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Ship emulsified oil wastewater was used as the research object in this study. The highly efficient coagulant

demulsification degreasing mechanism and microbubble flotation technology were combined and the

effects of coagulant type and dosage amount on the demulsification of emulsified oil wastewater were

evaluated. The influence of the mixed coagulation effect of pH values, temperature, and hydraulic

condition parameters were determined and water intake, air intake, and oil content were regulated. The

coagulant for the demulsification of emulsified oil wastewater was screened; the dosage was

500 mg L�1, and the removal capacity of the coagulant was in the following order: polyaluminum ferric

chloride (PAFC) > polyaluminum chloride (PAC) > polysilicate aluminum ferric sulfate (PSAFS) > alum >

Al2(SO4)3 > polyferric sulfate > FeCl3. Polyacrylamide (PAM) with added water was used to further reduce

the oil content. The PAFC, PAC, and PSAFS were selected as coagulation–air flotation dynamic test

alternative agents. The investment quantities of PAFC, PSAFS and PAM were 300 mg L�1, 300 mg L�1

and 30 mg L�1, respectively. The stirring time was 5 min, the pH value was 6.5–6.9, the flow rate was

0.25 m3 h�1, the oil content of the emulsified oil wastewater was 3000–5000 mg L�1 and the effluent oil

was stable below 15 ppm. The microbubble generation device using air flotation effluent was used in the

two air flotation treatments to enhance the device efficiency. The air flotation device adopted the

structural design of the upper part of the water inlet and the lower part of the micro-air bubble, which

can increase the collision probability of the microbubble and improve the efficiency of oil removal.
1. Introduction

With economic development in recent years, the number of
ships has increased signicantly and the existing oil–water
separation devices cannot effectively treat oil-containing
wastewater from ships that hold a large amount of emulsied
oil.1 The discharge of untreated wastewater into seawater can
seriously harm the marine ecological environment,2 therefore,
the Marine Environment Protection Committee stipulates that
the oil content in the discharged water body cannot exceed
15 ppm.3 However, the components are complex due to the fact
that marine oil-bearing wastewater contains a large amount of
surfactant emulsication and inorganic ions that contain iron,
and the standards required by the Marine Environment
Protection Committee are difficult to meet.4 The emulsied oil
content in a ship's wastewater is relatively large due to the
leakage from marine machinery and the heavy use of deter-
gents.5 The emulsied oil particles in the wastewater have small
particle size and a large viscosity, and the oil beads have
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a negative charge.6 If these particles are improperly treated, they
will be discharged into natural water bodies and block the gas
exchange, affect photosynthesis, destroy the ecological balance
of the water body, contaminate the soil, and harm human
health.7 In view of the difficulty in the treatment of emulsied
oil wastewater and its serious environmental hazards, it must
be treated thoroughly and economically with an emulsied oil
wastewater treatment process and technology before being
discharged into the water body.8 This treatment has important
research value and practical signicance for the protection of
marine ecology and the development of ship emulsied oil
wastewater treatment equipment.9

At the core of emulsied oil and oil wastewater treatment is
the breaking of the emulsied oil.10 Breaking milk is generally
divided into two processes, namely, occulation and coales-
cence.11 The general methods for the demulsication of emulsi-
ed oils include physical, chemical, and biological methods.
There are many types of coagulants, and they can be divided
according to chemical composition into inorganic, organic, bio-
logical, and composite coagulants.12 The gravity method can only
remove oating oil and dispersed oil.13 The coarse granulation
method has a poor removal effect on emulsied oil. Both
methods have poor treatment effects on emulsied oil in waste-
water and have almost no demulsication capacity; they include
membrane separation method and the adsorption method.14
RSC Adv., 2018, 8, 40639–40646 | 40639

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra06565a&domain=pdf&date_stamp=2018-12-04
http://orcid.org/0000-0002-5266-3645
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06565a
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA008071


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 7

/1
8/

20
25

 1
2:

34
:5

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Only wastewater with low oil content can be removed, it is easy to
be blocked, and the cost is high; the biological treatment of oily
wastewater has a long residence time and a large area, and the
treatment effect on high-concentration oily wastewater is not
ideal.15,16 Ultrasonic wave is a new treatment method of demul-
sication and degreasing; however, the technology is not suffi-
ciently developed, the treatment effect on high-concentration
emulsied oil wastewater is not ideal, it has not beenwidely used,
and its processing cost is high.17 As an efficient chemical
pretreatment method, the coagulation method can effectively
remove slicks, emulsied oils, suspended solids, COD, and
turbidity in oily wastewater.18 With microbubble otation, the
wastewater can be treated to reduce the oil content and the
turbidity of the effluent.19 Therefore, coagulant and a new type of
super-microbubble-generating device were selected in this study
for treating emulsied oil wastewater.

The experiment was performed to study the effects of inor-
ganic coagulant, inorganic polymer coagulant, and its combi-
nation with polyacrylamide (PAM) on ship-borne emulsied oil
wastewater. Two factors, namely, the dosage of coagulant and
the content of emulsied oil, were selected to test the emulsied
oil wastewater under the same hydraulic conditions. The oil
content of the effluent was measured to compare and screen out
the optimal coagulant and dosage. The emulsied oil waste-
water was treated at different reaction times, stirring speeds,
reaction temperatures, pH values, and emulsied oil concen-
trations to select the best reaction conditions. Under this
hydraulic condition, the coagulation and microbubbles were
combined and reacted in an air otation device to study the
inuences of factors, such as the amount of air bubbles, the
content of oil in the water, the PAM, and the ow rate of the
inuent on the oil removal of the device. The oil content of the
water, the thickness of the dross layer, and the observed water
content of the dross were compared, and the parameter range
for the treatment of the emulsied oil wastewater was
conrmed by the coagulation–microbubble otation device.

2. Materials and methods
2.1 Materials

The used agents, including aluminum sulfate, alum
(KAl(SO4)2$12H2O), ferric chloride, polyaluminum chloride
(PAC), polyferric sulfate (PFS), polyaluminum ferric chloride
(PAFC), polyaluminum polysilicate (PSAF), PAM, sulfuric acid,
sodium chloride, magnesium sulfate, anhydrous sodium
sulfate, sodium hydroxide, zinc sulfate, manganese sulfate,
sodium silicate, sodium chlorate, ferrous sulfate, petroleum
ether, sodium dodecyl benzene sulfonate, and triiron tetroxide,
were of analytical grade. They were acquired from Nanjing
Shengjianquan Co. Ltd. The test wastewater was prepared by the
Table 1 Physicochemical properties of the emulsified oil wastewater

Oil content (mg L�1) Turbidity (NTU) pH valu

3000–5000 7000–10 000 6.5–6.8

40640 | RSC Adv., 2018, 8, 40639–40646
method dened in MEPC.60 (33). The emulsied oil wastewater
was tan in color. Table 1 lists the specic parameters.
2.2 Coagulation–otation experiments

Different doses of coagulant were added to the emulsied oil
wastewater of a ship, and the wastewater was treated with PAM.
The ship had an oil content of 3000–5000 mg L�1. The coagu-
lation test was conducted to obtain the oil content in the clear
water layer, and the data were plotted to compare the degreas-
ing effects of different coagulants. A 1000 mL beaker was used
to collect emulsied oil wastewater containing a certain amount
of oil in a six-line mixer. Different doses of coagulant were
added to the beaker and stirred rapidly at 800 rpm for 1min and
with medium speed at 150 rpm for 5 min. The coagulant was
also slowly stirred at 50 rpm for 10 min and precipitated for
15 min. The supernatant (100 mL) was extracted from the
beaker to determine the absorbance of the supernatant in each
beaker by ultraviolet spectrophotometry, and its oil content was
calculated. The air otation device diagram is shown in Fig. S1.†
The coagulation–microbubble otation device owchart is
shown in Fig. S2.†

The test otation device was made of plexiglass with a device
height of 0.6 m, a diameter of 0.3 m, and a device volume of
42.39 L. The height of the contact chamber was 0.4 m, the
diameter of the contact chamber was 0.15 m, the water-
collecting pipe was 0.1 m from the bottom of the air otation
device, the inner diameter was 0.025 m, and a collecting hole
with an aperture of 6 mm was set every 30�. The slag tap had an
inner diameter of 0.05 m and was located 0.05 m from the top of
the device. The inlet diameter of the air otation device, inlet
pipe, and outlet pipe was 0.025 m, and the inner diameter of the
emptying pipe was 0.01 m. The microbubble generator used in
this experiment was a new type of super-microbubble generator.
The inlet pressure varied according to the type of microbubble
generator. Therefore, the air-oating pressure was adjusted by
changing the intake air volume in this test. The equipment
required for the test was connected in accordance with the test
procedure shown in the gure. A certain amount of fresh water
was added to the initial startup water for the super-microbubble
generator in the air otation unit. Aer normal operation, the
effluent of the air otation unit would act as an ultramicron
system. The prepared emulsied wastewater with approximately
5000 mg L�1 of oil content was put into the water tank to be
tested. The valve of the water tank was opened to be tested. The
water pump 1, dosing pump 1 (plus PAFC) and dosing pump 2
(plus PAM) were switched on. The inuent ow was adjusted to
0.25 m3 h�1. The stirrer was opened to stir. The stirring speed
was set constant to 350 rpm for 5 min. The outlet valve of the
stirring chamber was turned on, and themicrobubble generator
e Oil droplet diameter (mm) COD (mg L�1)

10–15 7800–17 000

This journal is © The Royal Society of Chemistry 2018
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was started to allow the outlet water and microbubbles to enter
the otation device. Aer the otation device became stable, the
water sample was taken from the outlet of the otation device
every 5 min for three times and then every 10 min. The thick-
ness of the scum layer in the otation device was measured and
recorded before sampling. Aer the end of the test, the absor-
bance of the water sample was measured by ultraviolet spec-
trophotometry, and the oil content was calculated.
Fig. 1 The effect of PAM dosage on oil removal performance.
3. Results and discussion
3.1 Optimization of the occulation process

The optimization of the occulation processes is shown in
Fig. S2–S9.† The emulsion demulsication performance of the
coagulant oil wastewater was selected.20 When the dosage was
500mg L�1, the demulsication capacity of the coagulant was in
the order of polyaluminum silicate > PAC > polyaluminum fer-
rosilicate > alum > aluminum sulfate > polymeric iron sulfate >
ferric chloride. The addition of PAM could further reduce the oil
content of the effluent. Comprehensive consideration was given
to the selection of PSAF, PAC, and polysilicate aluminum ferric
sulfate (PSAFS) as alternative reagents for coagulation–air
otation dynamic tests.21 The PAFC dosage was 300 mg L�1, the
PAM dosage was 30 mg L�1, the stirring speed was 350 rpm, the
stirring time was 5 min, the pH value was 6.5–6.9, the ow rate
was 0.25 m3 h�1, the oil content of the emulsied oil wastewater
was 3000–5000 mg L�1, the effluent oil was basically stable
below 15 ppm.When the PAFC dosage was 300mg L�1, the PAM
dosage was 30 mg L�1, the stirring speed was 350 rpm, and the
stirring time was 5 min, the demulsication and degreasing
effects of emulsied oil wastewater with oil content of 5000 ppm
were the best.22
Fig. 2 The effect of inorganic coagulant dosage on oil removal
performance.
3.2 Flocculation process

3.2.1 The effect of PAM dosage on the oil removal perfor-
mance. Fig. 1 shows the effect of PAM dosage on the oil removal
performance. The test results showed that PAM had virtually no
demulsication effect on the emulsied oil.23 The change in the
effluent oil content was within the error range, no pods were
formed within the reaction system, and the oil content of the
inuent water remained basically unchanged.24 When coagu-
lant was added to remove oil, the interference of its separate
demulsication and degreasing could be eliminated.

3.2.2 The effect of inorganic coagulant dosage on oil
removal performance. Fig. 2 shows the effect of inorganic
coagulant dosage on the oil removal performance. Experiments
showed that when Al2(SO4)3 was used as a demulsier, the
amount of ocs produced in the reaction system with
increasing amount of Al2(SO4)3 was large and loose. When the
Al2(SO4)3 dosage was 200 mg L�1, the effects of demulsication
and degreasing on the emulsied oil wastewater were the best,
and the oil content in the effluent was 23.87mg L�1. When alum
was used as a demulsier, the amount of ocs produced in the
emulsied oil wastewater was large and the oret was small and
dense.25 Aer the agitation was completed, the oating speed of
the ocs became slow, and the thickness of the scum layer
This journal is © The Royal Society of Chemistry 2018
became small. Small ocs that did not fully oat were mixed
easily.26 When the alum dose was 300 mg L�1, the effluent oil
content aer treatment was 25.70 mg L�1. When the dosage of
aluminum salt coagulant was insufficient, the positively
charged ions produced by the aluminum salt solution were
insufficient to neutralize the negative charge in the system and
the emulsion oil could not be fully demulsied and remained in
the form of emulsied oil in water.27 When the dosage was
extremely high, a large amount of positively charged aluminum
ions would exist in the water, which would neutralize with the
negatively charged colloidal particles to render the colloidal
particles unstable again.28

When FeCl3 was used as a coagulant to break the emulsion,
ne and compact pods could be produced during stirring and
coagulation, and the pods sank and settled slowly when
standing. When the FeCl3 dosage was 500 mg L�1, the oil
content of the treated water was 53.32 mg L�1. As the FeCl3
dosage gradually increased, the oil content of the effluent
increased accordingly.

The emulsied oil wastewater was treated with PFS. The
pods produced during the agitation process were small and
dense, and the ash oated for a long time. A small amount of
ne ocs remained in the effluent.29 The PFS dosage in the 250–
400 mg L�1 effluent oil content was between 38.12 mg L�1 and
50.56 mg L�1. Insufficient or excessive dosage would cause
RSC Adv., 2018, 8, 40639–40646 | 40641
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Fig. 3 The effects of inorganic coagulants/PAM dosage on oil removal
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a sharp increase in the effluent oil content because the PFS
hydrolyzed into polynuclear hydroxy compounds in the waste-
water, neutralized the negative charge in the oil particles, and
reduced the zeta potential caused by the colloids.30 When
a certain dosage was reached, this neutralization effect was
maximized.31 When PFS continued to increase, the colloids
became positively charged and the zeta potential increased,
thereby making it stable. Continued dosing of PFS would
destroy the equilibrium achieved.32

When PAC was used as a demulsication coagulant, a large
amount of ocs could be produced by adding a small PAC
dosage to the emulsied oil wastewater. The occulation was
large and dense, and the scum had a high oil content.33 The
scum layer became thick and was stirred. The completion of the
oc otation speed then became slow, which le ne ocs in
the water supernatant and affected the water content. When the
dosage was 300–520mg L�1, the effluent oil content could reach
16.78 mg L�1. The demulsication and coagulation perfor-
mances of PAC on emulsied oil wastewater were better than
those of inorganic aluminum salt coagulants such as aluminum
sulfate and alum. PAC could be rapidly dissolved in wastewater,
the reaction time for ocs was shortened, and the number of
ocs produced increased. PAC contained a large amount of
aluminum ion aggregates and was highly stable as compared
with aluminum sulfate coagulants such as aluminum sulfate
and alum.

When the PSAFS dosage was more than 260 mg L�1, the
coagulant rapidly dissolved in the water and produced large and
dense silk owers and the oating speed was fast; however, the
fresh water layer would retain a small amount of ocs, which
affected the water quality. The PSAFS dosage in the 280–
320 mg L�1 treatment reached 22.54 mg L�1, the scum layer was
thin, and the water content was low. When the PSAFS dosage
was 300 mg L�1, the demulsication effect on emulsied oil
wastewater was the best. The effluent oil content was
22.54 mg L�1.

When PAFC was added separately to treat emulsied oil
wastewater, it rapidly dissolved in the wastewater and produced
a large number of large and dense ocs. With the increase in
PAFC dosage, the oc volume increased considerably. When the
PAFC dosage was less than 200 mg L�1, the effects of demulsi-
cation and coagulation were not obvious.34 When the PAFC
dosage was in the range of 250–1000 mg L�1, the oil content in
the effluent tended to be stable and the number of ne ocs in
the water increased with the PAFC dosage. The nal determi-
nation of the optimal dosage of PAFC was 300 mg L�1.

In summary, the inorganic polymer coagulant had better
demulsication and degreasing effects on emulsied oil
wastewater than inorganic coagulant. The iron salt coagulant
had the color of iron in the water aer treatment, and the
deoiling effect was not ideal. PAFC, PAC, and PSAFS dosages
and ocs were bulky and loose. The oating time was short,
which was suitable for a wide pH range. From an economic
perspective, PAFC, PAC, and PSAFS achieved better results in
the treatment of emulsied oil wastewater when the dosage was
relatively low. PAFC was selected as an alternative agent for the
40642 | RSC Adv., 2018, 8, 40639–40646
coagulation–air otation test, and it was further compared with
PAC and PSAFS through a combined dynamic test.

3.2.3 The effects of inorganic coagulants/PAM dosage on
oil removal performance. Fig. 3 shows the effect of inorganic
coagulants/PAM dosage on the oil removal performance. The
experiment showed that the addition of PAM could further
reduce the oil content of the effluent. With the increase in the
PAM dosage, the oc produced by Al2(SO4)3 dissolved in water
was large and loose, and the otation speed became faster in
a shorter time; the inside could be fully oated. In the case
when the PAM dosage was low, the oating speed of the ocs
was slow. Aer standing was completed, the ne ocs remain-
ing in the fresh water layer could not be fully oated. The alum
complex PAM treatment of shipboard oily wastewater could
complete the demulsication and coagulation processes under
the condition that PAM was not added; however, the effects of
demulsication and degreasing were slightly lower than those
with aluminum sulfate. When the PAM dosage was greater than
20 mg L�1, the effluent oil content of FeCl3 tended to be stable.
When FeCl3 coagulant was dissolved in water, the aqueous
solution would have a certain color, thereby affecting the water
color. When the PAM dosage was more than 20 mg L�1, the PFS
water content could reach 18 mg L�1. The effect of the emulsi-
ed oil wastewater treatment presented the order of PAFC > PAC
> PSAFS > PFS > aluminum sulfate > alum > ferric chloride.
PAFC, PAC, and PSAFS combined with PAM degreasing could
make the effluent oil approximately 10 mg L�1. However, PAFC
and PAC alone used a large amount of 500 mg L�1, whereas
performance.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The effect of air intake on chamber scum thickness: (a) no
aeration, (b) 0.25 m3 h�1, (c) 0.375 m3 h�1, (d) 0.5 m3 h�1, (e) 0.75 m3

h�1.
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PSAFS alone had a degreasing dose of 300 mg L�1. The PAFC
dosage was considerably reduced when it was used in combi-
nation with PAM. In the dosage of 300 mg L�1 and 30 mg L�1 of
PAM, the oil content in the effluent could be reduced to less
than 10 mg L�1. The pods were large and loose and could be
captured. In most of the emulsied oil in the reaction system,
the scum oated fast, the water quality was high, and no small
oc residue was observed.35 Although degreasing with
500 mg L�1 of PAC combined with 50 mg L�1 of PAM could
reduce the oil content of the effluent to less than 10 mg L�1, the
dosages of PAC and PAM were relatively large and the deli-
quescence in the air was difficult to preserve for a long time.
When degreasing with 300 mg L�1 of PSAFS compounded with
10 mg L�1 of PAM, the effluent oil content was as small as
approximately 10 mg L�1, and the pharmaceutical dosage was
small. Aer the stirring was completed, the oating speed
became less than the PAFC, which le a small amount of ne
squid in the effluent and affected the water quality. PSAFS was
difficult to store and was deliquescent, and the water easily
blackened with PSAFS aqueous solution.
3.3 Coagulation–otation process

3.3.1 The effect of air intake on oil removal performance.
Fig. 4 and 5 show the effects of air intake on dynamic oil
removal and chamber scum thickness, respectively. The test
data showed that when the combined device was stable, the oil
content in the effluent tended to be stable. As the ow rate of
microbubbles in the reaction increased, the oil content in the
effluent gradually decreased. The microbubbles would adsorb
on the colloidal particles in the emulsied oil wastewater, which
increased the buoyancy and ow thrust of the colloidal parti-
cles, thereby allowing them to rapidly oat to the water surface,
accelerating the solid–liquid phase separation, and increasing
the amount of microbubbles.36 The probability of collision
between bubbles and between bubbles and skeins in the reac-
tion system increased, and the oil content of the effluent
decreased accordingly. When no microbubbles oated in the
otation device, the thickness of the dross layer on the upper
part of the device gradually increased, and the water content of
Fig. 4 The effect of air intake on dynamic oil removal: (a) no aeration,
(b) 0.25 m3 h�1, (c) 0.375 m3 h�1, (d) 0.5 m3 h�1, (e) 0.75 m3 h�1.

This journal is © The Royal Society of Chemistry 2018
the dross was high.37 The thickness of the dross layer gradually
decreased with the steady ow of microbubbles, and the water
content of the dross decreased.

3.3.2 The effect of PAM on oil removal performance. Fig. 6
and 7 show the effects of PAM on dynamic oil removal and scum
layer thickness, respectively. The experimental data indicated
that when the coagulation–microbubble otation dynamic test
was combined using an ultra-microbubble generator and an air
otation device, the coagulation–microbubble combination
device could stably run out of water when no PAM dosage was
set. Under the condition of adding PAM, the oil content at
approximately 64 mg L�1 in the effluent initially decreased and
then increased. As the test progressed, the oil content in the
effluent gradually decreased and tended to be stable because
the effluent of the previous test remained in the otation
device.38 In the rst stage, the effluent oil remaining in the last
test was high. As the test progressed, the microbubble-
generating device was run by clear water, and it was added to
the otation device in the form ofmicrobubbles. The oil content
of the effluent was reduced in the otation device. As the
reaction continued, the remaining effluent was completely
discharged. The water used by the microbubble generator was
entirely supplied by the effluent from the air otation chamber
at the time the water was discharged.39 The oil content
Fig. 6 The effect of PAM on dynamic oil removal.
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Fig. 7 The effect of PAM on scum layer thickness. Fig. 9 Effect of inlet oil content on dynamic oil removal.
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increased slightly and gradually stabilized at approximately
20 mg L�1. Without the addition of PAM, the thickness of the
complicated layer in the air otation device gradually increased
with the test, and the dross had a high water content and could
ow out from the slag discharge port. Under the condition of
adding PAM, the thickness of the scum layer was small, the
water content of the scum was low, and the entire scum was in
a uffy state and could not ow out from the slag discharge
port.

3.3.3 The effect of inlet ow rate on oil removal perfor-
mance. Fig. 8 shows the effect of inlet ow rate on dynamic oil
removal. The experimental data indicated that as the reaction
proceeded, the oil content of the effluent gradually decreased
and tended to be stable. The size of the inuent water ow did
not have a considerable effect on the oil content of the effluent
aer the device operation became stable, and the oil content of
the effluent was less than 15 ppm. The scum layer in the ota-
tion device did not change remarkably, and the water content of
the dross was low. The air otation and coagulation devices
fully considered the impact of ow changes on the effluent at
the time of design and formulated the optimal dosage plan to
cope with the changes in the inuent water content over a wide
range.40 Fig. S10† shows the kinetic studies for oil removal at
different inlet ow rates, and the result demonstrated that the
Fig. 8 The effect of inlet flow rate on dynamic oil removal: (a) 0.125
m3 h�1, (b) 0.2 m3 h�1, (c) 0.25 m3 h�1.

40644 | RSC Adv., 2018, 8, 40639–40646
kinetic study for oil removal at the inlet ow rate of 0.125 m3

h�1 was consistent with the rst-order reaction kinetic model
with Radj

2 0.8302.
3.3.4 The effect of inlet oil content on the oil removal

performance. Fig. 9 shows the effect of inlet oil content on
dynamic oil removal. The test data indicated that the coagula-
tion–microbubble otation device could efficiently demulsify
the emulsied oil wastewater with oil content of 3000–
5000 mg L�1. Aer processing, the effluent oil content was
below 15 mg L�1. When the oil content was greater than
6000 mg L�1, the oil content in the effluent increased, and the
expected treatment target could not be achieved.41 This result is
caused by the limited demulsication capacity of the PAFC in
the dynamic device. As the oil content increased, the PAFC
could not completely demulsify the oil, thereby increasing the
oil content in the water.

4. Conclusions

In this study, the effective treatment of emulsied oil waste-
water by the coagulation–otation process was investigated.
When the dosage was 500 mg L�1, the demulsication capacity
of the coagulant was in the order of polyaluminum ferrosilicate
> PAC > polyaluminum silicate iron > alum > aluminum sulfate
> PFS > ferric chloride. The addition of occulant PAM further
strengthened the web-trapping capability of the inorganic
polymer coagulant and could greatly shorten the occulation
time. The inorganic coagulant presented strong electric-
neutralizing capability; however, its poor occulation capa-
bility could not aggregate oil particles that had been demulsi-
ed. The polyaluminum salt had strong occulating and
turbidity removal capabilities but with poor electric-
neutralizing capability. The polymeric iron salt could be used
for low-temperature wastewater, the occulation was rapid and
easy to separate, and the applicable range was wide. When the
PAFC dosage was 300 mg L�1, the PAM dosage was 30 mg L�1.
When the stirring speed was 350 rpm and the stirring time was
5 min, the emulsied oil wastewater with oil content of
5000 ppm exerted the best demulsication and degreasing
effects; the effluent oil content reached 15 ppm. The PAFC and
PAM compounds obtained the best treatment effects. The effect
This journal is © The Royal Society of Chemistry 2018
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of the compounded PAFC and PAM treatment on emulsied oil
wastewater was better than that of PAFC only, and the water
content of the scum layer was considerably lower than that of
the PAFC alone. The coagulation–microbubble otation device
could efficiently demulsify and degrease the emulsied oil
wastewater with pH of 6.7–6.9, ow rate of 0.250 m3 h�1, and oil
content of 3000–5000 ppm. The resulting COD and turbidity in
the treated effluent aer coagulation–otation process were 30–
60 mg L�1 and 100–120 NTU, respectively. The capability of the
oating water to conduct secondary air otation on the effluent
not only enhanced the degreasing effect of the device but also
reduced the amount of fresh water used as microbubble-
generating water, thereby reducing operating costs. The
microbubble generator in this experiment used direct water to
generate microbubbles, which did not require the use of air
pressure and dissolved air tanks, thereby considerably reducing
the footprint of the entire plant and the investment in
production operations. The device can improve the removal
efficiency of the emulsied oil and also reduce the time for
coagulation and air otation, which is of considerable impor-
tance for reducing the volumes of the stirring device, the air
oatation device, the oor space and energy consumption of the
devices. Fig. S11† shows the kinetic studies for oil removal for
different initial inlet oil content, and the result demonstrated
that the kinetic studies for oil removal at initial oil content of
4000 mg L�1 and 3000 mg L�1 were consistent with the rst-
order reaction kinetics model with Radj

2 of 0.8013 and 0.8929,
respectively.
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