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ABSTRACT

Recovery of oil and water from industrial mineral oil wastewater for reuse is a means of conserving wa-
ter and energy for economic growth and sustainability. The effluent generated from a local South Afri-
can oil refinery is characterized by a high content of four water parameters, namely chemical oxidation
demand (COD), soap oil and grease (SOG), turbidity (NTU) and total suspended solids (TSS). The goal
of this study is to optimize the coagulation floatation process using a polymeric coagulant for the effi-
cient reduction of contaminant concentrations. The response surface methodology (RSM) coupled with
the Box—Behnken design (BBD) was adapted to evaluate the effects and interactions of three factors:
pH, coagulant dosage and floatation time to maximize the efficiency of the coagulant to the response of
the four water qualities. A standard jar test procedure of coagulation floatation was adapted to improve
the water quality. Quadratic and linear models were generated for COD with SOG and NTU with TSS
as the responding variables, respectively. In addition, analysis of variance (ANOVA) shows that the
model was significant with a 95% confidence level. The desirability from the experiment shows that
at the optimum coagulant dosage of 50 mg/L, about 70% of the initial wastewater contaminants were
removed as compared with RSM at an optimum dose of 40 mg/L and 80% removal. This helps reduce
chemical costs and upgrade the water quality. The BBD-RSM serves as a statistical tool for evaluation,
verification and decision-making for the response feedback and helps identify the most important factor
to control in order to enhance the treatment efficiency of the process.
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1 INTRODUCTION

Rapid urbanization and industrialization have created pollution potentials within residential
areas and its environment, and hence, environmental restrictions have become more stringent.
In addition, most industrial wastewater treatment companies face the challenge to acquire
sound and efficient treatment techniques to comply with the environmental regulations and
balance their sustainable development and economic viability. In this scenario, removal of
mineral oil (MO) from water before downstream treatment is desirable as the oil recovered
can be reprocessed for sale as low-grade oil.

To meet the demand for petroleum products, about 60% of South African crude oil is
being imported from Saudi Arabia, Nigeria and Angola. However, South Africa, having the
second-largest oil refinery capacity in Africa after Algeria, has six refineries such as Cape
town refinery (Chevron), Engen refinery (Petronas), Sapref refinery (Shell and BP), Sasol
refinery, National petroleum refinery of South Africa (Natref) and Mossel Bay Gas to liquid
(GTL Petro SA) [1]. These refineries and petrochemical plants generate large quantities of
wastewater during the crude oil exploration. When left untreated before discharge into the
sewer, they cause environmental degradation, health hazards and threaten the ecosystem. To
protect the environment and have a healthy economy, there is an urgent need to evaluate the
treatment process and improve upon it to meet the designated discharge limits (50 mg/L) and
avoid surcharge bills imposed by the municipalities [2, 3].
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The industrial wastewater (IW) is a dark yellowish, cream-coloured, highly turbid, pungent
smelling, and has a high content of chemical oxygen demand (COD), soap oil and grease (SOG)
and total dissolved and suspended solids [4, 5]. In addition, although there is a diverse range
of technologies for breaking up oil/water emulsions, each technology has its own disadvantage
in separating oil from water [6]. Therefore, it requires supportive physicochemical techniques
which include acidification (HCI, H,SO,, H,PO)), coagulation (coagulants, polymers) and
floatation (dissolved air floatation, electro floatation, dispersed floatation) [7, 8].

Coagulation floatation has been reported to have the potential to treat IW to meet regula-
tory limits and improve the effluent quality before discharge or recycling back to the process
line for reuse at low cost [7, 9]. Coagulation involves the addition of a coagulant to the IW
flowed by subsequent agitation to bring the negatively charged oil droplets to agglomerate
to form flocs. However, the selection of the coagulant type depends on the water quality, and
underdose or overdose might affect the oil droplet floc size formation [6, 10]. It is worthwhile
to add that the oil droplet floc size and the effluent quality depend on the amount of the dis-
solved air added to the emulsion at a complete saturated pressure [4]. Breaking the stability
of the emulsion through the use of a coagulant followed by microbubble addition (floatation)
has been widely applied in the wastewater and IW treatment plant due to its merit over sedi-
mentation [2, 7, 9]. According to Zouboulis [9], at a saturated pressure of 350 kPa, a bubble
size of 10—100 micron is expected to occur which increases the floatation efficiency.

Dissolved air floatation (DAF) is a physical technique that generates a large number of
microbubbles for the release of dissolved air from supersaturated water in a saturator tank
into a floatation zone. This increases the air bubble to oil droplet attachment with a high
rising velocity and, due to its low buoyancy, moves to the surface of the water, leaving the
bottom water clean to be discharged as effluent (Fig. 1).

The general strategy for optimization in the IW treatment process is to improve upon
the performance with less cost for the end usage of the water. The emerging paradigm in the
analytical evaluation and the graphical perspective of a mathematical model has led to the
response surface methodology (RSM) [4, 11-13].

From previous studies, RSM is an effective optimization tool used to evaluate and iden-
tify the effect and relationship that exists between multivariables on the response using
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Figure 1: Schematic diagram of industrial wastewater DAF unit.
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Table 1: Selecting RSM design style.

RSM design style Factors to consider

Three-level full  Each factor requires three levels.
factorial This design requires more experimental runs.
CCD CCI Each factor requires five levels.
The model predictions are poor compared to the CCF and the CCC.
Limitation of using only the points specified in the experiment.

CCF Three levels are required for each variable.
The model predictions are better than CCI.

CcCC Five levels are required for each variable.
This design requires points outside of the constraints of the original
factorial design.
Provides better predictions than the CCI and the CCF.
BBD Three levels are required for each variable.
Requires fewer runs than the CCD for 3<n<4.
DD Five levels are required for each variable.
The experimental domain expands with the addition of other factors.
Requires fewer runs than all of the DOE above.

quantitative data obtained from the experimental design. This results in the derivation of an
empirical response model fitted on a polynomial equation, specifically second-order regres-
sion [11]. The significance of each input variable and its impact on the response are then
evaluated with the ANOVA. However, to design the experiment, there are some factors to
consider which depend on the availability of resources, the number of factors considered and
their level and also the type of the RSM design style, such as three-level full factorial design,
central composite design (CCD), the Doehlert design (DD) and the Box—Behnken design
(BBD). These design styles are shown in Table 1.

In a previous work by Tetteh et al. [14], the BBD was used to design experiments for
pH, coagulant dosage and floatation time to address the approach of data analysis, model-
ling and evaluating the effects of the independent variables on the response. The aim of this
article also introduces the experimenter to the alternative to control and reduce the coagulant
dosage to enhance an efficient treatment effluent quality and to compare the results from the
response model prediction to that of the experimental results, and establish the accuracy of
the response models developed.

2 MATERIALS AND METHODS
2.1 DAF jar test

The principle of acidification, coagulation and floatation was done using phosphoric acid,
polyaluminium sulphate (PAS) and DAF jar test at a rapid mixing rate of 250 rpm for 2 min-
utes. Promoting floc growth was achieved at a slow agitation speed of 30 rpm for 15 minutes. A
saturated pressure of 350 kPa was used in allowing the floatation time set to elapse. The analy-
sis was performed in accordance with the South African Bureau of Standards (SABS) tech-
nique 1051 [14, 15].
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Table 2: The RSM-Box-Behnken design matrix.

Input variables Coded levels (X)
-1 0 1
X,:pH 4 5 6
X,: Coagulant dosage (mg/L) 30 40 50
X,: Floatation time (min) 10 15 20

2.2 RSM

The Design Expert (10.0.3) software was used for the design of the experiments for the
RSM, statistical analysis and modelling of the experimental data collected. The matrix of the
experiments with the combination of different levels of the independent variables is shown
in Table 2. The relationship between the responses and the inputs was fitted on a polynomial
quadratic model represented in the form of eqn (1).

Y=f(x,x,x,——x)+¢ (D

Where Y is the response, fis the unknown function of the response, x \» X,, X, — =X, are the inde-
pendent variables that affect the response and » is the number of factors. The e also represents
the statistical error that is not accounted for by the function.

The responses and the expression of the percentage measured values of the result were

calculated using eqn (2).

Yo - Yo
Y, (%)= % 100 )
YO
Where Y ,y, and y, represents the demanded response (water quality), initial and final water
quality respectively. The response is an indicator of efficiency. Before and after each run of
the coagulation floatation process, samples were taken and analysed for COD (Y)), SOG
(Y,), TSS (Y,) and turbidity (Y,).

3 RESULTS AND DISCUSSION
To avoid judgemental bias and misrepresentation of the input variable effects on each
response, the analyses of the data were performed according to the BBD standard order run
depicted in Table 3. The most important variables and their optimal region were selected
based on the statistical analysis. The factors had a significant effect on the response within
the boundaries tested.

Addition of PAS as the coagulant contains highly charged polymeric aluminium spe-
cies and monomers; hence, increasing the dosage increases the oil droplet charge either by
losing or by gaining more protons depending on the pH of the solution [9]. This means that
because of the polymerization reaction, the negative charge of the oil droplets is progres-
sively replaced by the positive charge of PAS according to eqn (3)

AP — AI(OH)* — Al(OH); — Al(OH), — Al(OH), 3)
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Table 3: The Box-Behnken design matrix.

Standard run Input factors Response % removal

Xl XZ X3 Yl YZ Y3 Y4

1 0 0 0 85 84 81 75
2 0 0 0 86 86 84 74
3 0 -1 1 85 72 74 68
4 -1 1 0 89 89 80 72
5 1 0 -1 84 77 79 70
6 0 0 0 89 88 82 73
7 0 1 1 86 90 85 73
8 1 1 0 86 90 84 71
9 -1 0 1 82 85 84 72
10 0 0 0 87 92 86 72
11 1 0 1 82 86 85 71
12 -1 -1 0 80 75 72 69
13 -1 0 -1 83 86 81 70
14 1 -1 0 82 74 73 69
15 0 1 -1 88 91 85 73
16 0 -1 -1 84 73 75 64
17 0 0 0 89 90 83 71

Therefore, in the context of the coagulation mechanism, PAS dosage increases the possibility
of charge neutralization of the oil droplet due to adsorption and absorption of the contami-
nants present in the IW. Thus, an increase in precipitation increases the percentage removal
of the contaminants.

3.1 Response model

The optimization process was carried out using the BBD, as mentioned previously, where Y
and X accounts for the four responses and three input variables, respectively. After the selec-
tion of the design and the models, the ANOVA was used to check the quality and accuracy
of the response models [4, 11]. Furthermore, the probability (P > F-value) of a variable not
affecting the response was found to be been less than 0.05 with a 95% confidence level. This
tells us that the ANOVA can be used to evaluate four individual response models as expressed
as follows:

Y, =— 19.75 + 40.38X, — 1.28X, + 2.33X, — 4X> + 0.02X2 — 0.08X2 )

Y,=—101.11 +41.78X, - 3.63X, — 4.33X2 + 0.034X? 5)
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Y,=55.35 +0.625X, 6)

Y,=4532+0.56X, )

3.2 BBD diagnostic and 3D plots

Although there were no combined or cross-interactional effects of the input variable terms
on the response models generated (eqns 4—7), it was found that some of the combined or
cross-interactions have no significant effects on the response. The fit of the polynomial was
also expressed as the coefficient of determination R? and the adjusted R% The R? defines the
overall performance of the model and for quality check purposes should be close to 1. The
reliabilities of the developed models were also shown in a diagnostic plot such as predicted
versus actual plot. From Fig. 2a, most points were distributed near the straight line, indicating
the quadratic models developed for (a) COD and (b) SOG were significant. Figure 2b denotes
the linear regression models for (c) TSS and (d) turbidity, where most points were not distrib-
uted around straight line, signifying that not all the levels of input variables had a significant
effect on the response. The standard deviation was also taken into account, which was the
difference between the predicted and experimental values and found to be less than 5%.

3.2.1 Three-dimensional (3D) plots
The graphical representation of the response models forms the basis of the RSM to visualize
the effects of the interactions [11]. The 3D plots also provide the surface area to observe the
plot within which the process performs at optimal level due to the effects of the interaction of
the factors in consideration. It was found that the centre points actually assist in the model’s
performance within the tested boundaries.

In this case, the floatation time was held constant (15 minutes), where the coagulant dosage
and pH were evaluated. The optimal region for the most influenced factors was identified as
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Figure 2a: Diagnostic plot of predicted versus actual for (a) COD (b) SOG percentage
removal[WIT12].
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Figure 2b: Diagnostic plot of predicted versus actual for (c) TSS and (d) turbidity percentage
removal.

pH (4.5-5.5) and coagulant dosage (35-45 mg/L), and in all cases, increasing the coagulant
dosage produced a significant increase on the contaminant removals.

Figure 3 (3D plot and contour) for COD suggests that the PAS coagulant is effective in the
acidic medium for the removal of COD. The distinct peaks with the curvatures suggest the
sensitivity of the magnitudes of the model coefficient terms. However, the contour diverges
with an increase in the coagulant dosage at constant pH (5) to obtain a maximum removal of
96%. The R? and adjusted R? of the COD model were 0.8975 and 0.8745 respectively which
makes the model significant.

Figure 4 shows that at a constant pH (5), increasing the coagulant dosage alters the sensi-
tivity of the SOG removal to a maximum of 95%. In this case the distinct peaks of the cur-
vature suggest the optimum dosage is within the boundaries of the levels tested. The R? and
adjusted R? values for the SOG model were 0.9635 and 0.9555, respectively.

COD (ppm)

s

Y1

-1

-1 -0s 0 s 1

- X1

Figure 3: 3D plot for COD response model pH (X ) versus coagulant dosage (X,) at constant
floatation time of 15 minutes.
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SOG (ppm)

X1

Figure 4: 3D plot for SOG response model; pH (X)) versus coagulant dosage (X,) at constant
floatation time of 15 minutes.

Figure 5 shows a steep slope curvature with linear contours indicating that TSS removal
increases with an increase in coagulant dosage to a maximum removal of 90%. The TSS
model was significant due to the values for R? and adjusted R? of 0.9466 and 0.9235 respec-
tively being very close to 1.

Figure 6 shows that removal of turbidity increases with an increase in coagulant dosage,
where the steep slope of the curvature is a linear contour. The significance of the turbid-
ity model was also indicated by the value of R? and adjusted R? of 0.9563 and 0.9432
respectively.

TSS (ppm)

Y3

-1

-1 -0s5 0 05 1

Figure 5: 3D plot for TSS response model; pH (X, ) versus coagulant dosage (X,) at constant
floatation time of 15 minutes.
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Turbidity (NTU)

X1

Figure 6: 3D plot for turbidity response; pH (X1) versus coagulant dosage (X2) at constant
floatation time of 15 minutes.

The response models were then verified at coagulant dosages of 35, 40 and 45 mg/L.
Figure 7 affirms the linear regression that exists between the coagulant dosage and all the
responses, with R? values of 0.8848, 0.9555, 0.9978 and 0.9975 for Y,.Y,, Y, and Y, respec-
tively. Furthermore, considering the direction to maximize the highest percentage removal, it
was better to use a coagulant dosage of 40 mg/L than 45 mg/L due to the coagulant consump-
tions rate and economic viability. More so, it had over 90% removal of SOG which is the
main contaminant of interest. Furthermore, from the experimental results, it was found that
at a coagulant dosage of 50 mg/L, the percentage removal of COD, SOG, TSS and turbid-
ity was found to be 83%, 91%, 84% and 70%, respectively. The optimum conditions for the
model were therefore obtained at the input variable terms at level 0. The percentage removal
of COD, SOG, TSS and turbidity was found to be 89%, 93%, 86%, and 74%, respectively.
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Figure 7: Validation of response surface models; Y1-COD, Y2-SOG, Y3-TSS and
Y4-turbidity.
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4 CONCLUSION

The use of the RSM for the IW treatment process optimization has contributed to decision-
making and reduction of operational costs. More so it assisted researchers and process engi-
neers on the type of coagulant to use, reduced the number of experiments in the conventional
method and focused on the major factor (coagulant dosage) that contributed to the highest
effect on the process output. There existed a good correlation between the predicted and the
experimental result with less than 5% deviation. To enhance the control of the coagulant
dosage, the pH (5) and the floatation time (15 minutes) must be kept constant. Therefore,
coagulation floatation combined with RSM can cause a significant degree of accuracy on
model prediction of an IW treatment process.
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