F” values were less than 0.0500, it indicates that the model
developed is significant. As shown in Table 4, the prob > F value of 0.0001 is less than 0.0500, implying
that the model is significant and adequate. Furthermore, it can be seen that the model terms A and B are all
significant because their respective “Prob > F-value are less than 0.0500. This indicates good interactions
between the independent parameters and hence, adequate enough to generate good responses. Also, the
“Lack of Fit is not significant as its “Prob > F-value” of 0.5635 is greater than 0.0500. These three criteria
listed above, and confirmation from Table 5, is an illustration of the adequacy of the model.

104



Nigerian Journal of Engineering Science and Technology Research, Vol. 9, No. 2, 2023(96-108)

Table 4. Result of ANOVA for COD Response

Source Sum-of squares  DF Mean squares  F-value P-value Remarks
Model 1.668E+007 5 3.336E+006 1227.48 <0.0001 Significant
A 1.106E+007 1 1.106E+007 4071.70 <0.0001

B 5.205E+006 1 5.205E+006 1915.28 <0.0001

A? 37836.96 1 37836.96 13.92 0.0073

B? 16532.61 1 16532.61 608 0.0430

AB 3.600E+005 1 3.600E+005 132.48 <0.0001

Residual 19022.02 7 271743

Lack of fit 7022.02 3 2340.67 0.78 0.5635 Insignificant
Pure error 12000.00 4 3000.00

Cor total 1.670E+007 12

3.7.2  Predicted and Actual Response

As shown in Figure 10, the data fit well in the parity plot as all the data points fell and superimpose
on the regression line. This indicates that the experimental data are in close agreement with the predicted

data, this claim is substantiated by the excellent R? of 0.9989 as shown in Table 5.

Predicted vs. Actual

594 51

49538 —

396 25 —

Predicted

297 12 —

197 .99 —|

T T T
197.99 29712 396 25

Actual

495.38

594 51

Figure 10. Relationship Between Predicted and Experimental Data of COD.

Table 5. Model Adequacy Test

Model Adequacy Values
R-Squared 0.9989
Adjusted R-Squared 0.998
Predicted R-Squared 0.9959
Adequate precision 111.966

3.7.3  3D-Surface Plot and Contour Diagram of Variable Parameters and COD

The 3D response surface plots largely demonstrate the effects of the independent variables and their
interactive impact on the responses [20]. As it can be seen from Figure 11, an increase in the hydraulic
retention time with increase in airflow rate lead to decrease in COD. This is in agreement with [19] that
increase in HRTs increases the population of heterotrophic Bacteria. Moreover, increase in the air flow
increases turbulence which results in increases oxygen transfer rate (OTR) in bioreactors [21]. Increase in
mixing helps in increasing the frequency of effective collision between the less motile Bacteria that loses
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its flagella (at higher HRTs) with the substrate. The shapes of the corresponding contour plots indicated
good interactions between the independent variables with their respective responses (COD). Thus, it can be
said that, the elliptical nature of the contour plots indicated that the model is significant.

CoD

B: air

,,,,,,

A:tme
Figure 11. 3D-Surface Plot Figure 12. Contour Diagram
3.7.4  Optimization of Process Variables

Table 6 shows a total number of 10 solutions that were suggested by the Design Expert 6.06
software. Despite having the same desirability of 1.000, number 1 was selected with the least COD. The
optimal solution of 9.69 hours HRT, air flowrate of 10.48 L/min and COD obtained was 172.627 mg/L.

Table 6. Results of Numerical Optimization

Number Time Air COD Desirability

1 9.69 10.48 172.627 1.000 Selected
2 9.37 9.65 190.666 1.000
3 9.23 10.72 182.434 1.000
4 9.92 7.39 199.047 1.000
5 9.36 11.15 174.533 1.000
6 9.85 10.18 171.325 1.000
7 9.76 8.99 186.067 1.000
8 9.39 10.42 181.369 1.000
9 9.82 10.41 169.833 1.000

10 9.98 7.78 192.316 1.000

4 CONCLUSIONS

Tannery wastewater was treated continuously using a conventional pilot activated sludge system,
69.23% and 78.18 % reduction for BOD and COD were achieved respectively at 10hr HRT. Mix liquor
suspended solids concentration (MLSS) and Bacteria coliform counts increases with the increase in Hrt.
An organic correlation model: COD = 8.4654BOD -20.851 with a high significance was evaluated. Kinetic
parameters and empirical models were developed from regression analysis of first order, Michaelis Menten
and Monod. Monod kinetics was found to be the best that describes the process. A quadratic model: COD
=1006.34 -77.40*A -53.30*B +0.82*A% +0.54* B +3.33* A*B, was obtain from the RSM studies of the
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interactive effects of the ASP process parameters; Hrt(A) and air flowrate(B) on COD reduction using
Central Composite Design (CCD). The Optimal solution obtained was 9.69 hours HRT, 10.48 L/min air
flowrate and 172.627 mg/L COD.
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