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Abstract: Washing Bay effluent contains several organic and inorganic pollutants that require effec-
tive treatment techniques. The new trend of utilizing plant-based coagulants for treating washing
bay effluent can help overcome drawbacks associated with chemical coagulants such as large sludge
volumes, health risks, and high costs. Hence, this study evaluates the comparative performance of
C. arietinum and alum coagulants in continuous feed bench-scale experiments for treating washing
bay effluents. The multi-criteria decision analysis (MCDA) was performed using Simple Additive
Weighting (SAW) method to determine a sustainable coagulant material based on the established
criteria. Results showed that C. arietinum bio-coagulant produced a higher utility value than alum;
hence it could be a preferable alternative in the C/F/S treatment of washing bay effluent based on
the selected criteria and weights.

Keywords: continuous feed; bench-scale studies; simple additive weighting; environmental
sustainability; cost evaluation

1. Introduction

The rapid growth of the global automobile industry has unavoidably led to the es-
tablishment of wash bays across towns and cities. Wastewater generated from these wash-
ing centers contains several pollutants, such as surfactants, detergents, oil-grease, organic
matter, sand, phosphates, and organic matter, which may harm the environment once
discharged without proper treatment [1,2].

The coagulation/flocculation (C/F) process is an extensively applied physicochemical
technique for treating real washing bay effluents due to its advantages: effectiveness, ver-
satility, low investment costs, and simplicity [3]. The process commonly utilizes metal
salts (Al or Fe (IIl)) as coagulants, owing to their great ability to destabilize particles
through sweep flocculation and charge neutralization mechanisms. However, they pro-
duce large volumed toxic sludge and high metal residual concentrations in the treated
effluents, causing adverse health implications on humans and various environmental-re-
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lated concerns [4]. Hence, the recent trend of applying eco-friendly natural-based coagu-
lants to substitute chemical coagulants in treating washing bay effluent could assist in
overcoming the aforementioned challenges [5,6].

Continuous-flow treatment systems offer distinct benefits related to the possibility of
full-scale applications with higher flow rates, preventing dead times associated with batch
assays and guaranteeing a continuous yield of treated effluent. Moreover, the coagula-
tion/flocculation/sedimentation (C/F/S) processes for treating washing bay effluent are of-
ten based on the Jar Tests [1,4], which do not consider the hydrodynamic characteristics
for continuous-flow treatment. Moreover, bench-scale continuous flow experimentations
constitute an intermediary stage between the lab-scale batch process (jar test), helpful in
establishing the optimal parameters, and real-scale plants. A previous study by Suarez et
al. [7] concerning the C/F pre-treatment of hospital wastewater under continuous feed re-
vealed that the system was typical for full-scale treatment operations. To date, C/F studies
for treating washing bay wastewater are generally performed in batches, yet its main ap-
plication at full-scale is performed in continuous mode. Thus, the novelty of the present
study lies in the realization of a laboratory bench-scale system under continuous feed as
a proof of concept for full-scale operationalization. In particular, the objectives of this
study are threefold: (1) evaluate the C/F treatment performance of washing bay effluent
using C. arietinum and alum coagulants; (2) determine the economic and environmental
aspects of applying the two coagulants; and (3) determine the sustainable coagulant ma-
terial using the Simple Additive Weighting (SAW) method based on the established crite-
ria.

2. Materials and Methods
2.1. Effluent Collection and Characterization

Washing bay effluent was collected from an automobile cleaning station in Borg El-
Arab city, Egypt. The physicochemical characteristics of sampled effluent, determined fol-
lowing APHA [8] standard protocols, are presented in Table 1.

Table 1. Characterization of raw washing bay effluents.

Parameter Real Wastewater Maximum Limit 2
pH 8.1+0.03 6-9

Turbidity (NTU) 159 +7.78 50

COD (mg/L) 216.67 +5.77 60

Oil and grease (mg/L) 59.4 +1.52 5

Surfactants (mg/L) 24.60 £ 1.25 0.5

Alkalinity (mg/L as CaCOs) 135+5.42 20-150
Aluminum (mg/L) 0.089 + 0.01 <5

2 Egyptian regulation-Decree (48/1982, 92/2013).

2.2. Coagulant Materials and Choice of Optimal Dosage and pH

C. arietinum was used as a natural-based coagulant while alum was used as a conven-
tional chemical-based coagulant. The choice for optimal dosages and pH selection derives
from our previous results in a batch C/F/S treatment performed on the same type of
wastewater [5]. In particular, the system was operated (i) without any chemical/coagulant
additions (blank); (ii) using 2.255 g/L of C. arietinum; and (iii) using 0.138 g/L of alum.

2.3. Continuous Feed Bench-Scale Studies
2.3.1. Design and Layout

A bench-scale treatment system (C/F/S) was designed for continuous feed operations
with 12 L/h. Optimized operational conditions (i.e., hydraulic retention time and mixing
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speeds) from batch experimentations of our previous study were used to develop the de-
sign criteria for the system [5]. The volume (V) for individual treatment units/compart-
ments was computed using Equation (1).

Q x HRT
= (= 1
v ( 60 ) @)
where, Q is the hourly flow for washing bay effluent (L/h), and HRT is the reaction time

(min).

2.3.2. System Set-Up

During bench-scale pilot tests, washing bay wastewater was continuously pumped
through system compartments at 12 L/h. All treatment tanks were built from plastic ma-
terial, including a 120 L storage tank, a coagulation tank (1 L), a flocculation tank (6 L),
and a sedimentation tank (36 L) to allow settling. The coagulation and flocculation tanks
were installed with overhead stirrers operating at 162 rpm and 30 rpm, respectively. The
coagulation chamber was supplied with raw effluent through the storage tank by gravity
(Figure S1). After 10 min of continuous operation, the effluent was sampled after C/F and
C/F/S stages to analyze various pollutant concentrations.

2.4. Performance Comparison and Prioritization of Coagulants

The pollutant removal efficiencies (7, expressed as %), after operations of the C/F
and/or C/F/S were calculated using Equation (2).

Xraw — X
n.(%) = (ran—treated) x 100 )
raw

where, X4, and Xireqreq are the pollutant concentration (turbidity, surfactants, oil-
grease, and COD) in the raw and treated washing bay effluent.

The effective coagulant was selected using based on the analysis of variance
(ANOVA, Fisher's test) of treatments (coagulant type), considering a significance level of
1% (a=0.01).

The prioritization of coagulant alternatives was based on the Simple Additive
Weighting (SAW) method for multi-attribute decision-making (MADM). The optimum al-
ternative (A*) was determined following Equations (3) and (4) [9].

A" = {u; (o) maxu; (0)]i = 1,2} ®)

u;(x) =

J

n
w;tij(x) (4)

=1

where, u;(x) is the utility value for the ith alternative (for i =1, 2), w; represents the

assigned weights for the jth criterion (j = 1,2,3, ..., n), 7;;(x) is the normalized perfor-

mance rating value of the ith alternative with respect to the jth criterion, computed us-

ing Equation (5) [9].

x. .
J__ if j is a benefit — related criterion
maxxij
() =9 in,; ©)
o ,if j is a cost — related criterion
ij

where, x; ;j is the rating value for the ith alternative with respect to jth criterion.

3. Results and Discussion
3.1. Treatment Performance of the Continuous Feed Bench-Scale System

The performance of the continuous bench-scale (C/F/S) treatment system for washing
bay effluent was investigated for different pollutants of turbidity, surfactants, oil-grease,
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Turbidity removal efficiency (%)

Oil-grease removal efficiency (%)

and COD on two coagulants (C. arietinum and alum) and the blank. The turbidity removal
efficiencies were significantly increased from 33.6 + 1.1 to 86.1 + 2.6% for C. arietinum, from
59.7 £ 2.3 to 96.2 + 1.8% for alum after undergoing C/F/S treatment stages, as shown in
Figure 1a. The ANOVA and Fisher’s tests presented p-values < 0.01 for all coagulant types
(treatments), indicating a statistical significance under all treatment conditions. This result
demonstrated that the sedimentation stage is a system’s bone towards turbidity removal.
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Figure 1. Variation of removal efficiencies of (a) turbidity, (b) surfactants, (c) oil-grease, and (d) COD
for C. arietinum bio-coagulant, alum coagulant, and the blank. (Same letters indicate a statistically
insignificant difference between means of removal efficiencies (p > 0.01, Fisher’s test)).

The surfactant removal efficiencies were significantly enhanced from 44.5 + 2.5 to 65.4
+3.4% for C. arietinum, from 40.3 + 1.9 to 60.5 + 1.5% for alum, respectively, after the C/F/S
stage (Figure 1b). On the other hand, the blank elimination rates remained steady at both
stages. The Fisher’s test indicated the removal rates for both coagulants had a statistically
insignificant difference (p-value > 0.01). In both cases, surfactant concentration levels were
above the maximum limit set by Egyptian authorities, requiring further treatment.

The Oil-grease percentage removals were expressively increased from 13.8 + 1.4 to
15.3+1.1%,48.6 +1.5t082.4+1.6%, and 66.5 +2.2 to 85.5 + 1.5% for the blank, C. arietinum,
and alum, respectively, after C/F/S treatment stages (Figure 1c). Moreover, there was an
insignificant difference between the values for oil-grease removal by C. arietinum and alum
treatments (p > 0.01). This result indicates that the treatment performance of C. arietinum
was significantly improved during the sedimentation stage compared to alum. Since oil-
grease values after applying C/F/S (10.5 + 0.8 mg/L for C. arietinum and 8.61 + 0.5 mg/L for
alum) were above the local Egyptian threshold value of 5 mg/L [10], pre-treatment pro-
cesses such as skimmers and aeration to minimize oil-grease content in washing bay ef-
fluent before the C/F/S stage [6,11].

The COD elimination rates 14.3 + 1.1%, 61.3 = 2.8%, and 80.6 + 2.7% were achieved
for the blank, C. arietinum, and alum treatments, respectively, after applying the C/F/S
process (Figure 1d). ANOVA results indicated the removal rates for both coagulants had
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a statistically significant difference (p-value < 0.01), assigned to the addition of soluble
organic groups (in the C. arietinum) to the solution during stirring. In general, the pollutant
removal rates achieved by continuous bench-scale C/F/S system are in good agreement
with those reported for batch treatment of the same type of wastewater [5], confirming the
possibility of up-scaling the proposed layout in real-scale plants for treating washing bay
effluent under similar operating conditions.

3.2. pH Variation and Alkalinity Consumption

C/F with alum reduced pH values to less than 6, while C. arietinum slightly increased
by 1.6. On the other hand, variations in alkalinity expressed in mg/L as CaCOs were 6 units
reduction for C. arietinum and 38 units reduction for alum. Alum addition consumes alka-
linity and acidifies the water pH value due to the release of H* proton to water [11]. The
property of pH stability is a competitive edge for C. arietinum since no alkalization is
needed.

3.3. Aspects of Environmental Sustainability

To enrich the environmental aspects of the proposed system using natural- and
chemical-based coagulants, an objective analysis based on: (i) the volume of deposited
sludge and (ii) residual concentrations of aluminum was performed. As previously re-
ported, sludge volumes were measured using a plastic graduated cylinder after settling
for 24 h [12]. The volume of generated sludge with alum (30 mL/L) was three times greater
than that from the treated sample using C. arietinum (10 mL/L). Since post-coagulation
sludge contains a mixture of hazardous organic and inorganic compounds [4], a high vol-
ume generated by alum would impose severe human health and environmental problems
on disposal in the environment compared to the low-volume biodegradable sludge pro-
duced by C. arietinum. The residual aluminum concentration in the treated alum effluent
(0.95 mg/L) was significantly higher than with the C. arietinum powder (0.062 mg/L). Ac-
cordingly, C. arietinum demonstrated an advantage over alum since low residual alumi-
num levels would alleviate its adverse effects on humans and living organisms.

3.4. Cost Evaluation Analysis

The cost evaluation was based on the optimal dosages. Considering the market price
of raw C. arietinum seeds ($0.58/kg), the total production cost of the bio-coagulant material
is $1.45/kg. Accordingly, the costs of C. arietinum and alum coagulants for operating the
bench-scale system per m? were computed as 3.26 and 1.13 US$, respectively (Table S1).

3.5. Selection of Best Coagulant

The best coagulant was selected based on the decision-making matrix in Table 2. Then
weights were assigned considering the relative importance of each criterion. For each al-
ternative, scores between 1-10 were assigned based on experimental results and cost eval-
uation analysis. C. arietinum exhibited the highest utility value and was selected as an op-
timal coagulating material.

Table 2. Results of SAW analysis for choosing the best coagulant for washing bay effluent treatment
“equal weights of criteria”.

Normalized Performance

n Criteria Wevlvght, Rating, T ) Utility, Wiliy ()

: C. arietinum _ Alum C. arietinum Alum
1 Effectiveness on pollutant removal 0.21 0.80 0.90 0.168 0.189
2 Effect on pH reduction 0.13 0.67 0.44 0.087 0.058
3 Effect on alkalinity consumption 0.11 1.00 0.40 0.110 0.044

4 Volume of deposited sludge 0.14 0.80 0.44 0.112 0.062
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5 Presence of residual aluminum in water  0.12 1.00 0.40 0.120 0.048
6 Sludge biodegradability 0.14 1.00 0.40 0.140 0.056
7 Material costs 0.15 0.44 0.50 0.067 0.075

u;(x) = YiL; wyr (%) 1 0.803 0.532

Bold represents the alternative with the highest utility.

4. Conclusions

This study assessed the performance of C. arietinum and alum coagulants in a bench-
scale continuous feed coagulation/flocculation/sedimentation treatment of washing bay
effluents. Results showed that C. arietinum and alum achieved comparable pollutant re-
moval efficiencies. Furthermore, the variations in alkalinity and pH and generated sludge
volume were lower using the bio-coagulant compared to alum. The cost of C. arietinum
(3.26 US$/m?) for treatment was higher than for alum (1.13 US$/m?3). A multi-criteria anal-
ysis based on the SAW method revealed that C. arietinum could be considered a preferable
option to alum coagulant in aspects of environmental sustainability.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: Continuous bench-scale plant consisting of C/F/S stages for treat-
ing washing bay effluent; Table S1: Computation of C. arietinum and alum coagulant costs.
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