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ABSTRACT

The efficacy of the Moringa oleifera (MO) in wastewater treatment has been well studied and
documented. However, there exists a significant gap in exploring the operating conditions to opti-
mize the wastewater treatment process. This study investigated and optimized the removal efficiency
of turbidity, biochemical oxygen demand (BOD), and chemical oxygen demand (COD) from munic-
ipal wastewater under the operating conditions of pH (5-7), MO dosage (50-200 mg/L), and settling
time courses (60-240 min) using face-centered central composite design (FCCCD) of response sur-
face methodology. The experimental results of FCCCD were fitted to the second-order quadratic
model to approximate the effects of each variable factor and their interactions on the responses of
interest in a mathematical relationship and consequently, predict the process responses. The obtained
results revealed that under the optimum operating conditions of pH, MO dosage, and settling time
of 6.01, 182.74 mg/L, and 228.08 min, respectively, the predicted values of turbidity, BOD, and COD
removal efficiencies were 98.20%, 92.96%, and 78.82%, respectively, with the desirability of 1.000.
This study demonstrated the effectiveness of FCCCD with a desirability function to optimize the
process conditions (pH, MO dosage, and settling time) of coagulation for the turbidity, BOD, and

COD removal efficiencies.
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1. Introduction

Globally, water pollution is a critical issue that has
contributed to the adverse environmental and human health
effects which demand keen attention [1,2]. The manage-
ment and treatment technology of water needs to be afford-
able, effective, and sustainable to provide safe water in the
developing world [3-5]. Although many water treatment
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techniques such as precipitation, ion exchange, electrodi-
alysis, and membrane processes have been invented, most
of them require higher expenditure and may also generate
secondary waste which is difficult to treat [6]. A conven-
tional technique of wastewater treatment involves the use
of chemical coagulants such as aluminum sulphate and iron
salts [7,8]. While the effectiveness of chemical coagulants
has been well documented [9,10], there are, nonetheless,
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many side effects associated with usage of these coagulants.
These include production of large quantity of sludge [11],
relatively high procurement and operational costs [12], det-
rimental effects on human health [13], including a strong
evidence linking aluminium-based coagulants to the devel-
opment of Alzheimer’s or other neurodegenerative dis-
eases in human beings [14]. Thus, natural materials that
are cost-effective and can efficiently be utilized within the
environmentally permissible limit will provide a sustain-
able alternative for wastewater purification, specifically in
the treatment of municipal wastewater with a high level of
pollution before discharging into the environment. Moringa
oleifera (MO) seeds are one of those coagulants, as they
contain water-soluble extract (proteins) that can be applied
either in the treatment of drinking water or wastewater [15-18].

Moringa oleifera is a versatile plant frequently referred
to as the ‘miracle tree’ [19]. It is the most prevalent species,
which grows rapidly in equatorial regions of the world
where human health is at risk by unsuitable drinking water
[20]. It has been employed extensively in the developing
countries as a source of vegetable oil, as a medicinal plant,
and for the treatment of hypertension and inflammation
[21,22]. It has been the most favoured plant to grow in the
surroundings of homes for its aesthetic beauty, as a fence
and for providing shading. The MO seed has been found to
exhibit coagulating characteristic for treatment of alkalinity,
turbidity, hardness, and total dissolved solids [23], due to its
biodegradable, non-toxic, and easy to use properties [24].
Numerous studies have shown the non-toxic effects of MO
seed in wastewater treatment [25,26], and its effective coag-
ulation properties and antimicrobial characteristics [27,28].
Through oil extraction from the MO seeds, the natural coag-
ulant in the form of seed cake residue can be derived [29].
The derived cake can then be used directly in wastewater
treatment without further processing MO [23]. The extracted
part of MO seed inhibits the growth of coliforms and patho-
gens [29], reduces colour, turbidity, and microorganisms
from raw waters [30,31], helps in water softening [28], and
also in sludge conditioning [32]. The process implies the
reduction of the disinfection requirements. The MO seeds
also help to remove reactive dye [33], bacteria and fungi
[29,34] and its pod act as sorbent for the removal of organics
such as benzene and ethylbenzene [35], atrazine [36], and
heavy metals such as lead, cadmium, manganese, copper,
iron, magnesium, and zinc [35,37] as a result of being cheap
and efficient in pollutants removal which ultimately reduce
the exorbitant cost of water treatment. The utilization of a
natural coagulant such as Moringa oleifera has demonstrated
significant advantages over other processes of wastewater
treatment including biological treatment process (aerobic
and anaerobic) of wastewater. These advantages include
simplicity in the treatment processes, low investment costs,
relatively production of low volume of sludge, and the
achievability of gravitational settling and clarification which
are highly important in developing countries, especially
in the rural areas [22,32,35]. Biological treatment of waste-
water is often employed as a secondary treatment process
to remove remaining pollutants after primary treatment
[12,19]. In fact, biological wastewater treatments are often
supplemented with other treatment processes including car-
bon filtration and chlorination.

As a common practice, coagulants including MO are
applied in quantity experimentally determined by jar test.
However, due to lack of a general standard method for con-
ducting the jar test as pointed out by Ndabigengesere et al.
[22], the operating conditions of the wastewater treatment
using MO to maximize the target response has been opened
for investigation. One of the statistical methods for investi-
gating and optimizing the process parameters is response
surface methodology (RSM), due to its sophistication to
predicting the process responses using the most efficient
variable factors interactions and best process time [38].
RSM has been successfully utilized to optimize some oper-
ating variable factors interaction of wastewater treatment
using MO [39-42]. However, as important as the influence
of settling time is on the removal efficiency of pollutants
in wastewater treatment [43], it has rarely been considered
for optimization as one of the variable operating factors in
municipal wastewater treatment using MO coagulant.
In fact, settling time of the flocs is considered to have high
influence on the overall cost of removal efficiency of tur-
bidity, chemical oxygen demand (COD), and biochemical
oxygen demand (BOD) in coagulation—flocculation process
[44]. Therefore, the optimal operating conditions of MO
coagulant for the treatment of municipal wastewater need
to be investigated to ensure a considerable improvement on
the effectiveness and efficiency of pollutants removals from
the wastewater before the final discharge into the environ-
ment or waterbodies. This study investigates and optimizes
the operating conditions including pH, MO dosage, and
settling time courses in municipal wastewater treatment to
maximize the turbidity, BOD, and COD removal efficiency
using the face-centered central composite design (FCCCD)
of RSM with desirability function methodology.

2. Materials and methods
2.1. Sample preparation of MO seeds

The MO seeds used in this study were from matured
dried pods of Moringa oleifera tree obtained from the Kwara
State Ministry of Agriculture, Ilorin, Nigeria. MO pods (30-
60 cm length) were checked for any crack before plucking.
The process is to ensure that the seeds are appropriately
matured and dried. The MO seeds were prepared using
the method as described by Delelegn et al. [45] and the oil
extraction from MO powder as proposed by Muyibi et al.
[46]. Concisely, the matured dried pods were shelled to
obtain the MO seeds, which were air-dried for 2 d to main-
tain uniform weight. The shells were removed from the
seed kernels using a knife before they were ground into the
powdered form using an electric grinder (Eurosonic Model
ES-242) and the powered MO obtained was sieved using a
sieve of 0.5 mm mesh screen size to get a fine powder of MO.

Oil was extracted from the 60 g weighed of MO powder
mixed with 170 mL of hexane solvent, using an electro-
thermal Soxhlet extractor at 70°C. Extraction of oil from the
MO powder is essential to enhancing the coagulation poten-
tial of the MO seed powder [46]. The resulting MO residue
after the oil extraction of 35% w/w was oven-dried at 50°C
overnight to obtain the MO cake. The MO cake was used in
this study.
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2.2. Wastewater sampling and characterization

The wastewater samples were collected from the sewer
outlet of the main campus of the University of Ilorin, Nigeria,
where wastewaters around the campus meet. The wastewater
pollution at this outlet is considered very important owing
to the enormous volume of effluents from the campus, and
the only significant source of pollution of the nearby receiv-
ing stream. The samples were collected and transported
to the laboratory within 30 min and subsequently char-
acterized after 1 h of collection. The wastewater sampling
and characterization (turbidity, BOD, and COD) were car-
ried out following the Standard Methods for Water and
Wastewater Examination [47]. The characteristics of munici-
pal wastewater used in this study were presented in Table 1.

2.3. Coagulation process and wastewater treatment

Jar test has been recognized as a widely used method
to monitor coagulation—flocculation processes. However,
depending on the needs of the individual test to be per-
formed, there is no standard method for conducting the jar
test [22]. The jar test used in our study was Janke and Kunkel
(Lovibond ET 730) apparatus consisting of four beakers of
1,000 mL capacity each with four paddles rotation. Each of
the beakers was filled with 1,000 mL of wastewater sam-
ple after which varying dosages (50, 125, and 200 mg/L) of
de-oiled powder produced from the MO seeds were added
to the beakers in order of their sizes, while the last beaker
was kept as a control without any treatment. The pH of the
wastewater sample was adjusted between the range of 5 and
7 using 0.5 M of NaOH or 0.5 M of HC], after adding the MO
dosage. The mixture of wastewater samples and MO dosage
in the jar was stirred rapidly at 100 rpm for 2 min; followed
by 20 min of gentle mixing at 40 rpm to aid in sludge forma-
tion. Subsequently, the samples were gently transferred and
left to sediment without disturbance for 60, 150, and 240 min
in the sedimentation cones (Imhoff). The sampling bottles of
250 mL were used for the collection of the treated wastewa-
ter at each settling interval. The supernatants formed were
then decanted and analyzed for turbidity, COD, and BOD at
each collection, in triplicate. The percentage removal of the
contaminants was calculated using Eq. (1).

Y(%):{C"C f:lx100 1)

i

where Y is the pollutant removal efficiency; C, and C, are
the initial and final concentrations of the pollutants in the
wastewater, respectively.

Table 2
Experimental independent variables with factor levels

Table 1
Characteristics of municipal wastewater

Parameters Value

pH 7.26 +1.09
Turbidity, NTU 76.74 + 3.69
BOD, mg/L 147.45 + 12.87
COD, mg/L 474,18 +11.35
TSS, mg/L 111.93 £15.23
Total solids 474.18 +10.09
Alkalinity, mg/L 385

Total hardness, mg/L 128.50 +4.36

Furthermore, the amount of sludge that settles at the
bottom of the sedimentation cones was used for estimating
the volume of the sludge generated at varying MO dosage
and under different settling time at a pH value of 7 in the
coagulation process.

2.4. Experimental design

The response surface methodology based FCCCD was
applied to assess and optimize the interactions among the
independent variables; pH (X,), dosage of MO (X,), and set-
tling time (X,), for the response processes; turbidity, BOD,
and COD removals. The range values of the factor parame-
ters used are presented in Table 2.

The FCCCD employed in this study consists of eight
factorial points, six axial (star) points, and five replicates
at the center point, with a total number of 19 experimental
runs. Moreover, the FCCCD is suitable for fitting quadratic
response surface and optimization of response processes
[48-50]. The experimental response surface FCCCD data
were fitted into the quadratic model to establish the rela-
tionship between the variable factors (X, X,, and X,) and the
response (Y), using the generalized form of second-order
multiple regression Eq. (2).

n n n=1 n
Y(%) = Bo + Zﬁixi + Zﬁiixiz + Z Z Bi/'Xin (2)
i=1 i=1

i=1 j=i+l

where Y (%) represents the response model (percentage
turbidity, BOD, and COD removal); 8, B, B, Bij are the
coefficients for the intercept, linear term, quadratic term,
and interaction effect term, respectively; X, and X are the
independent variables in coded form, n is the number of
independent variables.

Independent variables Symbols Range and levels
Low level (-1) Center level (0) High level (+1)
pH X, 6 7 8
Dosage, mg/L X, 50 125 200
Settling time, min X, 60 150 240
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Statistical analysis in the form of analysis of variance
(ANOVA) was employed to assess the interactions between
the variable factors and their respective responses. The
quality of fit of the second-order polynomial model was
checked using the correlation coefficient (R?) and the lack
of fit value (p-value) at 95% confidence level. The fitted
models were used to construct contour plots to predict the
greater removal efficiency of the desired pollutants (turbid-
ity, BOD, and COD) through the optimization of the variable
parameters (pH, MO dosage, and settling time) within the
specified value range. Design-Expert 11.1.2 (Stat-Ease Inc.,
Minneapolis, USA) statistical software package was used
for all the analyses and graphical presentations of the results.

3. Results and discussion
3.1. Model development

The results of the FCCCD experimental data showing
the number of runs and the associated factor variables
(pH, MO dosage, and settling time), and responses (turbid-
ity, BOD, and COD) are presented in Table 3. To select the
appropriate model, from several available response models
that describe the interactions of the variable factors and the
process responses including linear, two-factor interaction
(2FI), quadratic, and cubic, the model quality was evaluated
using the statistical indices such as coefficient of determi-
nation (R? adjusted R? and predicted R?* and lack-of-fit
tests, as shown in Table 4. The R? and predicted R? values
were 0.9921 and 0.9468 for turbidity, 0.9942 and 0.9603 for

Table 3
FCCCD matrix for variable factors and investigated responses

BOD, and 0.9818 and 0.9242 for COD, which are very close
to 1, and observed reasonable agreement of difference of
less than 0.2 between predicted R? values and the adjusted
R? values of 0.9841, 0.9885, 0.9635 for turbidity, BOD, and
COD removals, respectively, in each of the response qua-
dratic model equations. Similarly, the adequate precision
values of 39.92, 41.88, and 27.71 for turbidity, BOD, and
COD removals, respectively, which are higher than 4, show
the ability of each of the models to navigate the design
space. These results, therefore, indicate the reliability of the
experimental data and predictability of the models to esti-
mate the turbidity, BOD, and COD removals [38,48]. It also
shows that FCCCD models can explain 99%, 99%, and 98%
of the total variations in turbidity, BOD, and COD remov-
als. Furthermore, the lack-of-fit F-test, which describes the
data variations around the developed model, was checked.
The probability value (p-value) of lack-of-fit exceeding 0.05
signifies insignificant p-value and ability of the model to
fit the experimental data accurately [51,52]. The statisti-
cally insignificant lack-of-fit p-values of 0.2192, 0.1064, and
0.3898 were observed for turbidity, BOD, and COD remov-
als, respectively. This implies that the chances of lack-of-fit
occurring due to noise are 22%, 11%, and 39% for turbidity,
BOD, and COD removals, respectively. This further con-
firmed the suitability of the models to fit the experimental
data, and also make good predictions. Hence, the quadratic
model was found to give the best fit to the FCCCD exper-
imental data, with good correlations between the variable
factors and their respective responses. The final quadratic
polynomial equations in coded units and real values that

Run Coded variables Actual variables Responses
number X, X, X, pH Dosage Settling Turbidity removal (%) BOD removal (%) COD removal (%)
(mg/L)  time (min) Measured Predicted Measured Predicted Measured Predicted
1 -1 1 1 6 200 240 98.18 97.37 91.42 91.81 78.25 78.92
2 1 1 1 8 200 240 91.29 91.75 88.46 87.13 71.64 70.75
3 0 0 0 7 125 150 89.74 87.51 86.25 84.58 66.03 63.566
4 0 0 0 7 125 150 86.63 87.51 85.19 84.58 65.84 63.56
5 0 0 0 7 125 150 88.65 87.51 84.05 84.58 65.88 63.56
6 0 0 0 7 125 150 89.74 87.51 84.11 84.58 65.81 63.56
7 1 -1 -1 8 50 60 46.24 46.43 42.79 42.06 28.75 27.28
8 -1 -1 1 6 50 240 86.17 86.60 79.91 79.38 70.26 70.30
9 0 1 0 7 200 150 90.82 91.54 87.24 87.63 67.03 68.83
10 0 -1 0 7 50 150 74.51 76.27 72.38 73.32 53.21 54.61
11 1 -1 1 8 50 240 76.23 74.92 80.29 79.61 68.73 68.67
12 1 0 0 8 125 150 81.70 83.41 79.41 81.95 57.94 61.20
13 1 1 -1 8 200 60 67.26 66.21 58.04 58.24 47.96 47.12
14 0 0 -1 7 125 60 62.22 63.47 58.26 57.44 40.06 43.02
15 0 0 0 7 125 150 87.74 87.51 85.94 84.58 60.67 63.56
16 -1 0 0 6 125 150 90.21 90.98 86.51 85.30 69.39 69.33
17 -1 -1 -1 6 50 60 57.01 55.93 43.09 44.09 35.28 35.37
18 -1 1 -1 6 200 60 68.96 69.65 64.84 65.19 62.47 61.73
19 0 1 7 125 240 90.35 60.22 87.38 89.53 72.05 72.30
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Table 4

Summary statistics of model selection for turbidity, BOD, and COD removals

Source Standard R? Adjusted R? Predicted R? PRESS Lack-of-fit Remark
deviation p-value
Summary statistics for turbidity removal model
Linear 7.34 0.7699 0.7239 0.6098 1,368.77 0.0014
2F1 8.07 0.7770 0.6655 -0.3843 4,856.05 0.0008
Quadratic 1.76 0.9921 0.9841 0.9468 186.60 0.2192 Suggested
Cubic 2.10 0.9937 0.9773 —4.5280 19,392.61 0.0449 Aliased
Summary statistics for BOD removal model
Linear 8.45 0.7442 0.6931 0.5516 1,876.21 0.0003
2F1 9.21 0.7567 0.6350 -0.6154 6,759.44 0.0002
Quadratic 1.64 0.9942 0.9885 0.9603 165.94 0.1064 Suggested
Cubic 1.30 0.9980 0.9928 -0.3390 5,602.88 0.1103 Aliased
Summary statistics for COD removal model
Linear 5.43 0.8644 0.8373 0.7448 830.97 0.0376
2FI 4.49 0.9257 0.8886 0.7141 930.81 0.0677
Quadratic 2.57 0.9818 0.9635 0.9242 246.70 0.3898 Suggested
Cubic 3.06 0.9857 0.9483 -8.9497 32,395.77 0.0996 Aliased

2FI, two-factor interaction.

express the empirical relationships between the factor vari-
ables and responses are presented in Egs. (3)—(5).

Y, =87.51-3.78X, +7.63X, +14.05X, +1.52X,X, —0.54X X,
~0.74X,X, —0.31X? —3.60X> —9.98X> €)

Y, =84.58 - 1.68X, +7.15X, +16.04X, - 1.23X,X, + 057X X,
~2.16X,X, - 0.95X> - 4.10X? ~11.09X> )

Y, =63.56 - 4.06X, +7.11X, +14.64X, —1.63X,X, + 1.61X X,

~4.44X,X, +1.70X> —1.84X? - 5.91X> )
where, Y|, Y,, and Y, are percentage removal of turbidity,

BOD, and COD in coded units, respectively; X, X,, and X, are
pH, MO dosage, and settling time in coded units, respectively.

The adequacy of the developed quadratic models to rep-
licate the approximation of the real systems was validated
using diagnostic plots. The normal probability plots in
Figs. la-c evaluate the residuals normality of the model
distribution, while the predicted vs. actual values plots in
Figs. 2a-c show the correlations of actual (experimental)
values and predicted values in response to the turbidity,
BOD, and COD removal. The clustering of data around the
straight line in the plots of normal percentage probability
values against the internally studentized residuals shows
that the normality of the distribution is well defined and no
variance deviation [53,54]. Similarly, the spread of the data
points for each of the response in the plots of predicted vs.
measured values (Figs. 3a-c) and their closeness to each
other indicate satisfactory agreement between the exper-
imental data and the predicted values for turbidity, BOD,
and COD removals.

3.2. Analysis of variance

The statistical significance of model terms and their
interactions was evaluated using the analysis of variance
(ANOVA). The significance of the model coefficients for each
of the three responses was assessed based on their corre-
sponding F and p-values at 5% confidence level, as shown in
Table 5. The ANOVA results revealed the high significance
of the quadratic models, as evident from the large model
F-values of 124.97, 172.42, and 53.85 for turbidity, BOD, and
COD removals, respectively. Similarly, X, X,, X,, and st
are the common significant model terms with a p-value of
less than 0.05 for turbidity, BOD, and COD removal models.
Other significant model terms are X X, and X§ for turbidity
removal model, X, X, and X? for BOD removal model, and
X, X, for COD removal model.

Furthermore, the values of the coefficient of variance
(CV) that measure the reproducibility of the model are 2.19%,
2.15%, and 4.25% for turbidity, BOD, and COD removals,
respectively. The CV value of less than 10% is considered
appropriate for the reproducibility of any model [48]. The
signal-to-noise ratio of the adequate precision measures for
the response models were 39.92, 41.88, and 27.71 for turbid-
ity, BOD, and COD removals. The adequate precision value
higher than 4 is appropriate and shows that the regression
model equation can be employed within the range of factors
in the design space [49]. These two indices, CV and ade-
quate precision, suggested that the models are reproducible,
and have a high degree of reliability and accuracy of the
experiments.

3.3. Coagulation process of variable factors on response parameters

The combined interaction effects of different levels of
variable factors on the turbidity, BOD, and COD removals
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Fig. 3. Response 3D surface and contour plots for the effects of (a) dosage and settling time, (b) dosage and pH, and (c) settling time

and pH on the turbidity removal.

from municipal wastewater were assessed using three-
dimensional graphic plots. The 3D plots and the contour plots
show variations in the removal of turbidity, BOD, and COD
as a function of pH, MO dosage concentrations, and settling
time as used during the experimentation. The response sur-
face plots in Figs. 3-5 were generated by concurrent variations
of the three variable factors (pH, dosage, and settling time)
from 6 to 8, 50 to 200 mg/L, and 60 to 240 min, respectively.
The trends of removal efficiencies of turbidity, BOD,
and COD against varying MO dosage and settling time at
a fixed pH of 7 are shown in Figs. 3a, 4a, and 5a, respec-
tively. The removal efficiencies were found to increase
proportionally with increasing MO dosage. The removals
of turbidity, BOD, and COD were notably enhanced as the
settling time increased between 60 and 220 min. However,
further increase in settling time indicated negligible effects.
This phenomenon demonstrates that increase in coagulant
dosage and settling time enhances the effectiveness of active
coagulant compounds such as cationic peptides in the MO
[54]. This leads to the formation of large, concentrated, and
closely packed floc units through bridging mechanism [55].
Expressly, more quantity of MO with increased settling time
provides more room for the effective treatment process, as

such, enhances the removal efficiencies of turbidity, BOD,
and COD. Adeniran et al. [56] investigated the treatment
potential of bio-coagulant protein from MO seed. The
authors found that the higher the quantity of extracted MO
bio-coagulant protein applied to sewage water, the better the
treatment efficiency of COD, and BOD removals. Camacho
et al. [16] observed similar results in the removal of soil
water turbidity using different dosages of MO (0-100 mg/L)
at different settling time (0-120 min). Both dosage and
settling time have significant effects on COD removal as
obtained from a similar study conducted on paper mill
effluent by Boulaadjoul et al. [57]. The COD removal from
wastewater is associated with suspended organic materials
[58]. Consequently, MO has the high potential to bind such
organic materials together [57].

The combined effects of MO dosage and pH level on
turbidity, BOD, and COD removal efficiencies, at a fixed
settling time of 150 min are presented in Figs 3b, 4b, and
5b, respectively. The results show that the removal efficien-
cies of turbidity and COD were strongly associated with
the MO dosage and pH value. However, the varying level
of pH is less pronounced in the removal efficiency of BOD.
The removal efficiencies of the three responses were found
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Table 5

ANOVA results for turbidity, BOD, and COD removal models
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Response Source Sum of squares daf Mean square F-value p-value (Prob. > F)
Model 3,480.20 9 386.69 124.97 <0.0001
X, 142.96 1 142.96 46.20 <0.0001
X, 582.93 1 582.93 188.40 <0.0001
X, 1,974.87 1 1,974.87 638.25 <0.0001
XX, 18.36 1 18.36 593 0.0376
XX, 2.38 1 2.38 0.7680 0.4036

Turbidity X, X, 4.35 1 4.35 1.41 0.2660
X2 0.27 1 0.27 0.09 0.7749
X2 35.48 1 35.48 11.47 0.0080
Xz 272.34 1 272.34 88.02 <0.0001
Residual 27.85 9 3.09
Lack-of-fit 20.68 5 414 2.31 0.2192
Pure error 7.17 4 1.79
Cor total 3,508.04 18
Model 4,160.18 9 462.24 172.42 <0.0001
X, 28.16 1 28.16 10.50 <0.0001
X, 511.80 1 511.80 190.90 <0.0001
X, 2,574.10 1 2,574.10 960.14 <0.0001
X X, 12.10 1 12.10 4.51 0.0626
XX, 2.55 1 2.55 0.95 0.3546

BOD XX, 37.50 1 37.50 13.99 0.0046
X2 2.46 1 2.46 0.92 0.3631
X3 4591 1 45.91 17.12 0.0025
X2 335.98 1 335.98 125.32 <0.0001
Residual 24.13 9 2.68
Lack-of-fit 20.01 5 4.00 3.89 0.1064
Pure error 4.12 4 1.03
Cor total 4,184.31 18
Model 3,196.60 9 355.18 53.85 <0.0001
X, 165.08 1 165.08 25.03 0.0007
X, 505.81 1 505.81 76.69 <0.0001
X, 2,143.59 1 2,143.59 324.99 <0.0001
XX, 21.32 1 21.32 3.23 0.1057
XX, 20.80 1 20.80 3.15 0.1095
XX, 157.53 1 157.53 23.88 0.0009

CoD X2 7.92 1 7.92 1.20 0.3016
X2 9.28 1 9.28 1.41 0.2660
X2 95.36 1 95.36 14.46 0.0042
Residual 59.36 9 6.60
Lack-of-fit 37.53 5 7.51 1.38 0.3898
Pure error 21.83 4 5.46
Cor total 3,255.96 18

Parameters Turbidity removal BOD removal COD removal

Standard deviation 1.76 1.64 2.57

Mean 80.19 76.08 60.38

Coefficient of variation (%) 2.19 2.15 425

PRESS 186.60 165.94 246.70

Adequate precision 39.92 41.88 27.71
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Fig. 4. Response 3D surface and contour plots for the effects of (a) dosage and settling time, (b) dosage and pH, and (c) settling time

and pH on the BOD removal.

to increase with increasing MO dosage and decreasing pH
level. The effect of pH was observed to be more signifi-
cant at high level of MO dosage, hence maximum remov-
als of turbidity, BOD, and COD occurred. Dotto et al. [59]
reported that the highest contaminants reduction efficiency
was achieved at a pH acidic medium of MO coagulant in
the textile wastewater. Dehghani and Alizadeh [60] found
the optimum pH of 6 for the removal efficiency of turbid-
ity, COD, and total suspended solids using MO in refinery
wastewater.

The effect of concurrent variations of pH and settling
time on the removal of turbidity, BOD, and COD is presented
in Figs. 3¢, 4c, and 5c¢, respectively. The results indicate that
an increase in settling time with lower pH value led to high
efficiencies of turbidity, BOD, and COD removals. As the pH
level decreases within the optimum range (6 to 8) required
for coagulation process of MO [61], the positive charges tend
to predominate on the surface of active molecules, thereby
causing the formation of colloids and subsequent removal of
contaminants [16]. These results are in good agreement with
Boulaadjoul et al. [57]. The researchers reported that 97% of
turbidity was removed at pH range of 6-8 after 30 min settling
time in paper mill effluent. Al-Gheethi et al. [62] reported the

need to allow more than 1 h settling time so as to enhance the
treatment effect of MO under reduced pH value.
Furthermore, the volume of sludge production was found
to vary with the coagulant dosage and settling time (Table 6).
The increase in MO dosage from 50 to 200 mg/L, at a settling
time of 60 min, resulted in a 15% reduction in sludge vol-
ume generated. However, for the same range of 50-200 mg/L
dosage of MO, at a different settling time of 240 min, a 27%
reduction of sludge volume was produced. Similarly, increas-
ing MO dosage from 50 to 125 mg/L resulted in 18% reduction
in sludge volume at a settling time of 240 min. However, 27%
reduction in sludge volume was observed for 50-200 mg/L
increase of MO dosage under the same settling time of
240 min. These results are in agreement with a study con-
ducted by Muyibi et al. [63]. In their study, similar reductions
in the volume of sludge were observed when the coagulant
dosages were increased at constant settling time of 30 min.

3.4. Optimization of response parameters

The numerical optimization analysis of the process
parameters was implemented using the Derringer’s desir-
ability function in the Design-Expert software. A desirability
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and pH on the COD removal.

Table 6
Sludge volumes with varying pH, coagulant dosage, and settling
time

Moringa oleifera Settling time Volume of sludge
dosage (mg/L) (min) (ml/L wastewater)
60 52
50 150 49
240 4.5
60 4.7
125 150 43
240 3.7
60 44
200 150 3.9
240 3.3

function is a technical approach in a statistical design that
simultaneously measures the optimal settings of input
parameters to produce optimum performance levels of
one or more output variables or responses [64]. The desir-
ability scale varies over the range of 0 to 1, with zero value

indicating undesirable for the particular variable of con-
cern and the value of one denotes completely desirable.
Numerical optimization allows the selection of a desirable
value in the form of a range, target, minimum, or maximum
value for each input variable factor and response. For max-
imum desirability, pH, MO dosage, and settling time were
set in the range of 6-8, 50-200 mg/L, and 60—240 min, respec-
tively, with the maximum level of turbidity, BOD, and COD
removals. Similar values within these ranges of pH, coagu-
lant/flocculant dosage and settling time have been applied
in the previous studies of wastewater treatments [34,65,66].
The FCCCD experimental results, with the stated defined set
goal conditions, produced the optimum process conditions
of pH, MO dosage, and settling time as 6.07, 189.69 mg/L,
and 215.42 min, respectively, for maximum removal of tur-
bidity, BOD, and COD. Under the selected conditions, the
predicted removal efficiencies of turbidity, BOD, and COD
were found to be 98.28, 93.48, and 78.52, respectively, with
the desirability value of 1.000.

To validate the results of the optimization, a confirma-
tion experiment, with three replications, using the optimum
conditions obtained from the FCCCD model was conducted.
The turbidity, BOD, and COD removal efficiencies at optimal
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process conditions were 97.37% + 1.76%, 91.81% + 1.63%, and
78.92% + 2.57%, respectively. The results showed a strong
agreement with the obtained predictive model values of
98.28%, 93.48%, and 78.52% for turbidity, BOD, and COD,
respectively. The results demonstrated the effectiveness of
FCCCD with desirability function to optimize the process
conditions (MO dosage and settling time) of coagulation
for the turbidity, BOD, and COD removal efficiencies.

4. Conclusion

This study explored the operating process conditions,
namely: pH, dosage of MO, and treatment settling time in
municipal wastewater treatment using FCCCD of response
surface methodology. The combined effects of process vari-
able factors on responses of interest, including turbidity,
BOD, and COD removal efficiencies were investigated using
FCCCD experimental results. The obtained results fitted
well to the second-order polynomial regression model based
on the coefficients of determination and lack-of-fit tests.
Similarly, the statistical ANOVA showed that the two con-
sidered variable factors have both individual and combined
influence on the three responses of interest. The optimum
process settings to maximize the responses of turbidity,
BOD, and COD removal efficiencies were achieved using the
Derringer’s desirability function. The optimum operating
conditions with the desirability value of 1.000 were found to
be 6.07 of pH, 189.69 mg/L of MO, and 215.42 min of settling
time, which achieved the predicted 98.28%, 93.48%, and
78.52% of turbidity, BOD, and COD removals, respectively.
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