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ABSTRACT 

This study compares two coagulants: Alum Based Coagulant (ABC) and Eggshell Coagulant 

(ESC) used for the coag-flocculation treatment of cosmetic wastewater to determine the efficacy 

of ESC at optimum condition. The residual values of TSS particles in the wastewater were 

measured and recorded after the coag-flocculation treatment at 30mins settling time. The cubic 

models obtained following the Central Composite Design (CCD) were used to confirm the 

experimental predetermined optimal pH and dosage were recorded as: 6 and 0.3g/L for ESC, 

while pH 8 and 0.1g/L were reported for ABC. The optimal point plots 85% and 97% TSS 

removal efficiency which corresponds to 38g/L and 6g/L of residual TSS recorded for ESC and 

ABC respectively. The results obtained show that; the ABC and ESC driven coag-flocculation 

satisfied the EPA standard for wastewater discharge at optimal pH. The cost remediation 

result shows that; ESC maintained significantly lower operating cost for wastewater treatment. 
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1.0       INTRODUCTION 

Global cosmetic products market was valued around $532billion in 2017 and is expected to reach 

approximately $863billion by 2024 [1]. The cosmetics industry produces different kinds of 

wastewater. Few years ago, cosmetics production process do not fall within cosmetic regulations 

[2]; this development were accompanied with the increase in the generation of cosmetics 

wastewater contaminated with large amounts of dye, surfactants, oils, micro beads, emulsion, and 

total suspended solids from different production sites across the globe [2]; [3]. 

The level of TSS contaminants present in the cosmetics wastewater poses serious industrial and 

environmental concerns. If not properly treated before their discharge high TSS levels can causes 

water to lose its ability to support aquatic lives [5]; it can also reduce the efficiency of wastewater 

treatment operations, contributes to clogs in tanks and pipes or aid corrosion [18]. Their complex 

characteristics pose severe resistance to unit operations which undergoes in industrial wastewater 

treatment plants [9]. Hence; the importance of TSS removal during wastewater treatment before 

discharge cannot be over emphasized.  

According to the World Health Organization (WHO), TSS volumes in wastewater should not 

exceed 40mg/L for discharge [10]; as such; cosmetic wastewater with TSS contents greater than 

the set standard is considered a point source pollutant. The Environmental Protection Agency 

(EPA) has created several standards for wastewater effluent discharge reported to be within the 

pH limits of 5.5-9.5 [10]. The guideline ensures that wastewater treated is within the pH limits of 

neutral water, thus making it environmentally safe when discharged into the land or water bodies. 

The EPA standard for TSS removal from wastewater discharged varies across the globe, but the 

pH regulation is likely within the limits of the guidelines specified by other health and 

environmental regulation authorities such as the World Health Organization (WHO), 

Environmental Impact Assessment (EIA) and Nigeria International Standards (NIS) among others 

[4]; [10]. 

There are different treatment processes applied to enhance the removal of contaminants from 

wastewater, this includes reverse oxidation, which is been applied in recent times to remove 

bacterial from wastewater, adsorption, coagulation and flocculation [9]; [10]; and [23]. Most 

commonly sought-out treatment processes cut across coagulation and flocculation for the removal 

of turbidity and suspended solid from wastewater that contain significant amount of settle-able 

solids [6]; [7]. Coagulation and flocculation treatment is an important step towards eliminating 

suspended solids from wastewater to enhance the clarity of the industrial wastewater before its 

disposal [18].  

However, the use of aluminum sulfate, also known as alum for water treatment processes has 

been in practice since ancient times. In recent times coag-flocculation treatment of wastewater 

involving the use of organic waste materials has proven to be more effective and efficient 

considering the environmental impacts of simulated inorganic compounds coupled with the costs 

of producing them [7]; [11] and [15]. Considering the fact that; inorganic coagulant sources are 
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mostly corrosive, consumes much energy and are very expensive [5]; [9] and [17]. Organic 

coagulants have proven to be cheaper and environmentally friendly considering their hydrophilic 

nature [13]; [15], yet the challenge of using organic materials still remains that; fundamental 

background knowledge about their pH modifications and understanding of their interactions with 

the substrates in the waste medium is often scarce, or insufficient to infer the best chemical 

configuration for treating a specific effluent [5]; [16].  

In the quest to use more environmentally friendly coagulants, reference [19] applied eggshell in 

treatment of vegetable oil industrial effluent. Their work proved an efficiency of 88.56% for 

eggshell. It went further to compare with fish-scale, another natural coagulant. The results showed 

that eggshell has better performance in acidic solutions. Furthermore, the works of [20] explored 

the use of eggshell in harvesting microalgae species. This shows the versatility of eggshell as it 

can be applied to different areas. In the study [20] it was observed that eggshells can act as an 

adsorbent, and also as a spontaneous coagulant to agglomerate the microalgae cells. The study 

concluded that the separation efficiency of microalgae biomass was over 99% at the optimal 

conditions. The optimal conditions are: 80 mg/L flocculants dose (eggshells), 150 r/min mixing 

rate, 20 min mixing time, 20 min settling time and pH 6. 

Another study conducted by [21] showed the use of eggshell as a coagulant aid to alum in the 

removal of dye from aqueous system. In the study, alum as a primary coagulant has a removal 

efficiency of 86% on the dye (Methylene blue). On the other hand, when combined with eggshell 

as a coagulant aid, the removal efficiency increased to 98% [21]. The finding above proves that 

eggshell can be used as a standalone coagulant as well as flocculants aid. In all cases mentioned, 

we can see the effectiveness and efficiency of eggshell. Not to mention the cost effectiveness and 

the friendly environmental impact. 

To this end, the present work attests the efficacy of reused waste material (Eggshell) in the 

removal of TSS from cosmetic wastewater treatment at optimum conditions. The novelty of the 

present work verifies the threshold TSS removal efficiency of the organic material following two 

methods: Response Surface Methodology (RSM) and Systematic method of experimental 

predetermined optimal pH, dosage and residual TSS (g/L). The objectives of the research also 

include the analyzing of the efficacy of Eggshell Coagulant (ESC) to satisfying the EPA pH 

standard for industrial wastewater discharge.  Also; the threshold rate constant (kf ) was 

evaluated following a predetermined TSS concentration of 40g/L and the rate constants (km ) for 

the ABC and ESC driven coag-flocculation reaction were also determined using the 2nd order 

kinetics model for a maximum settling time of 30minutes. Thus; the efficacy of the organic 

material was ascertain by employing the criterion of comparing the results ( km  ≥  kf ) at the 

optimal points. The research was also aim at evaluating the efficacy of the re-used waste material 

based on a coag-flocculation operation cost analysis as a function to determine the clarification 

efficacy of ESC compared with ABC for the removal of TSS from cosmetic wastewater. 
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2.0 MATERIALS AND METHOD 

2.1 Materials: The wastewater sample was collected from the production site of Emos-Best 

Group of Industries Nigeria Limited. The organic coagulant samples were obtained from re-used 

waste material (Eggshell) as a gift from traders along Onitsha main Market, South Eastern 

Nigeria.  

2.2 Preparation of the Coagulant: Eggshell samples weighing 5kg were sun dried for about 3 

weeks. The dried samples were crushed and ground to increase its surface area. They were then 

screened through 20 mesh sizes to obtain flour of finer particles which were collected in a 

container ready for use.  

The eggshell coagulant sample (ESC) was characterized at Pymok Research Laboratory Nigeria 

Limited, Enugu. A proximate analysis was then carried out on the prepared organic coagulant 

following the method in reference [8], at Spring Board Research Laboratory Awka, Nigeria. The 

characterization and results of the analysis are presented in table 2. The conventional coagulant 

(ABC) used for this experiment consisted of 5kg of Aluminum salt of industrial grade. It was 

bought from a chemical vendor; Kincel Excel Nigeria Limited. The Alum has the chemical 

formula: Al2(SO4)3. 18H2O, MW = 666.42g/mol, 51-59 % Al2(SO4)3;  molecular weight = 

666.42g/mol, consisting of 51-59% Al2(SO4)3, and pH (2.5–5.5). This was processed into 

powdered form to increase its surface area, and stored in a container ready for use. 

2.3 Wastewater Analysis and Characterization: The industrial wastewater analysis and 

characterization was carried out at Halden Nigeria Limited, Port-Harcourt. The wastewater 

sampling and preservation was carried-out in accordance with the standard method of 

examination of wastewater handling [13]. The wastewater characterization was carried out 

immediately when samples arrived in the laboratory. 

2.4 Procedure: The standard experimental procedure was conducted for the determination of the 

TSS (g/L) concentration following the coag-flocculation treatment of the wastewater.  

The filtration apparatus was set up in the laboratory, and filter was inserted, de-ionized water was 

used to wet the filters. 250ml of the wastewater sample was poured into 5 conical flasks. The 

flasks were carefully labeled for proper identification. Each flask was placed on a magnetic 

stirrer, the pH of the samples were adjusted to; 2, 4, 6, 8 and 10 respectively using 0.1M H2SO4 

and 0.1M NaOH just before dosing the coagulant. The doses of the organic coagulants ranging 

from 0.1g to 0.5g were measured out from the powdered ESC and added to each conical flask to 

form solutions. The TSS volumes of the samples were measured after placing the magnetic stirrer 

bar into the wastewater sampling bottle on the stirring unit. The stirring speed was maintained at 

110rpm for 2minutes after which the speed was reduced to 35rpm. The stirrer was stopped after 

20minutes to allow the solution to settle.  
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 The settling time was varied from 2, 4, 6, 8, 10, 20 and 30minutes respectively. During the 

settling period, 25cm3 pipettes was used to withdraw samples from 2cm depth of the conical 

flasks at constant settling time for each treated sample. The samples were placed on separate 

filters and continuous suction was exercised on the samples in the filters for about 3minutes until 

the volume were observed to slowed down the filtration process. The volume of the filtered was 

measured out in a graduated cylinder and recorded in liters (L) on a bench sheet.  The filters were 

then transferred into an oven set to 1040C, and fired for an hour. The filters were then allowed to 

cool to room temperature. The samples in the filters were then weighed to the nearest 1.0g, and 

the corresponding masses in the weight check section were recorded. The oven dry mass (g) was 

also recorded for each sample analyzed, and was used in determining the initial concentration of 

the TSS of the sample in g/L.    

The procedures used to determine the oven dry mass and mass of filter after drying was repeated 

for each treated sample of ABC and ESC respectively, and the results were tabulated. The values 

of the TSS concentration for each treated sample were evaluated mathematically to the nearest 

0.1g/L applying equation 1.   

TSS (Ni) =  [Wi −  WoV ]                                                                                                     Eq. 1 

Where: Wi is the mass of filter + dried residue (g), Wo is the mass of filter or tare weight (g) and 

V (L) is the volume of sample filtered. 

The corresponding filtered volume and oven dry mass of each sample were measured and used in 

calculating the concentration of the suspended solid (TSS) particles of the wastewater samples. 

This was done before and after treatment with the measured doses of the coagulants ABC and 

ESC respectively. The corresponding values of the residual TSS (g/L) were determined using 

equation 2:  Residual TSS (g/L) = [N0 − Ni]                                                                                     Eq. 2 

Where: Ni is the final TSS volume (g/L) in the wastewater sample after coag-flocculation 

treatment with ABC and ESC respectively, and N0 is the initial TSS volume (g/L) before coag-

flocculation treatment. 

The percentage TSS removal efficiency was calculated for each sample analyzed using: 

          % E =   
N0−NiN0 × 100                                                                                                            Eq. 3 

The concentrations of the total suspended particles of the wastewater were evaluated by a 

multiplying factor of 2.35 [14]. Where: Ci represents the concentrations (g/L) of the colloidal 

particles causing turbidity in the wastewater sample.        Ci = 2.35 x Ni                                                                                                                    Eq. 4      
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2.5 Experimental Design and Analysis: The experiments were designed using two methods; 

Systematic method and the Central Composite Design (CCD) were selected for the ABC and ESC 

driven coag-flocculation optimization analysis.   

The systematic method involved the use of established experimental predetermined optimum pH, 

and dosage for ESC and ABC respectively. The systematic method employed the EPA standard 

pH limits between 5.5-9.5 [7]. This was used for determining the best pH that yields minima TSS 

residuals following ESC and ABC driven coag-flocculation treatment processes. Also an 

experimental predetermined residual TSS volume less than 40g/L ( TSS ≤ 40g/L) was applied as 

a criterion to determine the optimal dosage (g/L) at settling time of 2, 4, 6, 10, 20 and 30minutes 

respectively for the ESC and ABC coag-flocculation treatment. This approach has been 

previously employed for the removal of dye component by adsorption and coag-flocculation 

reported in the work of reference [14]. 

The CCD selected with the RSM is an experimental design method used for building linear, 

quadratic, or cubic models for responses. It provides information about interactions among 

experimental variables; pH, dosage and settling time within the range studied. This leads to a 

better knowledge of the process [8 &9]. A process model establishing equations, describing the 

experimental results as a function of factors levels. The most common empirical models that fit 

the experimental data assume a linear, quadratic or cubic form. The final model equation is in the 

form below: Y =  b0 + b1x1 + b2x2 + b3x3 + b12x1x2 +  experimental errors              Eq. 5 

Where Y is the response total suspended solids (TSS) removal from the wastewater samples, and 

b1, b2, and b12 etc are respective coefficients of the model equations developed to represent the 

interaction of the variables: dosage, pH and settling time for both the ABC and ESC driven coag-

flocculation process. 

 

3.0        RESULTS AND DISCUSSION 

The wastewater analysis was carried out to quantitatively and qualitatively account for the 

principal contaminants of the sample. The characteristics result from the analysis of the 

wastewater sample posted the Total Suspended Solids (TSS) record of 232mg/L, while the Total 

Dissolve Solids (TDS) content of 401mg/L and 350NTU turbidity content was recorded for the 

sample. The biochemical oxygen demand (BOD) and chemical oxygen demand (COD) of the 

wastewater was measured to be less than 14mg/l as presented in (Table 1), at pH 4.2, this implies 

the wastewater is highly contaminated. Also the wastewater sample collected from the industrial 

facility has a low acidity of 6.02mg/L with high alkalinity of 134mg/L. The results proved that the 

characteristic of the wastewater sample before the coag-flocculation treatment does not satisfy the 

EPA acceptable standards for wastewater discharge. The wastewater characteristics are presented 

in table 1. 
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3.1 Characterization of the Coagulant: The analysis on the organic coagulant shows that; 

powdered form of ESC contains very high proportions of protein and ash contents of recorded at 

62% and 29% respectively. This is an indication of the structure of the organic material is 

hydrophilic [5]; with the possible presence of these compounds within the structure of ESC under 

certain conditions is been reported induce coagulation as shown in the works of references [19]; 

[20] and [21] respectively. The moderate percentages of carbohydrate reported as 3.13% and fat 

content at 5.54% as presented in (Table 2) indicated that; the organic coagulant/flocculants likely 

contain cellulose and fatty acid compounds capable of promoting floc formation as reported in the 

work of [19]. The result depicts potential evidence that the structure of the coagulants contain 

natural polymeric compounds capable of forming polyamine groups with the potential to form 

aggregates with particles in the water medium which can be removed by settling. 

Table 1: Characteristics of the Cosmetics Wastewater  

 

 WASTEWATER                                                               METHODS  USED FOR ANALYSIS                     VALUES 

pH                                                                                                Apha 4500-H                                           4.2 

Turbidity (NTU)                                                                         D1889                                                       350 

Total Dissolved Solids,     g/L                                                    Apha 2540-C                                           401 

Total Suspended Solids,  g/L                                                     Apha 2540-C                                           232 

Acidity, mg/l                                                                               Astm D1067                                             6.02 

Alkalinity, mg/l                                                                          Apha 2320-B                                           134 

Chemical Oxygen Demand (BOD) mg/l                                  Apha 5210-B                                            4.10 

Biological Oxygen Demand (COD) mg/l                                 Apha 5220-D                                          < 3.5 

Feacal Coliform  MPN/100ml                                                              Apha 9221B & 9221C 

Electrical Conductivity, s/cm                                                               Apha 2510                                                      804 

Total Coliform  MPN/100ml                                                                Apha 9221B & 9221C 

Free Fatty Acid, mg/l                                                                                                                                   < 1 

Hydroquinone, mg/l                                                                                                                                     < 1 

TOTAL VIABLE COUNT, Cfu/ml                                        Apha 9221B & 9221C                                    4x102 

Flourescent Dissovled Organic Matter (FDOM)                                                                                                   Not Accounted 

Coloured Dissloved Orgamic Matter(CDOM)                                                                                                       Not Accounted 

 

  Table 2: Characterization and Proximate Analysis of the Organic Coagulant 

       Constituents                                                              Composition (%) 

  Protein                                                                                62.30 

Carbohydrate                                                                      3.13 

Ash                                                                                     28.9 

Fiber                                                                                    0.03 

           Crude Protein                                                                      4.2 

           Moisture                                                                              0.1 

Fat Content                                                                         5.54 
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3.2 Experimental Predetermined Optimum pH and Dosage of Coag-Flocculation  

The optimum state for pH and dosage for coag-flocculation treatment of the cosmetics wastewater 

was determined by systematic method of experiments. In the course of this research’ this criterion (6 ≤ pH ≤ 9) was used for the determination of the optimum pH, while the dosages of 

coagulants that maintains minima residual TSS values ≤ 40g/L was applied as the criterion for 

determining the optimal dosages of ABC and ESC respectively.  

The optimum pH was pre-determined as the pH value within the limits of 5.5 and 9.5 that yields 

the desired flocculation characteristics with minima TSS residuals, this was in accordance to the 

acceptable pH range recommended by the EPA as standard for wastewater discharge [10]. Tables 

3-4; presents the experimental data following the ABC and ESC driven coag-flocculation 

treatments of the cosmetics wastewater at constant settling time of 30minutes. The data were 

recorded after treatments of the water with ESC and ABC respectively.  

The results from experimental data presented in table 3 show that; the ESC driven coag-

flocculation treatment satisfied the EPA standards at pH 6 and 8 respectively. Although at pH 6 

and 0.1g/L dosage of coagulant, ESC satisfied the criterion of the experimentally predetermined 

pH and minima residual TSS value of less than 40g/L, but did not satisfy the minima residual TSS 

values ≤ 40g/L criterion at pH 8. Hence we conclude by the systematic method that; 

experimental predetermined optimal pH and dosage of ESC are recorded as 6 and 0.2g/L which 

correspond to a minimum residual TSS value of 39g/L. This implies TSS value of the wastewater 

was reduced from 232g/L to 39g/L. Thus; 0.2g/L of ESC removed 193g/L of suspended solids 

from the cosmetics wastewater.  

However from table 4, it can be observed that at pH values 6-8, and dosages ranging from 0.1g/L 

through 0.5g/L, ABC satisfies the criterion for the systematic method of experimental 

predetermined optimal pH and dosage. Hence, we can conclude from the experimental results 

presented in table 4; that the experimental predetermined the optimal pH and dosage for the ABC 

driven coag-flocculation plots: 8 and 0.1g/L at the settling time of 30 minutes respectively. This 

correspond to a minimal residual TSS value of 7g/L which yielded the best results that satisfies 

the EPA pH standards for wastewater discharge and the minima threshold of TSS value ≤ 40g/L. 

Thus we can conclude from the results that ABC reduced the TSS value of the cosmetics waste 

water from 232g/L to 7g/L following the coag-flocculation treatment of the wastewater at the 

optimal points. Other areas of good performances of ABC were reported at pH 6 and 0.1g/L, and 

at pH 8, and dosages ranging from 0.2g/L through 0.5g/L respectively. 

The experimental data in (tables 3- 4), confirms that; pH 2 and pH 4 respectively were not within 

the specified criterion (6 ≤ pH ≤ 9). Hence; were not significant for both the ABC and ESC 

driven coag-flocculation treatments, as such did not satisfy the EPA pH standards for wastewater 

discharge at these points. Although the ABC satisfies the criterion minima residual TSS values ≤40g/L at pH 10. The pH elevation of the solution does not produce significant result to meet the 

EPA standards for industrial wastewater discharge. Hence the results produced were considerably 
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far below optimum points for the ABC and ESC driven coag-flocculation treatments of the 

wastewater.  

Thus, the experimental predetermined optimal conditions for the ABC coag-flocculation 

treatment of the industrial wastewater lies between dosage (0.1g/L and 0.2g/L) and pH (6 and 8) 

respectively as presented in (table 3-4). Thus there is a probable reason as to further confirm the 

efficacy of the ABC and ESC driven coag-flocculation following a cost remediation analysis. 

This tendency can help to reduce coagulant wastage and help in achieving better outputs at 

reduced time of experimental testing [14].  

 

Table 3: Experimental Predetermined Optimum dosage and pH for ABC as a Function of the Residual Total 

Suspended Solids (TSS) for Cosmetic Wastewater according to EPA standard 

 Dosage (g/l)     
 
 

pH 

 
 

0.1 

 
 

0.2 

 
 

0.3 

 
 

0.4 

 
 

0.5 

Optimum 
dosage 
(g/L) 

Residual 
TSS 

< 40g/L 

 
Optimum 

pH 

EPA/WHO 
Standards 

5.5 - 9 

 
RESIDUAL TOTAL SUSPENDED SOLIDS (TSS) AFTER 30 MINUTES SETTLING TIME 

 
2 

 
51 

 
67 

 
68 

 
72 

 
56 

 Not 
Satisfied 

 Not 
Satisfied 

     

4 51 107 128 93 100     

     

 
6 

 
40 

 
81 

 
114 

 
44 

 
100 

 
0.1 

 
Satisfied 

 
pH 6 

 
Satisfied 

     

8 7 14 13 9 33 0.1  Satisfied pH 8 Satisfied 

     

 
10 

 
35 

 
81 

 
51 

 
39 

 
35 

 
0.1,0.4,0.5 

 
Satisfied 

 
pH 10 

Not 
Satisfied 
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Table 4: Experimental Optimum dosage and pH for ESC as a Function of the Residual Total Suspended Solids 

(TSS) for Cosmetic Wastewater according to EPA standard 

 Dosage (g/L)     

 
 
 

pH 

 
 
 

0.1 

 
 
 

0.2 

 
 
 

0.3 

 
 
 

0.4 

 
 
 

0.5 

 
Optimum 

dosage 
(g/L) 

 
Residual 

TSS 
< 40mg/L 

 
 

Optimum 
pH 

 
EPA 

Standards 
5.5 - 9 

 
                  RESIDUAL TOTAL DISSOLVED SOLIDS (TSS) AFTER 30MINUTES SETTLING TIME 

 
2 

 
113 

 
101 

 
107 

 
116 

 
118 

    Not 
Satisfied 

    Not 
Satisfied 

     

 
4 

 
132 

 
122 

 
135 

 
142 

 
112 

     Not 
Satisfied 

     Not 
Satisfied 

     

6 84 39 55 94 74     0.2 Satisfied      6  Satisfied 

     

 
8 

 
124 

 
137 

 
132 

 
153 

 
119 

 Not 
Satisfied 

 
     8 

 
  Satisfied 

     

 
10 

 
132 

 
109 

 
111 

 
142 

 
120 

   Not 
Satisfied 

    Not   
Satisfied 

 

3.3 Response Surface Methodology (RSM) for Process Optimization and Analysis 

The ABC and ESC coag-flocculation process optimization following the treatments cosmetics 

wastewater was studied using Response Surface Methodology (RSM). The Central Composite 

Design (CCD) was selected with zero blocks and used to build the modified cubic models for 

both ABC and ESC driven coag-flocculation. The analysis was carried out for 20 experimental 

runs to accommodate more interactions of the experimental factors; dosage (A) g/L, pH (B), and 

C (Settling time) in Minutes. The qualities of the cubic models were expressed by the coefficients 

of determination R2 values, and their statistical significance (P-values). The model adequacy was 

checked by the Fisher’s (F-value) in the same program using the trial version of the Design 

Expert software version 12.0. 

The modified cubic model terms that described the ESC and ABC driven coag-flocculation 

characteristics were evaluated using the P-value (Probability) with 95% confidence level. Three 

dimensional surface plots and their respective contours were developed for ESC and ABC based 

on the effects of the three factors at two levels. The cubic model was selected at P-values less than 

0.0500 indicating significant model terms.  
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The analysis of variance (ANOVA) result plots coefficient of determination (R²) value of 0.9983 

with an adjusted (R²) value of 0.9892, these result shows reasonable agreement with the predicted 

R2 value of 0.9999 which are close to unity. These values were obtained at standard deviation of 

4.08 for the ESC driven coag-flocculation. The result for the developed cubic model is presented 

in the ANOVA (table 5). Also, the plot of figure 1 shows the degree of fitness of the model terms 

for the ESC coag-flocculation, and confirms that; there’s a very high correlation between the 
predicted values and the actual values of the factors on experimental responses. The correlation 

between the actual versus the predicted values of the response described in figure1 was obtained 

at an adequacy of precision of 35.607. It confirmed the validity of the cubic model used with the 

design of experiment. The Model Fisher’s (F-value) of 109.80 implies the model is significant 

[11]; [12]. In this case B, C, AC, B², ABC, A²C, AB², AC², B²C are significant model terms. The 

final equation for the cubic model developed following the central composite design (CCD) is 

given by equation 5:   𝐘 = 𝟏𝟎 + 𝟑𝟓. 𝟒𝟏𝐁 − 𝟒𝟔. 𝟓𝟗𝐂 + 𝟒. 𝟖𝟕𝐀𝐂 + 𝟑𝟔. 𝟕𝟓𝐁𝟐 + 𝟓. 𝟐𝟓𝐀𝐁𝐂 − 𝟏𝟏𝟒. 𝟏𝟑𝐀𝟐𝐂 − 𝟗𝟕. 𝟓𝐀𝐁𝟐 + 𝟔𝟗. 𝟖𝟓𝐀𝟐𝐂−   𝟗𝟐. 𝟐𝟓𝐁𝟐𝐂                                                                                                                          𝐄𝐪𝐧: 𝟓    
However, an adjusted (R2) of 0.9999 was obtained for the cubic model that describes the ABC 

driven coag-flocculation process. This value is also in reasonable agreement with the correlation 

coefficient R2 (1.0) and the predicted R2 of 1.0. These values are also very close to unity and 

confirms adequacy of the cubic model terms. These results are presented in the ANOVA table 6. 

The Model F-value of 21164.51, obtained at a (probability) P-value of less than 0.05, with an 

adequacy of precision value of 424.8392, and a standard deviation of 0.5788 which implies the 

cubic model is significant. In this case; B, C, AB, AC, BC, A², B², C², ABC, A²B, A²C, AB² are 

significant model terms. The final reduced cubic model equation relating the response residual 

TSS (Y)g/L and the interactions of the independent process variables Dosage (A), pH (B), and 

Settling time (C) for ABC driven coag-flocculation is represented by equation 6: 

𝐘 = 𝟏𝟒𝟏. 𝟑 + 𝟐𝟏𝟐𝐁 − 𝟓𝟑. 𝟗𝐂 + 𝟑𝟖𝐀𝐁 − 𝟒𝟗. 𝟔𝐁𝐂 − 𝟓𝟑. 𝟐𝐀𝟐 − 𝟕𝟖. 𝟕𝐁𝟐 − 𝟐𝟓. 𝟔𝐂𝟐 + 𝟐𝟏𝟓𝐀𝐁𝐂 − 𝟒𝟖𝐀𝟐𝐂− 𝟐𝟓. 𝟕𝟕𝐀𝐁𝟐                                                                                                                                  𝐄𝐪𝐧. : 𝟔 

The reduced cubic models developed following the CCD produced a series of optimized solutions 

at various levels of the experimental factors (pH, Dosage, and Settling time) used to confirm 

minimization of response residual TSS (g/L). The optimal point were developed with the goal of 

keeping the factors (dosage and settling time) within the experimental region, while the pH levels 

were maintained within the limits of 6-8  in order to satisfy the EPA pH guidelines for industrial 

wastewater discharge.  
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     Table 5: Analysis of Variance for the Modified cubic model for ESC 

Source Sum of Squares df Mean Square F-value p-value  

Model 29278.80 16 1829.92 109.80 0.0012 Significant 

A-DOSAGE 159.79 1 159.79 9.59 0.0534  

B-pH 241.24 1 241.24 14.47 0.0319  

C-SETTLING 
TIME 

567.24 1 567.24 34.03 0.0100  

AB 28.13 1 28.13 1.69 0.2848  

AC 190.12 1 190.12 11.41 0.0432  

BC 105.12 1 105.12 6.31 0.0868  

A² 3.52 1 3.52 0.2109 0.6773  

B² 1800.75 1 1800.75 108.04 0.0019  

C² 108.44 1 108.44 6.51 0.0839  

ABC 253.13 1 253.13 15.19 0.0300  

A²B 163.89 1 163.89 9.83 0.0518  

A²C 592.02 1 592.02 35.52 0.0094  

AB² 437.07 1 437.07 26.22 0.0144  

AC² 342.00 1 342.00 20.52 0.0201  

B²C 366.02 1 366.02 21.96 0.0184  

C³ 2.95 1 2.95 0.1770 0.7023  

Pure Error 50.00 3 16.67    

Cor Total 29328.80 19     

R² = 0.9983, Adjusted R² =0.9892, Adequacy Precision = 35.607, Predicted R2 = 0.9999, Mean = 

119.6, % C.V= 4.08, Std Dev. = 3.41, F-value = 109.80. 

 

 
Table 6: Analysis of Variance for the Modified cubic model for ABC 

Source Sum of Squares df Mean Square F-value p-value  

Model 92171.46 13 7090.11 21164.51 0.0001 Significant 

A-DOSAGE 0.0115 1 0.0115 0.0342 0.8605  

B-pH 10149.8 1 10149.8 30296.96 < 0.0001  

C-TIME 4848.42 1 4848.42 14472.89 < 0.0001  

AB 525.20 1 525.20 1567.5 < 0.0001  

AC 262.34 1 262.34 783.11 < 0.0001  

BC 105.12 1 105.12 1389.39 < 0.0001  

A² 1374.00 1 1374.00 4101.50 < 0.0001  

B² 609.73 1 609.73 1820.09 < 0.0001  

C²          548.73 1 548.73 1637.99 < 0.0001  

ABC 637.33 1 637.33 1903.66 < 0.0001  

A²B 8717.16 1 8717.16 25722.87 < 0.0001  

A²C 510.72 1 510.72 1524.53 < 0.0001  

AB² 56.28 1 56.28 168.01 < 0.0001  

Residuals 1.68 5 0.3350    

Lack of Fit 1.01 1 1.01    0.0697  Not Significant 

Pure Error 0.6667 4 0.1667    

Cor Total 98060.14 19     

R² = 1.0000, Adjusted R² =0.9999, Adequacy Precision = 424839, Predicted R2 = 0.9999, Mean = 

103.8, % C.V= 0.561, Std Dev. = 3.41, F-value = 0.5788. 
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               Figure 1: Plot Predicted of the Actual versus Predicted value of the Response 

 

 

3.4 Optimum Dosage and pH for ESC and ABC Coag-Flocculation Process 

The graphical representation of the 3-D surfaces shown in (figures 4-5) and contours (figure-8) 

and (figure-9) plot the solutions to the reduced cubic model (equations 5 and 6) in terms of the 

factors and responses derived from the ABC and ESC coag-flocculation optimization process. 

The optimal points for the ABC and ESC driven coag-flocculation are presented in the plots of 

figures 3 and 4. The 3D surfaces together with their respective contours for the ESC process 

optimization are presented in figures 4 and 9 while for ABC process optimization were presented 

in figures 5 and 8 respectively. The 3D surfaces and 2D contours can be used to confirm that the 

optimal points were located within the design boundaries and to investigate the mutual effect and 

interaction of the operational variables (pH and dosage) on the coag-flocculation treatment 

processes [13].  

The results obtained with the RSM plots the optimal pH, dosage, and settling time of 8, 0.2g/L, 

respectively and 23minutes settling time (figure-7) for the ABC driven coag-flocculation process. 

This corresponds to a residual TSS value of 6.46g/L which transcends to 97% removal efficiency 

of ABC in the solution. The result is represented in the ramp plot in (Figure-3), which was 

obtained for the optimal analysis at a desirability of 1.0. Also the 3D surface plot in (Figure-5) 

confirmed that the optimal points correspond to an output response of 6.46g/L of residual TSS, 
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and that the lie within the design boundary. It can also be deduced from figure-5 that; at optimum 

operation, the TSS level in the wastewater sample was reduced from an initial 232g/L to 7g/L 

with 0.2g/L dosage of ABC.  This translates to 226g/L of TSS particles been removed from the 

wastewater at pH 8.  

Thus; from the evaluation of the optimal analysis, we can conclude that the result from the RSM 

is in agreement with the result obtained from the systematic method, and confirmed that the 

optimal pH ABC lies between (6 ≤ pH ≤ 9) which is in line with the EPA pH limit for 

industrial wastewater discharge. The response output of 6.46g/L shown in (figure 10) also 

satisfied the experimental predetermined criterion of residual TSS ≤ 40 40g/L at the optimal 

points. The optimal settling time of 23minutes shown in (figure-2) is in reasonable agreement 

with the maximum settling time of 30minutes in accordance with the experimental results 

presented in (Table 3).  

The 2D contours (figures 8 and 10) show that; other areas of good performances lies between the 

pH elevation of 6 to 8, which plots residual TSS values between 40g/L and 7g/L corresponding to 

0.1g/L and 0.2g/L dosages of ABC respectively. These results depict pH elevation of the 

wastewater towards a predominantly alkaline solution. It can also be infer from the result that the 

optimal dosage was less than 0.5g/L an indication that the coagulant aligns well with the 

wastewater particles to aggregate suspended solids present in the solution [9].  

However, the optimum pH, dosage and settling time of the ESC driven coag-flocculation were 

recorded as; 6, 0.2g/L and 30 minutes respectively as presented in figure-3. These results were 

interpreted from the ramp plots in figure-3, obtained at a desirability of 1.0 at 95% confidence 

level. The optimal points translates to 84% TSS removal efficiency of the coagulant and 

transcends to a residual TSS value of 38g/L as shown in the 3D optimal plot ( figure-4) and 

contour (figure-9). The removal efficiency of ESC correspond to a TSS reduction from an initial 

232g/L to 38g/L as recorded (figure-4) with an optimal dosage of 0.2g/L of ESC.  

The optimal results obtained for the ESC driven coag-flocculation via the RSM were in 

agreement with the systematic method of predetermined optimum pH, dosage, and Settling time 

of 6, and 0.2g/L respectively at 30minutes settling time (figure-6) result obtained as presented in 

(Table 4). It can also be concluded from the optimal result of the ESC that; the optimal pH lies 

between(6 ≤ pH ≤ 8). This pH ensures the finish water is close to the pH of finish water in 

agreement with the EPA standards for industrial wastewater discharge. 

The corresponding 3-D surface plots of figures 6-7 shows a considerable curvature in their 

contour curves; the implication is that two factors (dosage-settling time) were interdependent. The 

darker blue regions of the contours in (Figures 8-11) indicate higher quality of response where 

TSS values are minimized to residual TSS less than 40g/L.  Figure 6 posted, the best result is 

achieved at a dosage range of 0.1g/L-0.2g/L and settling time of 23-30. The results recorded with 

the ABC driven coag-flocculation process (figure 8) also show that; other areas of good 

performances occurred at pH 6 to 8, settling time between the range of 23-30 minutes and pH 
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range of 7-10 on the corresponding contour plots on figures 5. It shows that TSS value is 

minimized from 220g/L to 6.8g/L as dosage increases from 0.4g/L to 0.5g/L. These areas of local 

minima were in agreement with the experimental predetermined optimum points reported in 

table-3 and table-4 respectively.  

 

 

      Figure 2: Desirability ramp plot for the ABC driven coag-flocculation Process 

 

 

         Figure 3: Desirability ramp plot for the ESC driven coag-flocculation Process 
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Figure 4: 3D Surface Graph showing Residual TSS at optimum points for the ESC coag-flocculation 

 

Figure 5: 3D Surface Graph showing Residual TSS at Optimum points of ABC Coag-flocculation 
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Figure 6: 3D Surface on Effect of settling time of ESC    Figure 7: 3D Surface on Effect of settling time of ABC 

 

 

              Figure 8: 2D Contour on Effect of Dosage of ABC    Figure 9: 2D Contour on Effect of Dosage of ESC 
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            Figure 10: 3D Surface on Effect of pH of ABC              Figure 11: 3D Contour on Effect of pH on ESC 

 

3.5 The Coag-Flocculation Kinetics of ABC and ESC at Constant Settling-time 

The kinetics parameters which included the rate constants, order of reaction and the rate equations 

were developed following the analogies of the kinetic models of equation 3 through equation 9. 

However in real practice, empirical evidence shows that: (0 ≤ 𝛼 ≤ 2) [13]. Kinetics model 

derivations can be deduced based on the kinetics dependency of coag-flocculation characteristics 

of BFB on concentration of TSS particles with time thus, the rate equation can be expressed as 

follows:    −rA  =  knCin                                                                                                                    Eqn .7 

Where: -rA is the rate of Coag-flocculation, K: is the rate constant (L/g.min) for the nth-order 
coag-flocculation, Ci: Concentrations of Particles (g/L) and n-th: is the order of the Coag-
flocculation reactions.  

Based on equation 7, the first-order (n=1) rate of coag-flocculation kinetics model at varying 

concentrations and reaction time (t) is given by: 

− rA =     dCidt    = KCi                                                                                                Eqn .8  
∫ dCiCi = K1 ∫  dt                                                                                                        Eqn. 9 
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Integrating both sides of equation 9 we obtained equation 10:  InCi = K1 t − InC0                                                                                                       Eqn .10 

Most cases, the second order kinetics (n=2) holds for the coag-flocculation treatments of 
wastewater following the use of organic coagulants as reported in the works of reference [14]. 
Where the initial concentration of the suspended particles in the medium before coag-flocculation 
treatment is represented by: C0  and Ci: represents the concentrations of the particles after the 
coag-flocculation treatment and K2 is the constant for the rate of second-order coag-flocculation 
reaction. 

The 2nd order kinetics model follows from equation 7, such that: 

rA  =  k2Ci 2 = dCi2dt                                                                                                          Eqn .11 

                             Integrating both sides of equation 11, we arrived at: 1Ci = K2 t +  1C0                                                                                                                    Eqn .12 

Using K2  as the references for Kf and Km, we arrive at equation 11: 

Kf =   KC = [ 1Ci − 1C0t ]                                                                                                         Eqn .13 

Where t is the time (minutes), Km: is the rate constant for the 2nd-order coag-flocculation 

treatment of the wastewater at optimum conditions and (Kf) is the threshold constant following 

the experimental TSS <40g/L criterion.  

The values of the rate constants (Km) for ABC at optimum pH of 8, and ESC at optimum pH of 6 

were evaluated following equation 11. The threshold coag-flocculation constant Kf was also 

calculated following equation 11, where 𝐶0= 232g/L corresponding to the initial value of TSS 

particle of the wastewater before coag-flocculation treatment, at time (𝑡 = 30 minutes) and (Ci = 

40g/L) corresponding to the experimental predetermined threshold value of residual TSS particle 

concentration after coag-flocculation treatment. The value of the threshold constant for the 

experimental predetermined following the criterion TSS <40g/L, thus; 𝐶𝑖= 40g/L was calculated 

to be equal to; 1.06 x 10−2L/g.min.  

The values of the coag-flocculation rate constants were deduced for ESC and ABC respectively 

from equation 13. The results show that; at pH 8, the values of coag-flocculation rate 

constants(Km) decreased from 3.27x10−5L/g.min to 5.83x10−5L/g.min as dosages of ESC 

increased consistently from 0.1g/L through 0.4g/L respectively.  

The value of the rate constant then increased to 5.83x10−5L/g.min at 0.5g/L dosage of ESC. At 

pH 6, the values of the rate constants kmfollowing the ESC driven coag-flocculation increased 
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from 1.09x10−4L/g.min to 3.46x10−4L/g.min as the dosage increased from 0.1g/L to 0.2g/L. 

This trend was not consistent with dosages from 0.3g/L to 0.5g/L, where the values of the 

constants were found to decrease from 1.97x10−4L/g.min to 1.31x10−4L/g.min. From the 

values of rate constants obtained, we can conclude that the ESC kinetics rate constants decreases 

intermittently as the pH of the solution increased from 6 to 8. The highest value of km =1.97x10−4L/g.min was obtained at the optimum pH 6, and dosage of 0.2g/L, which was 

consistent with the optimal pH and dosage. It was also observed that; at elevated  pH ≥ 8 resulted 

to low rate constants which corresponds to poor quality of the finish water, while at depression pH ≤ 8 plots higher values of rate constants which correspond to better performances. We 

concluded that ESC performed best at optimum pH 6, at this point, the coagulants aligned well 

with the particles in the water sufficiently enough to induced coagulation. However, poor 

performance at pH elevation to 8 of ESC was predominantly due to the presence of excess 

alkalinity of the solution despite increasing the dosage of the organic material. We reasoned that 

the coagulation characteristics of the protein contents of ESC were suppressed by the dissolution 

of the fiber and fat content of ESC in solution. Also we reasoned that; the exhaustive protonation 

of wastewater particles by the functional groups present in ESC were not sufficient enough to 

induce coagulation beyond pH 6, thus at elevated pH ESC requires additional alkalinity to cause 

floc formation.  

The results following the ABC driven coag-flocculation treatments show values of the kinetics 

rate constants km decrease from 1.97x10−3L/g.min to 3.69x10−4L/g.min as dosage increase 

from 0.1g/L to 0.5g/L at pH 8. Also at pH 6, the values of the kinetics rate constants also 

decreased from 3.06x10−4L/g.min to 8.1x10−5L/g.min as dosage of Alum were increased from 

0.1g/L to 0.5g/L. The maximum value of rate constant was obtained at the optimum pH 8 and a 

dosage of 0.1g/L.  

The conclusions drawn from the coag-flocculation kinetics are such that the values of Km have 

direct bearing on the implementation of ESC and ABC to water treatment [14]. The criterion 

employed to determine the clarification efficacy of ESC compared with ABC at optimum 

conditions were acknowledged where the coagulants satisfied the EPA standard for wastewater 

discharge following equation 12: Km ≥  Kf                                                                                                                       Eqn. 12 

The plot of figures 11-12 shows the results for the efficacy of the organic coagulant following the 

criterion specified in equation 12; the coag-flocculation rate constants (Km) obtained for the ESC 

and ABC driven coag-flocculation at optimum pH, dosage and constant settling time of 

30minutes were compared with the threshold coag-flocculation rate constant(Kf).  

The plot of figure 12 shows that; at the optimal dosage of 0.2g/L and at pH 6, eggshell coagulant 

surpassed both the threshold point. The figure also plot that the rate constant value of ESC was 

higher when compared to that of ABC. This confirms that; at optimum pH of 6, 0.2g/L of the 

reused organic material (eggshell) was most effective than any applicable dosages of conventional 
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alum in the removal of TSS from the industrial wastewater, as such Alum is not suitable at pH 

depression to 6 most especially when the alkalinity of the solution is considerably and the acidity 

is low. We can also concluded that the protein, ash, carbohydrate contents and moisture present in 

the structure of the organic material as reported in the proximate analysis (table 2) aligned well 

with the particles of the wastewater causing them to floc into aggregates, and that the finish water 

is stable at the optimal condition. 

 The plot in figure 13 shows that 0.1g/L dosage of ABC exceeded the threshold points with an 

exceptionally higher rate value compared to ESC at optimum pH 8 coag-flocculation conditions. 

We conclude from the plot that Alum is most effective at a pH elevation to 8; this implies that 

ABC satisfied the EPA pH standards for wastewater discharge at a predominantly alkaline 

solution, this was likely due to the presence of high hydroxyl ions present in sufficient quantity 

which was responsible for high alkalinity of the solution, thus alum was sufficient enough to 

reducing the TSS value in wastewater to minima of 6g/L. This was by far below the experimental 

predetermined threshold value of 40g/L. Hence, its higher value of rate constant above the 

threshold constant indicates best performance. As such we concluded that for the ABC driven 

coag-flocculation, the hydrolysis terminated at pH 8 with a critical TSS value corresponding to 

97% removal efficiency.  

We reasoned that; at this elevated pH; ESC was suppressed probably by exhaustive protonation of 

the functional groups this was probably due to the high alkalinity of the wastewater. Thus, the 

ESC driven coag-flocculation requires additional alkalinity to induce floc characteristics since 

coag-flocculation did not occur as desired. 

 

Figure 12: The threshold coag-flocculation rate constant as a point for evaluation factor to compare 

the efficacy of ESC and ABC at optimum conditions 
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Figure 13: The threshold coag-flocculation rate constant as a point for evaluation factor to compare 

the efficacy of ESC and ABC at optimum conditions 

 

 

3.6 Comparisons of the Efficacy of ESC in other medium 

To summarize the efficacy study of ESC for the removal of TSS from cosmetics wastewater, we 

will compare the results from this study with those obtained from the research of other authors 

referenced in this work. Table 7 below gives a summary of the comparison. We can deduce from 

table 7 that; the removal efficiency of ESC was obtained at a pH less than or equal to 6 [19-20] 

irrespective of the medium applied. The results in table 7 confirmed the optimum pH obtained for 

the ESC driven coag-flocculation for present study. The table further emphasizes the effectiveness 

of ESC occur at minimal dosage the results were also in reasonable agreement with the result 

from the present study. The differences in the removal efficiencies were very minimal of this was 

due to the differences in characteristics of medium to which ESC was applied. The can conclude 

from the table that; the results of the removal efficiencies of ESC, with their corresponding 

optimal results obtained in references [19]; [20] and [21], describes ESC to be a viable 

coagulant/flocculants aid. Furthermore, the maximum removal efficiency was obtained when used 

as a coagulant aid to alum. Also organic material has also been proven to have very high removal 

efficiency when used in a microalgae environment. The cost benefit analysis will further elaborate 

the efficiency and importance of ESC coagulant in the treatment of cosmetic wastewater systems. 
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Table 7: Comparison of ESC Removal Efficiency at Optimal Conditions  

Parameters ESC 

(Present Study) 

ESC 

(Reference 19) 

ESC 

(Reference 20) 

ESC +Alum 

(Reference21) 

Medium Cosmetic 
Industrial 

Wastewater 

Vegetable Oil 
Industrial 
Effluent 

Microalgae 
Species 

Dye Aqueous 
System 

Removal efficiency 
(%) 

85 88.56 99 98 

Dosage of eggshell 
(g/L) 

0.2 0.5 0.08 0.07 

pH(-) 6 4 6 6 

Settling Time (mins) 30 40 20 - 

 

 

3.7 Cost Benefits Remediation Analysis of Coag-flocculation  

The objectives of the study were to test and recommend ESC as a natural coagulant/flocculants 

aid to be used as substitute or as hybrids with other conventional chemicals for the coag-

flocculation treatments of industrial wastewater. The 6g/L TSS residual value corresponding to a 

removal efficiency of 97% achieved for the treatment of cosmetic wastewater with an optimal 

dosage of 0.1g/L at pH value of 8 for ABC. However, 38g/L residual TSS corresponding to 85% 

removal efficiency was reported for the ESC driven coag-flocculation treatment of the cosmetic 

wastewater at pH 6, with 0.2g/L dosage. The major difference in the efficacies of the coagulants 

will be based on the results from the production of coagulants, the cost remediation analysis for 

the coag-flocculation treatment of the industrial wastewater will include: 

1. Material including transportation cost to the sites  

2. Energy Cost 

3. Labor (Personnel cost) 

The present cost analysis took into account the market prices as well as provided by vendors 

across the world. The raw materials take into account multiple market prices for other (ABC) 

coagulants used specifically for TSS removal from wastewater. The summary of the cost estimate 

for both coagulants is summarized in figure 14.  

Using the Energy consumption Ec equation to evaluate the energy cost; EC =  PD(a ×  t ×  CC)                                                                                                Eqn 13  
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Where PD: is the power consumed by the device in (KW), a: is the load factor, t: is time in (Hr) 

and CC: is the cost per consumption. The values of a = 1 when the equipment was used at full load 

module, and a = 0.5 for half load mode 

The cost of electricity per KWH (Kilo-watt Hour) for this study is 0.107$/KWH based on the 

average price in Nigeria in 2020. This includes all components of electricity bills like cost for 

power, distribution and taxes calculated as an average annual level of electricity consumption. 

This price was retrieved from the Benin Electrical Distribution Company; estimated price of 

1kWH in Nigeria [22]. Equation 13 was used to calculate the total energy cost requirement for 

this project and estimated to be 2.48USD.  

In terms of cost analysis, we concluded that; it is more economical to use the ESC as opposed to 

the conventional ABC, since ESC is a readily available waste material that can be sourced for. It 

encourages waste management through recycling of eggshell waste. This project supports and 

meets the requirement of EPA with the pH range showing less acidity. It also supports waste 

management as both cosmetic wastewater and eggshell waste have been converted to economical 

use, saving cost as well as protecting the environment. Figure 14 gives a better illustration of the 

cost benefits analysis, comparing the cost of using ESC and ABC as coagulants for removal of 

TSS for cosmetics wastewater.  

 

   Figure 14: Cost Remediation Chart to compare the ABC and ESC coag-flocculation Treatments 
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 CONCLUSION 

The coag-flocculation treatment of cosmetic wastewater using eggshell and Aluminum sulphate 

was successfully conducted at 110rpm and the conclusions drawn were such that: the coag-

flocculation rate constants has a direct bearing towards evaluating the efficacy of both organic and 

inorganic coagulants, where higher rate constants corresponds to better performances of the 

coagulants. Eggshell was proven to be efficient for the removal of Total Suspended Particles 

(TSS) from cosmetic wastewater than alum coagulant at optimum pH 6. The organic material 

functioned effectively at best 0.2g/L as a coagulant/flocculants aid for the removal of TSS from 

the wastewater. The output of eggshell was proven to have satisfied the Environmental Protection 

Agency (EPA) standard for industrial wastewater discharge at minimum dosage, and the pH of 

the finish water was close to neutral at 30minutes settling time. Hence it was proven at the 

optimal dosage that the eggshell driven coag-flocculation prevented wastage of coagulants, reduce 

cost of service, and the finish water was neither corrosive nor scaling at the optimum condition. 

The effectiveness of Aluminum sulphate was also found to occur with a minimal dosage. It 

effectively removed TSS from the industrial wastewater to a minimal. It preserved the alkalinity 

of the industrial wastewater. We conclude further from the cost remediation analysis conducted 

on the coag-flocculation treatment process that it is more economical to treat wastewater with 

hydrophilic eggshell than Alum in cases where the alkalinity of the wastewater is very high or 

greater than 100mg/L with low acidity characteristics or less than 20mg/L. 
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Figures

Figure 1

Plot Predicted of the Actual versus Predicted value of the Response



Figure 2

Desirability ramp plot for the ABC driven coag-�occulation Process

Figure 3



Desirability ramp plot for the ESC driven coag-�occulation Process

Figure 4

3D Surface Graph showing Residual TSS at optimum points for the ESC coag-�occulation



Figure 5

3D Surface Graph showing Residual TSS at Optimum points of ABC Coag-�occulation



Figure 6

3D Surface on Effect of settling time of ESC



Figure 7

3D Surface on Effect of settling time of ABC



Figure 8

2D Contour on Effect of Dosage of ABC



Figure 9

2D Contour on Effect of Dosage of ESC



Figure 10

3D Surface on Effect of pH of ABC



Figure 11

3D Contour on Effect of pH on ESC



Figure 12

The threshold coag-�occulation rate constant as a point for evaluation factor to compare the e�cacy of
ESC and ABC at optimum conditions



Figure 13

The threshold coag-�occulation rate constant as a point for evaluation factor to compare the e�cacy of
ESC and ABC at optimum conditions



Figure 14

Cost Remediation Chart to compare the ABC and ESC coag-�occulation Treatments


