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ARTICLE INFO ABSTRACT

Keywords: The treatment of oil-containing wastewater was carried out in 3 stages coagulation, neutralization, and floc-
Wastewater treatment culation processes. In this study, natural flocculants that are alternatives to polyacrylamide (PAM), have been
Flocculation

investigated, as PAM poses a danger to drinking water and aquatic organisms. Flocculant properties were given
to starch by modification, pregel, and graft methods, and flocculation results were examined. Oil content and
pollution removal performances from wastewater were evaluated with the flocculant effect, the effect of pH
conditions, dosage amounts, and temperature parameters. Since the chemical flocculants used in the flocculation
sedimentation process to treat oily wastewater cause environmental damage, a natural flocculant effect study
was carried out. The effect of starch flocculants synthesized by pregel, modified, and graft techniques on the oily
wastewater, bilge water, was evaluated. In this context, the interaction of the effects of PAM, Pregel starch,
modified starch and starch graft acrylamide flocculants on the bilge water with different ambient pH, dosage
amount and temperature are included. Impact assessment at 5.5-7-8.5 ambient pH for 4 different flocculants;
The effect evaluation of 10-15-25 mL dosage amounts and the effect evaluation at 25-40-60 °C temperatures
were investigated by experimental studies. Suspended solids analysis, COD, Turbidity and oil-grease de-
terminations are the analyses made for the improvement results in water due to impact assessments. According to
the results obtained, it is a flocculant-modified starch that can compete with PAM but needs further development.
98.14 % suspended solids removal, 34.30 % COD removal, 98.94 % turbidity removal and approximately 99.9 %
oil removal efficiency were obtained with modified starch.

Modified starch
Pregel starch
Bilgewater

1. Introduction

Oily wastewater, also known as oil-contaminated or oil-laden
wastewater, is a type of industrial wastewater that contains various
types of oils, greases, and hydrocarbons. It is a common byproduct of
many industrial processes, including: (i) oil and gas production: Waste-
water generated during the extraction and refining of oil and natural gas
often contains crude oil and various hydrocarbons, (ii) manufacturing:
Industries such as metalworking, food processing, and automotive
manufacturing can produce oily wastewater due to the use of cutting
fluids, lubricants, and oils, (iii) vehicle maintenance and repair: Automo-
tive repair shops and maintenance facilities produce oily wastewater
through activities like oil changes and engine repairs, (iv) marine oper-
ations: Ports, shipyards, and vessels generate oily wastewater from ship
bilge water and fuel transfer operations, (v) food service: Restaurants and
commercial kitchens produce oily wastewater through the disposal of
cooking oils and grease [1]. Today, due to the increase in energy de-
mand, the processing and transportation of oil and fossil fuels indicate
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that oil is one of the most important wastes mixed with water [2]. When
oily wastewater is discharged into the environment, it can disrupt
ecological health, and affect living life [3]. Considering the scarcity of
water resources and environmental pollution, the issue of how to treat
and recycle oily wastewater has become an important and urgent issue
in engineering fields [2]. In addition to all these pollution sources,
several million tons of oil from transportation operations are mixed into
the world's water resources every year [4,5].

MARPOL, which stands for the International Convention for the
Prevention of Pollution from Ships, is an international treaty that aims to
prevent and control pollution from ships, including the disposal of
various types of waste generated on board vessels. MARPOL waste in-
cludes different categories of waste generated during the operation of
ships, and the convention sets out regulations and requirements for the
handling, storage, and disposal of these wastes. The six main categories
of MARPOL waste are as follows: (i) oil: This category includes oil res-
idues, bilge water, and oily mixtures. MARPOL Annex I contains regu-
lations to prevent the discharge of oil into the sea and sets limits for oil
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content in discharged water (ii) Noxious Liquid Substances (NLS): These
are substances that, if discharged into the sea, can harm marine life or
the environment. MARPOL Annex II contains regulations for the control
of such substances and their handling (iii) Harmful Substances in
Packaged Form: This category includes packaged goods that may be
hazardous to the marine environment if not handled properly. MARPOL
Annex III provides guidelines for the packaging and labeling of these
substances (iv) Sewage: It includes both blackwater (from toilets) and
graywater (from sinks, showers, and kitchens). MARPOL Annex IV sets
out standards for the treatment and discharge of sewage from ships (v)
Garbage: This category covers solid waste generated on board, such as
plastics, food waste, paper, and more. MARPOL Annex V regulates the
disposal of garbage to prevent pollution of the marine environment (vi)
Air Emissions: While not typically referred to as “waste,” air emissions
from ships, including sulfur oxides (SOx), nitrogen oxides (NOx), and
greenhouse gases, are also addressed under MARPOL. Annex VI focuses
on reducing air pollution from ships through regulations on engine
design and fuel quality.

Ships are required to manage and dispose of these wastes in accor-
dance with MARPOL regulations to minimize their impact on the marine
environment. Port facilities and authorities play a crucial role in
ensuring compliance with these regulations and providing appropriate
disposal and treatment facilities for MARPOL waste. Violations of
MARPOL can lead to penalties and fines for shipowners and operators
[61.

Coagulants/flocculants play very important roles in the field of water
treatment according to their adsorbance capacities. Conventional water
treatment methods used today often have only one functionality,
resulting in complex devices and laborious processes [7,8]. Therefore, it
is of great importance to develop coagulation/flocculation methods both
in scientific research and in practical applications [9,10,32,35]. Efforts
to recover and clean water from oily wastewater by coagulation/floc-
culation are of great economic, social, and environmental importance
for the protection of the ecological system and the evolution of
researchers.

The process of coagulation-flocculation has been the subject of
studies by several authors for the treatment of wastewater generated in
petroleum-derived wastes [11,12,34]. Removal of oil from wastewater
by coagulation is a combination of physical and chemical processes.
These processes include two steps: aggregation, and flocculation [13].
The main task of the coagulants in this process is to neutralize the
negative charges of the oil particles and to reduce the electrostatic
repulsion of the electric double layer. This incident is considered
“destabilization”. Then, the destabilized particles begin to develop and
gradually collect into large agglomerates. Under free precipitation or air
flotation, separation of the agglomerates from the water phase occurs
[15].

The agglomeration process depends on the chosen flocculant.
Accordingly, many researchers continue their studies on the develop-
ment of new flocculants with high efficiency, low cost and environ-
mentally friendly features [14]. Studies are in the direction of
developing multifunctional flocculants such as effective removal of
turbidity in water and inhibition of bacterial growth. Conventional
flocculants such as inorganic metal-based and synthetic organic poly-
meric flocculants, which are the subject of studies, do not have signifi-
cant sterilization [8,15]. In addition, the release of metal ions or harmful
polymeric monomers into water is known to cause serious health
problems [16,17]. The high-performance natural polymer chitosan and
its derivatives [18,19] are effective both as good-performing flocculants
and in improving their antibacterial properties.

Starch-based flocculants have been used in water treatment over the
years due to their cheapness, biodegradability, environmental friendli-
ness, and effectiveness in low quantities. [20-23]. Starch is a plentiful
and natural resource, and the cost is much lower than agglomerates such
as chitosan. It can be easily modified to meet a variety of applications by
adding different functional groups to its structure because it contains a
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large number of hydroxyl groups in the saccharide ring. [23-26].

In this study, the pollution caused by petroleum-derived wastes in
the water is discussed. The natural flocculant effect for the treatment of
wastewater was investigated and a series of experiments were carried
out to eliminate environmental effects and increase efficiency. The
pollution left by the polyacrylamide chemical used as a flocculant on
water and soil was desired to be removed, and the usability of starch,
which is a natural flocculant instead of polyacrylamide, was desired to
be measured with efficiency and economy evaluations. With the floc-
culant polyacrylamide chemical, it was desired to remove the pollution
on water and soil, and besides, it was desired to measure the usability of
starch, which is a natural flocculant instead of polyacrylamide, by
evaluating the efficiency and economy. Four different new starch-based
flocculants (PAM, modified starch, pregel starch, and starch graft
acrylamide) were successfully prepared. In addition to the flocculant
effect, the pH of the medium, the dosage amount, and the temperature
effects were also investigated. pH, Total Suspended Solid Matter (TSSM)
(mg/L), Chemical Oxygen Demand (COD) (mg/L), Turbidity (NTU), Oil
Grease (mg/L) analyses were made for water. To characterize the
structure of the prepared flocculants, Perkin Elmer Spectrum 100 brand
-FTIR was used. Surface morphology properties were analyzed using
Jeol JSM 6510-1v Brand Low Vacuum Scanning Electron Microscope
-SEM.

2. Materials and methods
2.1. Raw bilgewater characterization

Bilge water was preferred as the oily wastewater sample because it is
the waste sample closest to the other water characteristics entering the
wastewater treatment process. Bilgewater, which was directed to the
Ship Waste Collection and Processing Facility, was taken as a sample
upon request from the Shipyard in Tuzla (one of the districts of Istanbul)
with “40.83457, 29.26790” coordinates. In the study, the character-
ization of the bilge water on the amount of oil, chemical oxygen de-
mand, suspended solids, and turbidity was investigated. “SM 5520 D"
standard method for Oil-Grease analysis, “SM 2130 B" standard method
for turbidity analysis, “TS EN 872" standard method for Suspended
Solids analysis were used.

After the characterization of the bilge water, the coagulation and
neutralization processes, which are the pre-treatments before the floc-
culation process, were also applied. Polialuminiumcloride (PAC) coag-
ulant was used in the coagulation process. The pH value of PAC used in
the solution is 3.0 and was purchased from the manufacturer Akkim
Kimya San ve Tic A.S. The lime used for neutralization was in powder
form and 1 g of lime powder was mixed with 100 mL of distilled water
and used as a solution.

2.2. Synthesis of flocculants

The flocculant effect was investigated with four different samples-
PAM, modified starch, pregel starch, and starch graft acrylamide. The
anionic PAM used in the experiments was produced by using the com-
mercial sample that was obtained from Abaci Kimya Ltd. Sti. The starch
modification was realized by the method developed by Prachayawar-
akorn et al. [27]. The flocculant taken in powder form was turned into a
gel by adding 7 g of PAM powder to 1000 mL of water and was used in
gel form in all experiments. Modified starch, pregel starch, and floccu-
lants were prepared by grafting technique, and commercial natural corn
starch was used. The properties of the corn starch used were determined
as 13 % by weight of moisture and 0.5 % by protein. Pregel starch, also
known as pre-gelatinized or pregelatinized modified starch, is a starch
product that has been chemically or physically processed to undergo
partial gelatinization. Gelatinization is the process of breaking down the
crystalline structure of starch granules and swelling them by heating in
the presence of water. In experimental studies examining pregel starch
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Table 3.1
Characteristics of Raw Bilgewater (taken as a sample upon
request from the Shipyard in Tuzla with “40.83457, 29.26790”

coordinates).
Turbidity (NTU) 2875
Total suspended solids (mg/L) 2924
COD (mg/L) 2682
0Oil grease (mg/L) 10,500
pH 11

Fig. 3.1. Raw image of Bilgewater taken from Tuzla Shipyard located at co-
ordinates “40.83457, 29.26790".

as a flocculant, the method that was developed by Teh et al. [28] was
used. This method, which is the only one for the pregel process, has been
preferred. The method developed by Mishra et al. [36] was used in
experimental studies in which graft starch was examined as a flocculant.

For the pre-flocculation process, pH determination was made with
coagulation and lime, taking commercial treatment plant studies as a
guide. PAC at pH 3 was used for the coagulation process. In all

Table 3.2
Flocculation analyzes of all samples at pH 5.5, 7, and 8.5 values.
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experiments, 65 mL of PAC was used to reduce the pH of Bilgewater to 4
using PAC. The effect of pH environment was investigated at three
different pH values (5.5-7-8.5). The amounts to be used were decided
based on the aggregation state of PAM, Modified Starch, Pregel, and
Starch flocculants used in the flocculation process. The amounts used for
each flocculant were 15 mL PAM, 80 mL modified starch, and 120 mL
pregel starch-water mixture, respectively. Powdered flocculants, PAM,
were prepared by mixing 7 g of PAM powder with 1000 mL of distilled
water and 50 g of Modified Starch into 250 mL of distilled water. In
addition, the grafted flocculant was prepared and used by mixing 50 g of
the solid vaccine in 250 mL of distilled water. On the other hand, Pregel
starch was directly evaluated with the semi-gel consistency performed
under the preparation conditions. It was observed that the synthesized
vaccine-featured flocculant swelled, dispersed and floated in the water,
similar to the adsorbent structure after it was dried and kept in water for
use due to its unbreakable gel state. 40 mL was added using this form.

The flocculant effect at different doses was carried out in order to
completely remove the colloidal structures in the wastewater from the
wastewater. It is aimed to approach the appropriate discharge criteria
values with different flocculant dosing. It is also desirable to compare
the effect of flocculants used at the same dosage amount. With the TSSM,
Oil-Grease, and Turbidity results obtained as a result of the examination
of the pH effect, the pH 7.0 environment was preferred with the eval-
uation of the most efficient flocculation. The amounts of PAC and Lime
are the same as those used in the pH impact analysis. The effect of
flocculant dosage has been studied in 10-15- and 25-mL volumes. Also,
at different ambient temperatures, the bridging bond may weaken, or
the temperature may increase the bridging bond strength, forming
strong bulk structures. As the most appropriate dosing condition was 25
mL flocculant as a result of the dosing effect analysis, 25 mL of each
flocculant was dosed and the pH of the medium became 7.0 and the
flocculation variability of the bilge water was measured at 25, 40, and
60 °C. It was desired to examine the effect of temperature change on the
bridging bond that will be formed by the addition of flocculant to the

PAM Modified Starch Pregel Starch Starch Graft Acrylamide
pH 5.5 7 8.5 5.5 7 8.5 5.5 7 8.5 5.5 7 8.5
TSS (mg/L) 298 19 157 106 54 59 1328 385 857 1578 1333 1623
COD (mg/L) 2383 1106 827 2052 1762 1221 1856 901 1006 940 1046 1163
Turbidity (NTU) 160 34 187 110 30 48 354 153 345 414 375 497
Oil Grease (mg/L) <10 <10 140 <10 <10 <10 240 201 228 228 144 168
PAM Modified Starch

“a
Pregel Starch

Starch Graft Acrylamide

Fig. 3.2. Flocculation samples with PAM, Modified starch, pregel starch, and starch graft acrylamide at pH 5.5, 7, and 8.5 environments, respectively, after 10 min.
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PAM Modified Starch

Pregel Starch Starch Graft Acrylamide

Fig. 3.3. Flocculation samples with PAM, modified starch, pregel starch, and starch graft acrylamide at different dosage amounts of 10, 15, and 25 mL, respectively
after 3 min.

Table 3.3
Flocculation analyses of all samples at dosage amounts of 10, 15, 25 mL.
PAM Modified starch Pregel starch Starch graft acrylamide

Dosage (mL) 10 15 25 10 15 25 10 15 25 10 15 25
TSSM (mg/L) 126 19 42 118 42 48 2052 1582 1378 1775 1916 1878
COD (mg/L) 1095 1106 995 1657 1558 1563 2262 2334 2134 2255 2069 1676
Turbidity (NTU) 87 34 28 124 32 26 795 702 591 894 507 444
Oil Grease (mg/L) 52 <10 <10 365 76 39 1005 996 531 1080 762 254

Table 3.4
Flocculation analyses of all samples at 25, 40, and 60 °C.
PAM Modified starch Pregel starch Starch graft acrylamide

Temperature (°C) 25 40 60 25 40 60 25 40 60 25 40 60
TSSM (mg/L) 42 23 51 48 17 70 1378 382 42 1878 154 781
COD (mg/L) 995 512 648 1563 498 578 2134 1504 530 1676 2420 2423
Turbidity (NTU) 28 30 32 26 56 105 591 324 96 444 283 463
Oil Grease (mg/L) <10 <10 56,2 38,8 53 117 531 408 302 254 194 228

PAM. 40 °C Modified Starch, 40 °C

e ——

—

Pregel Starch, 60 °C Starch Graft Acrylamide, 40 °C

Fig. 3.4. Flocculation working with PAM (40 °C), Modified starch (40 °C), Pregel starch (60 °C), and Starch Graft Acrylamide (40 °C) after 10 min.
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Fig. 3.5. Post-settlement effects of PAM, Modified Starch, Pregel Starch, and Starch Graft Acrylamide flocculants under the same conditions, respectively after

10 min.
Table 3.5
Flocculant effect results.
Flocculants PAM Modified Pregel Starch Graft
Starch Starch Acrylamide
SS (mg/L) 23 17 382 154
COD (mg/L) 512 498 1504 2420
Turbidity (NTU) 29.8 56 324 282
Oil Grease (mg/ <10 53 408 194
L)

colloidal structures formed after coagulation.

2.3. Analysis
Chemical Oxygen Demand (COD) results were measured with HACH

brand LCK 1014 COD kits and HACH brand spectrophotometer. The
total suspended solids (TSS) results were measured by HACH brand

58 15V
_JUBITAK

WO13men

s& 15
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sample spectrophotometer. Oil and grease analyzes were measured with
the SM 2130 B method, and turbidity was measured with the SM 5520 D
method. Jeol JSM 6510-lv Brand Low Vacuum Scanning Electron Mi-
croscope (SEM) was used to examine the surface structures of solid
samples and their photographs were taken with reduction ratios of
“x35-500 pm” and “x2500-10 pm”. FTIR analysis of flocculants was
performed with a Perkin Elmer Spectrum 100 brand device.

3. Results and discussion

Preliminary studies were done on four different types of starches to
determine the most suitable modified-unmodified starch to be used as a
natural coagulant for the coagulation-flocculation of oil. Evaluation of
flocculants among themselves was handled with the effects of pH,
dosage amount, and temperature. The pH effect was evaluated by
studies conducted in 5.5, 7, and 8.5 pH environments, the dosage effect
was evaluated by the results of 10-15-25 mL flocculant dosages, and the
temperature effect was evaluated by studies at 25, 40, and 60 °C.
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Fig. 3.6. SEM images of PAM a) 250x, b) 500 x, ¢) 1000 x d) 2500 x.
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Fig. 3.7. SEM images of Modified Starch a) 250x, b) 500 x, ¢) 1000 x d) 2500 x.

Table 3.1 represents the characteristics of raw bilgewater, and Fig. 3.1
illustrates the image of raw bilgewater. As seen in Fig. 3.1, the oil con-
tent of bilge water is high for drainage and low for dewatering.

3.1. Effect of pH

Flocculation studies were carried out in 3 different pH environments
(5.5, 7, 8.5) and 4 different flocculants. The results obtained are given in
Table 3.2. The physical comparison of bilge water with raw water in
Fig. 3.2 was observed at all pH values. It was concluded that the oil and
grease analysis results comply with the discharge criteria required for
full purification but are above the limit values specified in the pre-
treatment and deep-sea discharge criteria. In addition, it was deter-
mined that it complies with the limit values determined for the number
of suspended solids and it was concluded that it is above the limit values
determined for chemical oxygen demand.

The study using PAM in pH 5.5 and 7 environments obtained
appropriate results according to the oil-grease and total suspended solids
limit values. However, the results of chemical oxygen demand at pH 8.5
were above the criteria. In the experiments where the pH effect with
PAM was examined, it was evaluated that the most effective pH value
was 7. 99.35 % TSS removal in the bilge water of 15 mL PAM coagulant
at pH 7; 58.76 % COD removal; Turbidity removal of 98.82 % and oil
removal efficiency of approximately 99.9 % were found.

The results of the values obtained by using modified starch in all pH
environments are examined, free-floating flocks' accumulation was not
observed and the formed flocks collapsed for a longer time (approxi-
mately 10 min) than PAM. As the discharge criteria results of all three
environments were compared, it was evaluated that Modified starch
gave positive results in three different pH environments, except for
chemical oxygen demand removal. It was observed that the addition of
80 mL of modified starch creates an effective flocculation result in a pH 7
environment. The effectiveness of the pH 7 medium on the bilgewater
was calculated as 98.14 % SS removal, 34.30 % COD removal, 98.94 %
turbidity removal, and approximately 99.9 % oil removal.

The dosage amount of Modified Starch is compared with PAM and it

is concluded that modified starch is effective in removing the pollution
that creates wastewater, but a high dosage amount does not create an
economic result. In addition, in the studies carried out with PAM, the
effect after a waiting period of approximately 1 min can only be ach-
ieved with modified starch after a waiting period of 10 min. The studies
with modified starch and PAM were compared and it was seen that the
results were almost close to each other, except for the study with PAM at
8.5 pH conditions.

The flock sizes obtained using Pregel Starch were smaller than the
flock sizes obtained with PAM and modified starch. The resulting ac-
cumulations collapsed in about 3 min. It was observed that oil was
collected on the water surface in a pH 5.5 environment. It was intended
to clump the oil in water, but it did not collect on the surface and
collapse. The fact that the analysis results obtained in the experiments of
Pregel Starch coagulant performed in three different pH environments
were higher than those of PAM and Modified Starch, shows that Pregel
starch is not an alternative natural flocculant. However, it should be
considered that increasing the dosage can increase the flocculation ef-
ficiency. In addition, it is thought that increasing the amount of powder
Pregel used for flocculation and mixed with water can positively affect
the results. As starch-grafted acrylamide was used, the flocculant
swelled in water and did not disperse in water in all three pH environ-
ments. Since the collapse rate of the coagulation-like structures formed
is slow, it was expected to collapse for 1 day in order to be able to
analyze it. Results of grafted flocculant studies show the most effective
results in the addition of 40 mL flocculant and in three different pH
environments. Comparing the flocculation results with the grafted
flocculant in a pH 7 environment with PAM under the same conditions,
it was observed that there was a very small amount of COD values Ex-
periments, results and observations show that the grafted flocculant
cannot be an alternative for PAM under the specified conditions. As the
grafted flocculant studies as re compared with the recent studies it can
be seen that grafted starch can be a comparable flocculant to chitosan
[19].



E. Kocaman and M. Yildiz

SE1I 15w
TUBITAX
ok

WD12»mm

SEI  15Y
TUSITAX

WD 12mw

Journal of Water Process Engineering 56 (2023) 104499

sEB 15y
TUBITAX

S8 158v
TUBITAX

WO 12

Fig. 3.8. SEM images of Pregel Starch a) 250x, b) 500 x, c¢) 1000 x d) 2500 x.

3.2. Effect of dosage amount

The dosage amount also effects the oily wastewater treatment of
coagulation/flocculation. It has been reported that the oil removal rate
has a close relationship with the coagulant/flocculant amount [15]. To
examine the effect of dosage amount, the pH environment of the bilge
water was prepared as 7.0 by coagulation and neutralization processes.
In addition, the bilge water is at 25 °C and the flocculant dosage was
studied at dosage amounts of 10, 15, and 25 mL. In the results obtained,
it was seen that significant results were obtained with the use of less
amount of PAM. With this observation, it was decided to continue the
rest of the study with 15 mL of PAM solution.

Fig. 3.3, the phase separations due to agglomeration show that more
intense aggregation occurs with an increase in the dose amount. When
the analysis results in Table 3.3 are evaluated, it is seen that the results
obtained by adding 25 mL of PAM are more effective. The effect on the
bilge water was calculated as 98.56 % TSS removal, 62.9 % COD
removal, 99.02 % turbidity removal, and >99.9 % oil removal. As a
result of the dosing amount studies made with modified starch, positive
results were not obtained as much as the studies with PAM. However,
the modified starch flocculant was found to be at least as potent as PAM.
This information obtained is important for natural flocculants that do
not create an environmental load. When the results of the discharge
criteria of all three environments in Table 3.3 were compared, it was
determined that the most effective dosage amount was 25 mL. With the
effectiveness of 25 mL Modified Starch Flocculant on the bilge water in a
pH 7 environment, 98.35 % TSSM removal, 41.72 % COD removal,
99.08 % turbidity removal, and 99.63 % oil removal results were

obtained.

As pregel starch was used, the phase separation resulting from
agglomeration did not visually change even when the dose was
increased. No effective change was observed when the dosage amount of
pregel starch was decreased. While it was observed that 3 min of waiting
time was sufficient when measuring pH activity, it was observed that 10
min of waiting time did not produce an effective result in this study. In
studies with lower dosing, it was evaluated that lower dosing for pregel
could not be an alternative to PAM. It was observed that the most
effective dosage was flocculation with the addition of 25 mL. The floc-
culation effect of adding 25 mL of pregel to the bilge water in a pH 7
environment was found to be 52.87 % TSSM removal, 20.42 % COD
removal, 79.43 % turbidity removal, and 94.94 % oil removal. Grafted
starch has a slightly different structure from gel and semi-gel forms such
as PAM, Modified Starch, and Pregel starch flocculants. It was evaluated
that the flocculating effect of this form, which was mentioned in the pH
effect analysis, could not be observed in a different pH environment for
40 mL. In this study, the 1-day waiting period applied in the pH effect
study for the graft-featured flocculant was applied and analyses were
made from the samples taken at the end of this period. In the dosage
effect review, this was observed with minor visual differences, although
not evident. In Fig. 3.3, the results of the efficiency of the graft technique
are also given. Good efficacy was not observed in these results despite a
1-day waiting period. When the results in the table are evaluated, it is
seen that the most effective result is achieved by adding 25 mL. The
effect of 25 mL dosing results in bilge water is 35.77 % TSSM removal,
37.51 % COD removal, 84.55 % turbidity removal, and 97.58 % oil
removal efficiency. When the obtained values are examined, less dose
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Fig. 3.9. SEM images of starch graft acrylamide a) 250x%, b) 500 x, ¢) 1000 x d) 2500 x.

requirement for load neutralization is met as suggested in the literature
[15].

3.3. Effect of temperature

Temperature effect studies were carried out at three different
ambient temperatures and the results are given in Table 3.4. Considering
that the most effective temperature environment is 40 °C with the results
of the analysis, the purification effect of 25 mL PAM dosage into the
bilge water in a pH 7.0 environment is 99.2 % TSSM removal, 80.9 %
COD removal, 99.9 % turbidity removal, and 99.9 % turbidity removal.
Approximately 99.9 % oil removal was achieved. Fig. 3.4 shows the
phase separation results of the agglomeration results studied with four
different flocculants.

It is shown in Table 3.4 that more effective results are obtained with
modified starch in an environment where the temperature is 40 °C than
in an environment of 25 °C. However, as in the temperature effect
studies with PAM, it was observed that the modified starch lost its ac-
tivity in ambient conditions brought to 60 °C.

The agglomeration distributions after a short waiting period are
shown in Fig. 3.4. As in the results obtained when PAM is used, it was
thought that the flock bonds were broken at 60 °C and that the increased
steam pressure broke the weak flock channel bonds. As a result of the
temperature effect parameter for modified starch, it was observed that
40 °C is the most effective temperature. Bilge water treatment efficiency
was calculated as 99.4 % TSSM removal, 81.4 % COD removal, 98.0 %
turbidity removal and 99.4 % oil removal efficiency. It was concluded

that the most efficient temperature was obtained at 60 °C. The treatment
efficiency of the Pregel Starch results on the bilge water was calculated
as 98.6 % TSSM removal, 80.2 % COD removal, 96.7 % turbidity
removal and 97.2 % oil removal. For starch grafted acrylamide, it can be
said that flocs cannot form a strong bond in 40 °C and 60 °C tempera-
tures, where the degreasing efficiency is highest. This situation nega-
tively affects the treatment efficiency as well as the settling rate. The
removal efficiency of grafted starch on the bilge water was calculated as
94.7 % TSSM removal, 9.8 % COD removal, 90.2 % turbidity removal
and 98.2 % oil removal at 40 °C ambient conditions. It was observed that
very small removal results were obtained for COD and the defouling
effect decreased with increasing the temperature of the grafted floccu-
lant. It was concluded that working in mild temperature ranges may be
sufficient.

3.4. Effect of flocculants

After examining the pH, dosage amount and temperature parame-
ters, the pollution removal efficiencies of the flocculants were compared
among themselves. At 40 °C ambient temperature, pH 7 ambient con-
dition, 25 mL flocculant dosage was the common evaluation parameter
for each flocculant. Fig. 3.5 shows the image of PAM, modified starch,
pregel starch, and starch graft acrylamide flocculants in the common
evaluation parameter. It was observed that the flocculation process of
PAM and Modified Starch is more effective, and the flocs formed bring
the flock diameters and size of the channel structures into a suitable
form for collapse. It was seen that the flocs formed after the addition of
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Fig. 3.10. FTIR results of Pregel Starch, PAM, Modified Starch, and Starch
Graft Acrylamide flocculants, respectively.

PAM are of larger diameter. It has been evaluated that channel bonds are
more flexible in flock structures formed with modified starch. It is
thought that this situation will cause the flocs formed after flocculation
to disperse in water.

Table 3.5. The results obtained under the same ambient conditions
with different flocculants are seen. It is seen that the degreasing results
obtained with the modified starch flocculant are very close to those of
PAM. It is also seen that modified starch has more effective TSSM and
COD removal efficiency than PAM.

Starch and modified starch samples were preferred because they
have natural flocculant properties, are easily available due to
geographical conditions, and are economical. It has been evaluated that
the modified starch has less oil removal efficiency due to the flexibility
of the flock bonds.

3.5. Characterization of flocculants

Characterization of four flocculants used in the flocculation studies
was performed by SEM and images of PAM are given in Fig. 3.6. PAM,
which has a porous surface structure, has a few crystalline nanotubes on
its surface. It is evaluated by Wu et al. [29] that the porous surface
structure creates a bridging bond when it increases the probability of
collision between pollutants in the wastewater. It has been evaluated
that a PAM structure with a similar porous structure is important in
terms of flocculation performance.

In the SEM images of the Modified Starch in Fig. 3.7, it was
concluded that the granular structures of the modified starch and the
native starch are very similar. It is evaluated that it has a porous
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structure as well as a granular structure, and therefore it provides flock
formation between colloids. In addition, it was explained by Prachaya-
warakorn and Kansanthia [27] that hydroxyl groups are converted into
carboxyl and carbonyl groups by the modification method carried out by
the oxidation of starch, thereby gaining hydrophobic properties. For this
reason, it is thought that a granular structure connected to each other is
formed.

As a result of SEM analysis of Pregel Starch in Fig. 3.8, it is seen that it
has a porous structure. However, it is considered that there is integration
in the surface structure and this integrated structure creates fewer
effective results in forming bridging bonds between colloids. In addition,
the pregel sample was evaluated with the result in the most probable
drying conditions for the SEM results. Due to the moisture content, SEM
results have partial differences from the results in the literature. Since
the pregel starch flocculant was diluted and used in the study, this sit-
uation is thought to not affect the result. The pollution removal effi-
ciency also increases with the increase in the ambient temperature of the
pregel starch flocculant. Fig. 3.8 shows the granular swelling of pregel
starch. Starch granules appear to be irregular and polyhedral in shape,
like images observed by Xu et al. [30].

From the SEM results of the starch graft acrylamide flocculant in
Fig. 3.9, it was evaluated that the grafting process, in which the granular
structure of the starch was lost, was successful. However, its trans-
formation from a granular structure to a crystal structure did not in-
crease the efficiency of wastewater treatment. This is an unexpected
performance from grafted flocculants.

In Fig. 3.10, the FTIR results of the flocculants for pregel starch,
PAM, modified starch, and starch graft acrylamide flocculants are given,
respectively. Pregel starch formed a lower peak at wavelengths of
3500-3000 cm L. The peak curve formed at these wavelengths shows
the O—H stretch in the carboxylic acid structure and the presence of
protein in starch. The lower peak at 2930 cm ™! wavelength is considered
to indicate C—H tension and the formation of fatty acids and lipids. At
1000 cm™! wavelength, it is seen that the transmittance reaches the
lowest level and forms a peak at the lower peak. This is attributed to the
C-OH and C—O bonds of carbohydrates [31].

It has been evaluated by the results of Ma et al. [32] that the
downward peak diffraction experienced between 3250 and 3000 em!
wavelengths in Fig. 3.10 from the ready-made PAM flocculant is
dependent on the -NH;. The downward diffraction experienced at
wavelengths between 3000 and 2750 cm ™! is attributed to GH3 vibra-
tions. The tension between C=O, which is the down-diffraction
carbonyl bond, is experienced at wavelengths between 1750 and
1500 cm™%; The downward diffraction C—N bond is experienced at
wavelengths between 1500 and 1250 cm™'; The diffraction experienced
at a wavelength of about 1000 cm ™! was evaluated as the C-O-C bonds.
It is thought that the downward diffraction observed between 3500 and
3000 cm ™! wavelengths in pregel starch in the FTIR results of modified
starch is due to the O—H stretching in the carboxylic acid structure and
is due to the presence of protein in the starch. However, the fact that this
diffraction is higher in pregel starch, that is, lower permeability, has
been evaluated because of the presence of protein and less tension in
O—H bonds. The tension in the C-OH and C—O bonds is thought to
occur at a wavelength of about 1000 cm ™.

The voltage of the diffraction of the starch graft acrylamide in the
wavelength range of 3250-3000 cm ! belonging to the -NH, group of
acrylamides; down-diffraction from a wavelength of about 900 cm™! is
attributed to the C—N group of acrylamides [33]. It is a successful
grafting technique. This is evaluated by comparing the results of Chen
et al. and attributing the upward peak at a wavelength of about 900
cm ! to the voltage formed by the N-(CH3) bond. This result indicates
that acrylamide was grafted onto the starch backbone.

4. Conclusions

Studies have shown that the most effective flocculant for oil removal
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is PAM. However, it is seen that the efficiencies of the natural flocculants
are related to the amount of starch and the oil and pollution. So the
removal efficiency of PAM can be increased by using higher amounts. In
addition to the quantitative parameter evaluation, it was observed that
the flocculant prepared by the grafting technique could not reach the
expected effectiveness. It is thought that when it is dried and thrown
back into the water for use, it has a more adsorbent effect rather than the
flocculant effect, which provides swelling. Although the results obtained
with the modified starch closest to the structure provided in the PAM
images, the fact that the flocs formed with pregel starch have a higher
density than the dense and modified starch leads the studies to pregel
starch when an alternative to PAM is considered.
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