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Abstract - Filtration under an ultrasonic field is a technique that is gaining importance in the wastewater
treatment research field, not only due to its ability as a cleaning mechanism, but also as a filtration intensifier.
The main objective of this research was the study of the influence of ultrasonic waves on the filtration of the
oilfield wastewater (known as produced water) in order to increase the operation performance and filter
medium regenerative effectiveness. A 0.016 m hollow cylindrical porous ceramic filter was submitted to the
filtration of produced water by two mechanisms: conventional filtration under vacuum and filtration under the
influence of ultrasonic waves. Experiments were carried out using synthetic produced water by analyzing the
variables oil and grease content (O&G) and total suspended solids (TSS) for each filtration run. Backwashing
of the filter medium with distilled water was also performed to evaluate the regeneration efﬁc1ency Durlng
conventional filtration, permeate flux decreased gradually, becoming stable around 0.06 cm em’ s’

Furthermore, in the filtration assisted by ultrasound, the permeate flux was around 0.15 cm’.cm?s™

Therefore, ultrasonic waves provided an increase of about 150% in the permeate flux. Moreover, the
sonication improved filter medium regeneration effectiveness, even under conditions of high TSS and O&G
contents. Taking into consideration the very positive results associated with the application of ultrasonic

waves, this filtration technique is likely to become an important industrial process.
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INTRODUCTION

The petroleum industry - the main oily wastewater
generator - produces a mixture known as “produced
water”, during the exploration of oil. Its composition
is very complex and depends on the geological
formation characteristics, the oil recovery technique
and the chemical additives used in the production
(Gabardo, 2007).

According to the official US Energy Information
Administration (EIA, 2008) estimates, the demand
for oil will grow by 26% from 2005 to 2030. Besides
the problem of its composition, the volume of
produced water generally increases during the
oilfield lifecycle. It is estimated that, during the
economic life of an oilfield, the volume of water can

*To whom correspondence should be addressed

reach more than ten times the volume of oil
produced (Ekins et al., 2007). According to the
Brazilian petroleum company (Petrobras), for each
cubic meter of oil, 1.1 cubic meter of brackish water
is produced (Schuhli, 2007).

Cakmakci et al. (2008) argued that the successful
treatment of produced water generally requires pre-
treatments in which various contaminants are
removed. Among the most investigated techniques
for removal of O&G and TSS contents are filtration
through granular and fixed bed filter media and
cross-flow microfiltration through ceramic filters.

However, during the filtration process, a physical
phenomenon called "fouling" that decreases the
permeate flux along the filtration course occurs. This
is due to the formation of a slurry layer on the filter
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surface, clogging the pores and reducing its
hydraulic conductivity (Sondhi and Bhave, 2001). In
most cases, the regeneration of filter medium is
carried out by reverse flow, but the use of sonication
to clean the filter medium is becoming increasingly
important (Tran et al., 2007).

According to Muthukumaran et al. (2005), this
technique has four specific effects that may contribute
to the optimization of filtration processes:
agglomeration of fine particles that cause pore
blockage and cake deposition; promotion of free
channels by maintaining particulate matter suspended;
cleanness of filter surface and internal channels through
cavitation; cleanness of filter surface due to turbulence
near the cake layer. Moreover, ultrasonic cleaning does
not require chemical agents, reducing interruptions
(CHEN et al., 2006).

In this context, this study analyzes the fouling
effect on the permeate flux. Cake formation and pore
blockage are still the crucial problems found in
filtration. They can reduce drastically the conventional
filtration flow, causing interruption of the operation
to perform filter medium cleaning.

The use of an ultrasound field as an auxiliary
filtration mechanism applied to synthetic produced
water treatment is the main objective of this paper,
focusing on its on site or off site reuse or even its
environmentally safe disposal.

MATERIAL AND METHODS

This study was performed using a 0.016 m’
hollow cylindrical porous ceramic filter media
immersed in a UNIQUE ultrasonic bath, Ultracleaner
model that worked simultaneously as a suspension
reservoir and ultrasound source. The filter medium
was submitted to conventional and ultrasonic
filtration mechanisms.

g

Synthetic produced water used in the tests was
prepared according to the following procedure:
distilled water was mixed with sodium chloride (to
provide a salinity of 3.0 % in weight, in order to
make it similar to real oilfield produced water);
sodium sulfide (sufficient to supply the concentration
levels of suspended solids) and petroleum (to give
the right contents of O&G) emulsified in the medium
through a vigorous mixing using a Black & Decker
propeller stirrer, model SB40. Suspended solids were
generated through the oxidation reaction between
sulfide and sodium hypochlorite, followed by
coagulation-flocculation using aluminum sulfate and
pH correction with sulfuric acid. The supernatant
phase was collected to be filtered.

Total suspended solids contents (TSS) in the feed
were proportional to the colloidal sulfur generation
determined by the amount of sodium sulfide added.
The following nominal levels were studied: high
(1000mg.L™"), medium (500mg.L") and low
(250mg.L™).

As for the oil and grease content (O&G) in the
feed, 3 nominal concentration levels were also
studied: high (180 mg.L™"), medium (100 mg.L™"),
and low (20mg.L™).

Conventional Vacuum Filtration

The filtration system depicted in Figure 1 was
operated without the influence of the ultrasonic field.
The ultrasonic bath was fed using a peristaltic pump
and it was connected to a graduated cylinder
(permeate container) and a vacuum pump. All the
tests were performed under a vacuum of approximately
700 mmHg.

After each operation, the filter medium was
backwashed with distilled water (Figure 2) driven by
compressed air. The liquid generated by the reverse
flow was then discarded.

Vacuum

Suspension

Filter

Reservoir -

Pump

Ultrasonic bath

Graduated flask

Figure 1: Schematic diagram of the filtration system

Washing water

(Fitter )

Ultrasonic bath

Compressed air

Distilled water

Figure 2: Experimental setup for backwashing
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Vacuum Filtration Under the Influence of the
Ultrasonic Field

In this filtration mechanism, the experimental
setup was very similar to the apparatus used in the
conventional vacuum filtration described above (see
Figure 1). The only difference was the operation
under the influence of an ultrasonic field provided by
turning the ultrasonic bath frequency to 40 kHz. The
backwashing under ultrasonic effect was carried out
according to the scheme shown in Figure 2. All the
tests were performed under a vacuum of
approximately 700 mmHg.

The determination of the filtration rate was made
through the bucket-and-stopwatch technique,
measuring the drained volume (AV) at a certain
operation time (At).

The evaluation of permeate quality was based on
the parameters turbidity (by the nephelometric
method) and oil and grease content (gravimetric
method), according to Standard Methods for the
Examination of Water and Wastewater (SMEWW)
(Clesceri et al., 1998).

RESULTS AND DISCUSSION

Experimental results were grouped into two sets:
conventional vacuum filtration and vacuum filtration
under the influence of an ultrasonic field. All the
experiments were performed using synthetic
produced water whose composition was varied
according to a 3" factorial experimental design in
terms of the factors TSS and O&G contents, keeping
NaCl content around 3% in weight.
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Figure 3: Permeate flux versus time for conventional

vacuum filtration; TSS=250 mg.L"

Filtration curves are presented in terms of two
sets of plots: permeate flux (J) versus filtration time
(t) and the ratio time-to-volume (t/V) versus volume
(V). The last plot has the main purpose of evaluating
cake compressibility and filtration resistance in a
semi-qualitative way.

Conventional Vacuum Filtration

Figures 3 and 4 show the results for conventional
filtration runs under the minimum TSS content,
varying O&G concentration.

Figure 3 shows very clearly that the O&G content
exerts a negative influence on the permeate flux
magnitude. This behavior is probably due to the
preferential adhesion of emulsified oil to the filter
surface, increasing the filtration resistance. Another
important aspect observed in Figure 4 is the low cake
compressibility indicated by the strong linear
tendency of the curves.

Figures 5 and 6 show plots similar to the two above
obtained from the experiments performed under
medium TSS content, varying O&G concentration.

By comparing Figures 3 and 5, it can be observed
that the increase in TSS content made the filtration
curves come closer to one another, showing that solid
content was an important factor. The agglomeration of
oil droplets onto suspended solid particles is the most
probable explanation because this combination inhibits
oil adhesion to the filter medium surface.

A slight curvature can be observed in the two upper
curves in Figure 6 — a signal of cake compressibility as
it becomes thicker. Filtration resistance increases with
the blocking of filter medium pores when cake
thickness increases or compresses.
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Figure 4: Darcy’s filtration curve for conventional
vacuum filtration; TSS=250 mg.L™
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Figure 5: Permeate flux versus time for conventional
vacuum filtration; TSS=500 mg.L"!

Another set of plots is presented in Figures 7 and
8, corresponding to the highest TSS level. Again,
0&G contents ranged from 20 to 180 mg.L™".

Conclusions very similar to the previous plots can
be derived from these results. In spite of the same
0&G content difference between the curves, when
the O&G content changed from 100 mg.L™" to 180
mg.L"', the effect was more intense. This might
indicate that a saturation of the oil to solid particle
interaction may have occurred. Moreover, the
curvature observed in the upper curve in Figure 8
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Figure 7: Permeate flux versus time for conventional
vacuum filtration; TSS=1,000 mg.L'1
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Figure 6: Darcy’s filtration curve for conventional
vacuum filtration; TSS=500 mg.L"!

shows that the cake produced at the highest TSS and
0&G contents was significantly compressible.

Table 1 shows residual turbidity and O&G
removal efficiencies for each experimental run.

The aspects that call more attention in Table 1 are a
significant increase in effluent residual turbidity and
0&G removal efficiency as SST content increases. The
probable explanation to this behavior is a synergistic
interaction between oil and solid particles, forming a
kind of slurry that is more efficient in terms of oil
removal, but this hypothesis requires further studies.
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Figure 8: Darcy’s filtration curve for conventional
vacuum filtration; TSS=1,000 mg.L'1

Table 1: Residual turbidity and O&G removal for conventional filtration

TSS (mg.L™") 0&G (mg.L™") Residual turbidity (NTU) 0&G Removal efficiency (%)
250 20 0.51 NA
250 100 0.57 87.9
250 180 0.60 93.2
500 20 2.4 71.0
500 100 65.2 91.0
500 180 522 67.7
1000 20 529 94.0
1000 100 83.9 97.6
1000 180 76.2 98.1

Note: NA = not available
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Filter Medium Regeneration Performance After
Conventional Vacuum Filtration

The plot in Figure 9 shows the experimental curves
of filtrate volume (V) versus time (t), under constant
pressure, to evaluate filter medium regeneration
performance through backwashing with distilled water.
The number that follows the label “Backw” identifies
the filtration/regeneration cycle. For example, “Backw
5”” means that the filter cartridge was being backwashed
after the completion of the fifth filtration cycle.
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100 - oBackw 9|y = 14.512x
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S
8
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Figure 9: Comparison of backwashings for

conventional vacuum filtration
Note: The “clean” curve data were obtained by using
a new filter cartridge.

It can be observed in Figure 9 that backwashing
had good regenerative efficiency up to "Backw 4".
From "Backw 5" forward, filtrate flow dropped
considerably, attaining 14.51 mL.s" at “Backw 97,
against an average flow of 21.31 mL.s" with the
clean filter medium. This experiment was particularly
important for determining the right time to discard
the filtration cartridge.

Vacuum Ultrasonic Filtration

In order to evaluate ultrasound effects on
filtration performance and make a comparison with
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Figure 10: Permeate flux versus time for ultrasonic
vacuum filtration; TSS=250 mg.L"!

conventional vacuum filtration, another set of tests
were performed by submitting the filter cartridge to a
40 Hz electromagnetic field, as shown below.

Figures 10 and 11 show the results for vacuum
ultrasonic filtration tests under the minimum TSS
content, varying O&G concentration.

These results reproduce the situation presented in
Figures 3 and 4, except the influence of ultrasonic
waves. The point that is most noteworthy is the
flatness of the curves. It is a meaningful fact that
reflects the maintenance of filtration resistance
around a certain value due to the sonication effects.

Figures 12 and 13 show vacuum ultrasonic
filtration data at medium TSS content, changing
0O&G concentration levels.

The tendency exhibited by the curves reinforces
the aspect previously discussed. Independent of the
TSS and O&G contents, the permeate flux remained
around 0.15 cm’.cm™s™ over the entire filtration
cycle, as can be confirmed by inspection of the plot
on the right.

The last set of results is shown in Figures 14 and
15, corresponding to the highest TSS level and
variable O&G contents.

All the results presented in Figures 10 to 15 show
that sonication clearly increases the filtration rate
and enhances filter performance in comparison with
the conventional vacuum filtration previously
studied. According to Lim and Bai (2003), the
acoustic energy provided by sonication dislodges
materials from the filter surface, leaving more free
channels for solvent percolation.

The filtration of flocculated suspensions under
this mechanism proved to be consistent with the
results obtained by Tuori (1996), who studied the
filtration of an aqueous pyrite suspension, under
intermittent ultrasound effect. It was found that the
performance of the system was superior to that
obtained under conventional filtration. According to
the author, the effectiveness of this technique
depends on the characteristics of the solid-fluid
system and its operating conditions.
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Figure 11: Darcy’s filtration curve for ultrasonic
vacuum filtration; TSS=1,000 mg.L"
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3.0E-01
©TSS med= 500mg/L O&G min= 20mg/L
25601 1 OTSS med= 500mg/L O&G med= 100mg/L
ATSS med= 500mg/L O&G max=180mg/L
_. 2.0E-01 -
]
] o o o ¢ o °
S 15601 PO - R R I Sy Y R
[ o © o 8,
L
” 1.0E01 A
5.0E-02 -
0.0E+00 T T T T T |
0 10 20 30 40 50 60

t(s)
Figure 12: Permeate flux versus time for ultrasonic
vacuum filtration; TSS=500 mg.L"
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Figure 14: Permeate flux versus time for ultrasonic
vacuum filtration; TSS=1,000 mg.L’l

Table 2 presents the results of residual turbidity

and O&G removal efficiencies for the experiments
performed under the ultrasonic mechanism.

All of the experiments showed good results in terms

of TSS and O&G removals. On the average, for a given
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Figure 13: Darcy’s filtration curve for ultrasonic
vacuum filtration; TSS=500 mg.L"'
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Figure 15: Darcy’s filtration curve for ultrasonic
vacuum filtration; TSS=1,000 mg.L’l

0&G content, the increase of TSS content lowered
filtrate flow turbidity, showing a possible synergistic
effect between TSS and O&G interaction. In some
situations, the turbidities of the clarified liquid were as

low as drinking water turbidity.

Table 2: Residual turbidity and O&G removal for ultrasonic filtration

TSS 0&G Residual turbidity 0&G Removal efficiency
(mg.L™ (mg.L") (NTU) %
250 20 87.5 99.5
250 100 94.6 97.3
250 180 4.24 98.0
500 20 2.5 85.0
500 100 2.6 96.0
500 180 22 78.5
1000 20 76.1 88.0
1000 100 2.08 96.2
1000 180 1.64 97.7
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Evaluation of Filter Medium Regeneration by an
Ultrasonic Mechanism

Filter medium backwashing under an ultrasonic
effect showed an excellent performance, since the
filtrate flow rate, after cleaning the filter medium,
remained almost constant over the first 8 out of 9
filtration cycles, as shown in Figure 16.
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Figure 16: Comparison of backwashings for
ultrasonic vacuum filtration.

The ideal regeneration performance would be
attained if all the curves fit to the clean filter curve
(superior curve). In fact, the slope reduction reflects
an irreversible accumulation of solids that, under
long term operation can cause full bore blockage,
making the filter cartridge useless.

According to Muthukumaran et al. (2004), who
developed studies of dairy effluent filtration assisted
by ultrasound, the successful regeneration under this
kind of mechanism is due to the effect of particle
displacement from the filter surface by cavitation,
which facilitates the water flow after sonicated-
backwashing. Kobayashi et al. (2003) also reported
that the use of sonication in water suspension
filtration increases filter medium permeability.

Shu et al. (2007) performed effluent demulsification
studies by using ceramic filter media, having tested
four filter regeneration methods, among them
backwashing with and without ultrasound influence.
It was found that the regeneration assisted by
ultrasound is more efficient because it avoids particle
deposition on the surface.

CONCLUSIONS

Under a conventional vacuum filtration
mechanism, the O&G content severely affected the
behavior of filtration curves. The increase in this
parameter caused a decrease in filtrate flow mainly

in the early stages of filtration at all levels of O&G
and TSS studied. Thus, in t/V versus V plots, it is
clear that, when the O&G content assumed higher
values, the respective curves showed more intense
bends. This is related to cake thickness and
compressibility.

It is relevant to point out that the results presented
above were obtained with an established ultrasonic
frequency of 40 kHz. Thus, the use of frequencies
other than 40 kHz needs further studies.

All the curves in the J versus t plots from the
experiments using conventional vacuum filtration
converged to a limiting flux around 0.06 cm®.cm™.s™,
whereas the application of ultrasonic waves
increased the permeate flux to 0.15 cm’.cm™s™,
which represents an increment of about 150 % in
filter capacity. Moreover, the ultrasonic field
improved the filter medium regeneration
effectiveness.

Another meaningful result was the maintenance
of the permeate flux during the filtration time, which
motivates further research in order to develop a
filtration system suitable for application on an
industrial scale, resulting in an innovative
technology in this field. This is very promising for
the development of continuous filtration equipments.

The application of ultrasound reported in this
paper proved that ultrasound has great potential for
further studies in the field of produced water
treatment and filter media regeneration, providing
higher filtration rates and prolonging filter cartridges
lifetime. However, this process still needs additional
studies in order to develop a competitive, full-scale
technology.
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NOMENCLATURE

Symbols

J permeate flux cm’.cm™s™!
O&G  oil and grease content mg.L"
v filtrate volume cm’
t operation time s
TSS total suspended mg.L"

solids
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