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The present study addresses an ecofriendly solution to treat automobile service sta-
tions effluents with high concentrations of oily substances, surfactants, organic matter
and heavy metals. Bioadsorption using sawdust from pine trees, sugar cane bagasse
and coconut coir without any chemical modification removed colloidal contamination
up to 70%. Polyaluminium chloride, ferric chloride and polyacrylamide were applied
to remove dissolved and colloidal pollutants under saline conditions without change
of initial pH. Both bioadsorption and coagulation-flocculation removed up to 97.8%
of BOD, COD, surfactants and heavy metals at a saline concentration of 1.5% NaCl.
The increase of ionic strength promoted a high sludge index and a representative cost
saving in chemicals consumption of almost 70%. High levels of pollution removal
with the minimal use of chemicals is herein presented.
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INTRODUCTION

In the last ten years, worldwide automobile
sales grew from 66 to 89 million units [OICA,
2016]. As a result, automobile service stations
consume uncontrolled amounts of water. It has
been estimated that washing a single vehicle
involves volumes between 100—600 L of water
which contributes to approximately 15 million
liters of wastewater annually [Abdelmoez et al.
2013; Lau et al. 2013; Mohamed et al., 2014].
The wastewater from this activity contains lu-
bricating oils, surfactants, sulfides and heavy
metals such as cadmium, lead, arsenic, iron,
zinc, chromium, aluminum, nickel, vanadium
and copper [Kumar et al. 2014; Mohamed et al.
2014]. This concentration of oil has been report-
ed to levels close to 3000 mg-L"! [Zhao et al.
2014]. Indeed, this discharge negatively affects
natural resources, since it was recorded that until
2011 224 thousand tons of oil were discharged

into the environment without any treatment
[Sabir 2015]. Thus, the study of remediation and
pollution effects of effluents from auto service
stations is of high interest to society.
Remediation of oil and detergent wastewater
from automobile service stations is performed
by different methods: (i) physical methods like
adsorption, filtration or mechanical remotion;
(i) chemical methods like dispersion, oxida-
tion, coagulation, combustion or solidification;
and (iii) biological methods like biodegradation
[Shadizadeh et al. 2014]. However, many of these
technologies present many problems due to high
costs or because of emulsion formation or mi-
crodrops clotting [Sokolovic et al. 1992]. Never-
theless, adsorption is the less expensive and has
minimal effects on the environment. To remove
oils and heavy metals minerals such as alumina,
clay, activated carbon, zeolite, ash, bentonite and
agro wastes like coffee, banana, mango, orange,
peanuts, rice and coconut and sugar cane, as well
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as hydrogels can be utilized [Abdeen & Mousta-
fa 2016; Barakat 2011; Bhatnagar & Sillanpda
2010]. Coconut coir, rice husks, bagasse and pine
sawdust, both without pretreatment or as activat-
ed carbon, have been used as adsorbents for the
removal of heavy metals and azo dyes at acid pH
[Abdel et al. 2011; Bhatnagar & Sillanpaa 2010].

Mixtures of surfactants and lubricants tend
to form emulsions and consequently they are ad-
sorbed by natural sediments. This leads to their
accumulation in the background sediments of
natural waterborne. Therefore, the objective of
this study was to evaluate the minimal chemi-
cal conditions to remediate automobile service
station wastewater by bioadsorption and coagu-
lation-flocculation using cane bagasse, coconut
coir and sawdust.

MATERIAL AND METHODS

Water characterization

Wastewater samples were taken from a local
automobile service station in Quito, Ecuador. The
total dissolved solids (TDS), electrical conductiv-
ity (EC), pH, and salinity (% NaCl) were mea-
sured with multiparameter electrodes (HI 2550
Hanna, USA). The turbidity (in nephelometric
units, NTU) and absorbance were measured by a
spectrophotometer UV-Vis Nanocolor II (Mach-
erey-Nagel, Germany). The chemical oxygen de-
mand (COD), concentration of cationic (CT), an-
ionic (AT) and non-ionic (NIT) tensoactives were
determined at 620 nm (Macherey-Nagel, Germa-
ny). The biological oxygen demand (BOD) was
measured by respirometry (WTW, Germany).
The concentration of heavy metals (aluminum,
copper, chromium and lead) was determined by
flame atomic absorption methods according to
APHA 3111-D and 3111-B. Oils and greases were
also analyzed using the standard method 5520-B.

Bioadsorption

Sawdust from pine trees, sugar cane bagasse
and coconut coir fibers were used as natural ad-
sorbent material (bioadsorbent) without any
chemical modification. The materials were dried
at 60 °C for 1 h and later crushed, sieved and clas-
sified according to their particle size. Each dose of
bioadsorbent was weighed and added to 500 mL
of wastewater in a jar test equipment (Velp scien-
tific, Spain) where the mixing time was 20 min at

150 rpm. Then, the particles were left immobile
for 10 minutes and finally removed by a 0.20 mm
filter. The filtrate was used for coagulation-floc-
culation processes. It should be noted that oil and
surfactants from the wastewater formed an emul-
sion; therefore, the initial and final turbidity were
used as an index to measure colloids removal
(suspended solids). Turbidity remotion in percent
(% R) was calculated by the difference between
initial (7)) and final turbidity (7)) according to:
%R = % +100 (1)

o

Coagulation-flocculation

Polyaluminium chloride (PAC) and ferric
chloride hexahydrate were the coagulants pro-
vided by Dicomsa (Ecuador) and Fisher Scientific
(USA) respectively. Flocculant was polyacryl-
amide (PA) at 0.1 % w/v. In Table 1, the operat-
ing conditions are detailed. Before and after co-
agulation-flocculation, the concentration of total
dissolved solids (TDS), suspended solids (SS) in
mg-L" and sludge index (IL) in gL' were deter-
mined by standard methods 2540-B, 2540-C and
2540-D respectively.

Experimental design

Completely randomized factorial designs
(CRFD) were applied in this work according to
the network strategy which is shown in Figure 1,
where all treatments are interconnected from pre-
vious experimentation. In order to achieve the op-
timal dosing concentration of chemicals, factors
(k) and levels (/) were combined in treatments
which are summarized in Table 2.

RESULTS AND DISCUSSION

Effect of bioadsorbent dosages
and particle size

The treatments using bioadsorbents were a
combination of dosing concentrations and par-

Table 1. Jar test conditions

Operation Time range (min) Mixing (rpm)
Coagulant addition 0-3 200
Flocculant addition 3-5 200
Flocculation 5-8 40
Sedimentation 8-20 0
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Table 2. Operational conditions of experimental designs

Treatment Factor (x) Low level (-1) Zero level (0) High level (+1)

A Bioadsorbent dose (g-L™") 0.6 1.0 3.0
Bioadsorbent particle size (mm) 0.3 0.5 1.5
Type of coagulant FeCl, - PAC

B Coagulant conc. (%) 5 10 15
Coagulant dose (g-L™) 0.2 - 2.0

c 5% PAC dose (g-L") 0.2 - 1.0
PA dose (g-L™") 0.6 - 1.6

b Type and dose of coagulant PAC - FeCl,
Salinity (% NaCl) 0.5 - 1.5

Figure 1. Network connection among all experimental
designs. Treatments: (A) dose and particle size of three
bioadsorbents, (B) experiments with two types of co-
agulants, (C) experiments to find coagulant and floccu-
lant dosing concentration after bioadsorption and (D)
effect of salinity on turbidity removal

Sugar cane bagasse

ticle size on turbidity removal (Fig. 2). Approx.
75% of colloidal suspension was removed by
cane bagasse, 50% by sawdust and 40% by coco-
nut coir respectively. In all treatments, although
not shown in Figure 2, pH was reduced from
8.5 to 7.7. Electrical conductivity changed from
496 uS.cm'to 605.2 uS-cm! when sawdust was
used, to 296.6 uS-cm™ for cane bagasse and to
494.0 uS-cm™! for coconut coir. In other studies,
cane bagasse removed oil up to 19.95 grams of
adsorbed oil per gram of adsorbent; whereas, co-
conut and sawdust waste adsorbed oil up to 6.4
g-g'[Ali et al. 2012; Annunciado et al. 2005a;
Sabir 2015]. The higher adsorption capacity of
bagasse in comparison with sawdust and co-
conut coir is explained based on its chemical
structure. The chemical constitution of bagasse
is characterized by its highly packed crystalline
structures due to its cellulose, hemicellulose and
lignin content. This compactness allows insolu-
bility of the adsorbent in water and an increase
of non-polarity affinity with oil; moreover, ad-

Coconut coir
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Figure 2. Treatments for the bioadsorption experiment according to CFRD — Bioadsorbents dosing concentrations
and their particle sizes related to final turbidity: treatments (A ) 1.0 g-L" and 0-5 mm; (A)) 1.0 g-L"and 1.5 mm;
(A,)3.0gL"and 0-5 mm; (A,) 3.0 g-L"'and 1.5 mm; (A,) 0.6 g.L" and 0.3 mm; (A) 0.6 g-L" and 1.5 mm; (A.)
3.0 g'L" and 0.3 mm; (A,) 3.0 g'L"and 1.5 mm. Mean initial turbidity: 310.6 NTU
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ditional mechanical strength is attributed to the
formation of microfibrils [Mosier, 2005]. The
cellulose content in sawdust is 46.4%, in bagasse
32-48% and coconut coir 35.9%; the content of
lignin is 29.4% in sawdust, 15-32% in bagasse
and 53.5% in coconut coir respectively [Israel et
al. 2011; Mosier 2005; Sabir 2015; Salit 2014].

Figure 3 shows the change of turbidity ac-
cording to the interaction of two factors: bioad-
sorbent dose and its particle mesh size. The high
separating remotion of turbidity was achieved at
low doses of sawdust and coir (0.6 g-L") and
their small particle mesh sizes (0.3 mm); that
is, a smaller bioadsorbent particle size increases
the contact surface area, decreases drag forces
and thus the agglomeration forces are enhanced
to adsorb oil microdroplets. Bagasse, coir and
sawdust showed efficient sorption effect because
cellulose together with lignin and hemicellulose
formed crystal structures of high surface area.
It was observed that adsorption capacity dimin-
ishes without agitation; thus, in all experiments
continuous agitation for 20 min increased mass
transfer, adhesion forces and chemical affinity
on dipole-dipole interactions. In all bioadsorp-
tion treatments a high dose of 3 g-L' decreased
the effect of coalescing forces. Therefore, in the

following treatments it was used a dose of bio-
adsorbent of 0.6 g-L' and particle mesh size of
0.3 mm.

Effect of coagulant dose and concentration

The results, presented in Figure 4, show the
turbidity removal effect when dosing different
concentrations of FeCl, and PAC under no bio-
adsorption. From initial turbidity 310.6 NTU, the
turbidity removal was almost 100% when PAC
was used at 5% and FeCl, at 15%. When no bio-
adsorbents were used, the optimal dosing concen-
tration of PAC 5% and PA were 2.0 mL-L"! and
10.0 mL-L"! respectively. Colloidal destabiliza-
tion using PAC was achieved because aluminum
monomers formed complex ions with water mol-
ecules; consequently, hydrolysis of water mol-
ecules occurred and therefore pH decreased. A
deprotonating effect in the aqueous media desta-
bilized the negatively charged colloids and thus
coagulation-flocculation was highly enhanced.
According to Figure 4, it is remarkable that a
5% PAC solution was enough to remove colloi-
dal contamination. This represents an important
saving in chemical consumption and remediation
costs. In addition, PAC was more efficient than
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Figure 3. Mean effects plot for three levels of bioadsorbent doses and their particle mesh sizes. Bioadsorption
treatments for sawdust, sugar cane bagasse and coconut coir
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Figure 4. Comparison of two coagulants (PAC and FeCl,) and PA as flocculant. Where, B’ represents treatments
with FeCl, and B with PAC at 5, 10 and 15%. Coagulant and flocculant doses were: (B,) 0.2 and 1.0 mL-L"'; (B,)
0.2 and 10.0 mL-L"; (B,) 2.0 mL and 1.0 mL-L"'; (B,) 2.0 and 10.0 mL-L"'. Mean initial turbidity: 310.6 NTU

FeCl, because of the wide pH range that PAC is
able to perform. Therefore, 5% PAC solution was
selected for further experiments.

Effect of coagulation assisted by
bioadsorption

The effect of combining bioadsorption and
coagulation-flocculation to remove turbidity was
investigated (Fig. 5). In this experiment, the op-
timal bioadsorbent dosing concentration was 0.6
g-L'and mesh size was 0.3 mm, as demonstrated
before. As a result, almost 100% of turbidity was
removed when the three bioadsorbents were used
and when 5% PAC dose was 1.0 mL-L-"and PA
was 0.6 and 1.6 mL-L"'respectively. Independent
of the performance of the three bioadsorbents
on turbidity removal (approx. 40—75%), coagu-
lation-flocculation removed turbidity efficiently
until almost 100%. A noticeable difference was
the change in pH. When using sugar cane ba-
gasse, pH was reduced from 8.5 to 7.0. But saw-
dust and coir did not stop the acidic change of
the media due to the water hydrolysis effect from
PAC. In comparison with the previous treatment
where no bioadsorption was used, the addition of
natural sorbents enhanced the coagulation effect
because the dose of chemicals were diminished.
Dosing concentration of 5% PAC was reduced

from 2 to 1 mL-L" and also the dose of floccu-
lant from 10 to 1.6 mL-L"'. Thus, bioadsorption
with cellulosic materials tends to decrease the
entropy of the emulsion which allowed separa-
tion of oil microdroplets. The adsorbant-adsor-
bate high non-polar affinities showed a decrease
of stability forces of the former emulsion and,
as consequence, the coagulation effect was in-
creased which is demonstrated in the lower con-
sumption of 5% PAC and PA.

Effect of salinity

This experiment tested the effect of salin-
ity in the remediation process at 0.5 and 1.5%
NaCl concentrations (Fig. 6). Dosing concentra-
tions of bioadsorbents, PAC and PA were tested
according to previous treatments. Results point
out that both salinities concentrations enabled
almost 100% turbidity removal when dosing
5% PAC 0.6 mL-L"' and PA 1.6 mL-L"' respec-
tively. When wastewater was treated with co-
conut coir, pH changed exactly from 8.5 to 7.0.
But when treated with sawdust and bagasse, pH
was reduced to 8—6. The effect of salinity on the
high removal of turbidity is explained by the in-
crease of ionic strength due to sodium chloride.
An electrolytic solution reduces the stability of
the colloidal double layer. Thus, coagulation is
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Figure 5. Effect of coagulation assisted by bioadsorption. Dosing concentrations of 5% PAC and
PA: (C)) 0.2 and 0.6 mL-L"; (C)) 0.2 and 1.6 mL-L"; (C,) 1.0 and 0.6 mL-L"'; (C,) 1.0 and 1.6 mL-L"".
Mean initial turbidity: 310.6 NTU
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Figure 6. Turbidity and pH after bioadsorption and coagulation-flocculation processes under two salinity
conditions. Dosing concentrations: (D,) 0.5% NaCl and 5% PAC 0.6 mL-L"; (D,) 0.5% NaCl and
5% FeCl, 0.6 mL-L" (D,) 1.5% NaCl and 5% PAC 0.6 mL-L"; (D,) 1.5% NaCl and 5% FeCl,0.6 mL-L".
Flocculant dose in all treatments: 1.6 mL-L"!
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improved even at low PAC dosing concentra-
tions. The salinity effect was also tested in elec-
trocoagulation experiments at 2 g-L-' NaCl and
it enabled a rapid and efficient decoloration of
dyes with Fe and Al electrodes [Daneshvar et
al. 2003; Yang & Mcgarrahan 2005]. According
to results, the dosing concentration of PAC was
also decreased in this experiment. In comparison
with previous treatment, 5% PAC dosing con-
centration was decreased from 1.0 to 0.6 mL-L".
The influence of salinity on the emulsion clearly
affected the stabilization of its electric double
layer. The results demonstrate the positive ef-
fect on coagulation due to the increase of ionic
strength which intertwine colloidal particles to a
state of lower entropy. Because adsorption and
coagulation are processes against the second law
of Thermodynamics, salinity boosts the rapid
destabilization of colloidal systems.

It was estimated that the automobile service
station in Quito (Ecuador) annually discharges
approx. 162 m* of wastewater. Therefore, in or-
der to remove approx. 100% of turbidity from
this total effluent volume 324 L of 5% PAC and
1624 L of 0.1% PA would be needed without
any adsorption process. If bioadsorption is uti-
lized using sawdust from pine trees, sugar cane
bagasse or coconut coir fibers, then to remove
approx. 100% of turbidity from 162 m? of waste-
water 97.2 L of 5% PAC and 260 L of 0.1% PA
would be needed annually. Therefore, it is clear
that a cost saving per year of almost 70% is
achieved when using these bioadsorbents under
1.5% NaCl concentration.

7A: SI=0.28

Another advantage that saline conditions of-
fered in this remediation process is related with
the mechanical stability of the sludge which
was positively affected (Fig. 7). From Figure
7A to 7D, the pictures show that sedimented
particles are more compact and agglomer-
ated where saline conditions were applied. In
contrast, the treatments without salinity led to
blurry and dispersed sediments without strong
consistency. Sludge index have a direct impact
on the efficiency of waste management in a
treatment plant.

Quality of treated water

Under the best remediation conditions a
characterization of water is presented in Table
3. In this characterization, coconut coir was
chosen as bioadsorbent because it enabled a
treatment stabilization until pH 7. According to
results, one gram of coir adsorbed 2.1 g of oil.
It represented 98% of oil remotion. According
to other authors, one gram of sugar cane ba-
gasse and coconut coir could adsorb between
5.4 and 19.95 g of oily substances [Annunciado
et al. 2005b; Sabir 2015]. In the present work,
after coagulation, oils were removed until ap-
prox. 99.9%. In terms of heavy metals, the ad-
sorption capacity of coconut coir was 41 mg-g-!
for aluminum, 0.73 mg-g™' for lead, 1.35 mg-g!
for copper and 0.22 mg-g' for chromium re-
spectively. In the present work, natural sor-
bents without chemical treatment were used;
in contrast, literature reports adsorption capac-

7B: SI =0.35

7C: S| = 0.70

7D: S1 =0.69

Figure 7. Effect of salinity on sludge index. Treatments without salinity: (A) 5% PAC 0.6 mL-L",
(B) 5% PAC 1.0 mL-L"". Treatments with 1.5% NaCl: (C) 5% PAC 0.6 mL-L", (D) 5% PAC 1.0 mL-L".
Flocculant dose in all treatments: 1.6 mL-L"!
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Table 3. Characterization of water before and after treatments

Parameters Wastewater After bioadsorption After coagulation
Oil and grease, mg-L" 1286.0 26.4 0.5
Aluminum, mg-L~* 25.69 1.09 0.12
Lead, mg-L" 0.54 0.1 0.09
Copper, mg-L" 0.83 0.02 0.002
Chromium, mg-L" 0.14 0.01 0.006
BOD,, mg O, L 200.0 80.0 10.0
COD, mg O,-L" 816.0 244.0 33.0
pH 8.5 7.7 7.0
EC, uS-cm™ 496.0 13.2 9.2
Turbidity, NTU 310.6 64.0 0.0
TDS, mg-L" 50.6 329 1.1
SS, mg-L 260.5 95.0 2.0
AT, mg-L™" 6.63 3.03 0.23
CT, mg-L" 0.76 0.27 0.03
NIT, mg-L* 1.2 0.30 0.0
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Figure 8. UV-VIS spectra between 280 and 1100 nm of (A) wastewater and pure water, (B) wastewater and treat-
ed water using coconut coir and (C) wastewater and treated water using bioadsorption-coagulation-flocculation

ity of 263 mg-g! for lead and 11.56 mg-g' for
chromium when using chemically modified
coconut coir as activated carbons under acidic
pH [Bhatnagar & Sillanpdd 2010]. In general,
adsorption and coagulation processes are used
to remove colloidal contamination but in some
cases dissolved pollutants get adsorbed thus re-
ducing its content in terms of dissolved matter.
In this work, dissolved contamination (BOD,
COD, AT, CT, NIT and TDS) were removed ap-
prox. up to 97.8%.

The UV-VIS spectra of water samples be-
fore and after every treatment were taken from
280 to 1100 nm (Fig. 8) in order to confirm the
remotion of colloidal particles. The wastewater
sample shows peak responses regarding its con-
tent of hydrocarbon and tensoactive substances.
These peaks are shifted toward the long wave-
length region in the visible region (400 to 1100
nm). The responses in the visible region are also
a function of the particle size; thus, they tend to
disappear in treated samples.
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CONCLUSIONS

Wastewater from automobile service stations
is generally oily and highly turbid; additionally,
it is considered an emulsion system because of
its tensoactive content interacts with oily com-
pounds. Therefore, adsorption using natural sor-
bents and chemical coagulation was used to re-
move colloidal particles. The interaction of both
processes enabled almost a 100% efficiency to
precipitate solids. Also, dissolved particles in-
cluding heavy metals were removed up to 97.8%
because coagulation-flocculation processes were
boosted by bioadsorption and ionic strength.
Small particle sizes and low doses of sawdust
from pine trees, sugar cane bagasse and coconut
coir fibers were used without any chemical modi-
fication as bioadsorbents based on their non-polar
affinity to oily pollutants. An increase in the ionic
strength due to NaCl addition positively affected
the remediation process. The bioadsorption pro-
cess and the saline aqueous media reduced the
consumption of aluminum and polyacrylamide
up to 70%. Another benefit from the chemical in-
teraction herein studied was the increase of the
mechanical cohesion of sediments, namely a high
sludge index was achieved. A saving in the con-
sumption of chemicals and formation of a com-
pact sludge lead to improve the features of waste
management. Although more research is needed
to environmentally dispose oily-loaded sorbents
and sludge, the present work offers an ecofriendly
solution to save operational costs in a wastewater
treatment plant without compromising efficiency.
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