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Abstract

An oily sludge from a rendering facility was treated using electro-kinetic (EK) techniques employing two different experimental designs.
The bench scale used vertical electrodes under different operational conditions, i.e. varied electrode spacing at 4, 6 and 8 cm with electri
potential of 10, 20 and 30V, respectively. The highest water removal efficiency (56.3%) at bench scale was achieved at a 4 cm spacing an
30 V. Comparison of the water removal efficiency (51.9%) achieved at the 20V at 4 cm spacing showed that power consumption at 30 V was
1.5times larger than that at 20 V, suggesting a further increase of electric potential is unnecessary. The solids content increased from an initi
5to 11.5 and 14.1% for 20 and 30V, respectively. The removal of oil and grease (O&G) was not significant at this experimental design.
Another larger scale experiment using a pair of horizontal electrodes in a cylinder with 15 cm i.d. was conducted at 60 V at an initial spacing
of 22 cm. More than 40.0% of water was removed and a very efficient oil separation from the sludge was achieved indicating the viability of
electro-kinetic recovery of oil from industrial sludge.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of ions and electrophoresis of charged patrticles in the col-
loidal system to the respective electrode, which depends on
The ever-increasing demand of industrial products has the charge of ions and particlgg]. Electro-osmosis is the
resulted in more wastes discharged to the natural environ-movement of the capillary water under the electric field due
ment. While the so-called wastes may still contain useful to the existence of the electrical double layer at the inter-
resources, the nature of the contaminants and the waste volface of water and the solid surface, while electrophoresis
ume have a detrimental impact on the ecological or social is the migration of charged particles or ions in a colloidal
environment. Since water contributes the majority of the system towards the counter charged electrode. The direc-
volume (or weight) of most industrial wastes, traditional tion of the electro-osmotic flow is decided by the nature
dewatering technologies, such as belt pressing, pressuref the charges on the surface of solid particles, i.e. nega-
pressing, centrifugation, sludge drying bed and lagoons focustively charged particles resulting in water going towards cath-
on removing water from the wastes, but resource recovery ode while positively charged particles making water move
is often ignored in these processes. Hence, the necessityowards anode.
of developing a technology to achieve both dewatering and  This developing technology has been proven to be effec-
resource recovery is obvious. tive not only in dewatering and the removal of soluble
Electro-kinetic methods utilize a low-intensity direct cur- ions and neutral organics, but also in the removal of insol-
rent across an electrode pair on each side of a porous mediumyble organics in the porous medja—10] Research on
causing electro-osmosis of the aqueous phase, migrationsludge dewatering and soil remediation from heavy metal
and organic contamination has been performed for many
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electro-kinetic dewatering in a gravity-driven thickening belt Table1 _
combining with a belt press in a full-scale experiment with Composition and properties of the sludge
additional energy consumption of 60 kWh/t of sludge. Yuan Composition

and Weng[3] also achieved a high water content reduc-  \ater content 66-79wt.%
tion from 87.8 to 62.6% in municipal sludge at a potential ~ O%C content 16-30wt.%

. . . . . Total solids 3-7 wt.% (chicken meat
gradient 5.0 V/cm in 41 h using a 6 cm long electro-kinetic particles)
dewatering cell. Electro-osmosis and electrophoresis are the \olatile solid >95% of total solids
two most important mechanisms for water removal and the Properties
improvement of cake building in sludge dewatering pro-  py 53-56
cesseg6]. Besides the sludge dewatering investigations, Density (kg/L) 0.95
electro-kinetic remediation of soil using either verti§a] Specific gravity of solids (kg/L) 0.90
or horizontal-electrodef8] implanted in the soil was stud- Specific heat capacity
ied as well. Removal of higher than 90% of the metals was Qil (kJ/kg°C) 21
observed by an improved electro-kinetic process employing ~ Water (ki/kgC) 4.2
a cation selective membrane in front of cathode to prevent ~ >°0ids (K/kgC) 3.0
the precipitation of metals in the vicinity of cathod@]. Particle sizeim) 10-50
Cundy and Hopkinsoffil0] showed a prospect application 28t potential (mv) . L.al

Isoelectric point of sludge particles (pH) 5.9

of in situ electro-kinetic decontamination and consolida-
tion of soil with ferric iron remediation and stabilization
technique.

Research on electro-kinetic removal of neutral soluble or
insoluble organic compounds from soil showed encouraging
results as wel[5,8]. Maini et al.[5] reported greater than
90% removal of hydrophobic polycyclic aromatic hydrocar-
bons (PAHSs) by electro-kinetics in bench- and pilot-scale
experiments, while in another study, Ho et [8] reported
98% removal efficiency op-nitrophenol in one pilot unit.
Electro-kinetic remediation organic contaminants in soil has
been proven to be promising, and the experimental results
from the above studid$,8] suggest the possibility of trans-
porting hydrophobic neutral molecules (such as oil) from
a porous medium, i.e. industrial wastes by electro-osmotic
flow.

Qil, a group of hydrophobic hydrocarbons, is not only a 2.2. Experimental setups
contaminant in the natural environment but also a reusable
resource. The research group at Concordia University, Que., A series of bench-scale experiments were conducted in
Canada, has performed investigations on phase separation ithe electro-kinetic dewatering cell shown kig. 1a. The
petroleum industrial sludges and they attribute the separationdimensions of the cell were 14 cm (k)10 cm (W)x10cm
of diesel from its suspensions to electro-kinetic phenomena(H). The cell was made of PVC and the anode was a slot-
[11]. The application of electro-kinetic treatment technology ted graphite sheet with an opening size of 1.3 mm per slot,
for the oily sludge/wastes in other industries is scarce and while the cathode was a stainless steel mesh. Two pieces
very limited information in this respect has been reported in of fibreglass filter papers (Whatman No. 42) were attached
the literature. on both inner sides of the anode and the cathode to retain

Oily sludges can be generated in many industries, suchsolids. The filtrate was removed by a pipette periodically
as food processing and mechanical manufacturing, amongduring the 3-h dewatering processes. Another larger scale
others. The food processing, especially meat processing andetup Fig. 1b) with horizontal-electrodes (a movable top
edible oil manufacturing industry produce huge quantities graphite anode and a fixed bottom porous stainless steel
of oily sludges. In this study, dissolved air floatation (DAF) cathode) was operated in a batch mode with 4L of the
sludges, which consists of meat protein particles and oil and same sludge to investigate the efficacy of EK method in an
grease (O&G) from a rendering facility, were treated by enlarged scale with 60V electric field. The inside diame-
the electro-kinetic method. The objectives of this research ter of the cylinder was 15cm and the initial height of the
were to investigate the effect of electro-kinetic processes sludge was 22 cm. In order to truly delineate the impact
on the removal of water and oil from the sludge as well of electro-kinetic dewatering (EKD) at each experimen-
as the influence of the strength of the electric field and tal condition, controls without electricity were employed.
the electrode spacing on the separation of oil and sludgeAll experiments were conducted at room temperature, i.e.
dewaterability. 20-22°C.

2. Materials and experimental method
2.1. Sludge

The sludge was provided by a pet food industry in
the province of Ont.,, Canada. It should be mentioned
that the wastewater has been treated on-site by a two-
stage oil recovery system upstream of the DAF. The com-
position of the solid particles is primarily protein from
chicken meat, and ground chicken bones. Detailed charac-
teristics of the sludge used in this experiment are listed in
Table 1
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Fig. 1. Experimental setups.
2.3. Experimental design The sludge samples were heated at U@Sor 24 h to

remove all the moisture. The loss of the weight of the sludge

In the bench-scale system, three different voltages weresample after heating is the weight of the moisture. The value
used, i.e. 10, 20 and 30V. Several potential gradients in theof moisture content is equal to the ratio loss of weight to the
range of 1.7-7.5V/cm were examined. Two to five exper- initial weight of the sludge samples.
imental runs were repeated to ensure reproducibility. The Zeta potential was measured by the zeta potential ana-
cumulative weight of filtrate (including oil extracted from lyzer mode Zeta Plus, manufactured by Brokhaven Instru-
the sludge) as well as variations of the electric current, poten-ment Corp. The Zeta Plus is used to measure a suspension
tial and pH distribution in the process of the experiment was with particles ranging from a few nanometers to as large as
monitored and recorded. After 3 h, the cell was disconnected 30.m diameter. It uses electrophoretic light scattering and
from the DC power supply and sludge samples were taken atthe laser doppler velocimetry (LDV) method to determine
different positions between the two electrodes to measure theparticle velocity, and from this, the zeta potential. Before
moisture and O&G contents, and the concentrations of O&G measurement, the analyzer's accuracy was checked the by
in the filtrate were measured as well. a standard suspension provided by Brokhaven Instrument

In the larger scale system, a constant voltage of 60V Corp. Seven samples with pH of 2.3, 3.7, 4.1, 5.6, 6.6, 7.1
throughout the experiment was tested. To assess the impact odnd 8.33 were used to determine the isoelectric point and
heat generation, another experimental run was started initiallyzeta potential of the raw sludge. For each pH, three identical
at 60V, followed by disconnection from the power as well as samples were tested and readings were repeated for six times
re-connection to 30 and 15V. The monitored parameters inin each sample. The average values were used to determine
the process of the experiment included: cumulative weight the zeta potential listed ifiable 1and the variation of zeta
of the filtrate, electric current and temperature. The moisture potential versus pH is presentedriy. 2
and O&G contents in both the raw and treated sludge were

measured after the experiment. . Zeta potential
. 15 T
2.4. Analytical methods - 10 i\
©
The analyses of O&G in the filtrate and treated sludge g 5 e

. : . ] £
were carried out by the standard gravimetric metfiti]. 1 0 : ' g '
This method uses hexane as the solvent to extract O&G out @ -5 9 2 ‘ - ° \ 8 L
of the aqueous sample to a known weight empty boiling flask, -10 A P "\L
evaporating the solvent and measuring the weight of the flask 15 -z
after the evaporation. The weight gain of the flask was divided 20

by the volume of the sample to calculate the concentration of
0&G. Fig. 2. Zeta potential.
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Specific resistance to filtration was measured using a stan-most of the electro-osmotic flow was towards the anode. The
dard Buchner funnel. About 2009 of sludge was vacuum occurrence of the catholyte suggested negatively charged par-
filtered at a vacuum pressure ef7f0kPa. The volume of ticles were also present in the sludge since the nature of the
the filtrate was monitored as a function of time. The graph charge on the surface of the solid particles governs the direc-
of filtration timef/filtrate volume versus filtrate volume was tion of the electro-osmotic flow (while positively charged
drawn according to the experimental data and the slope of theparticles dominated in the suspension).
curve represents the magnitude of the resistance to filtration The dewatering efficiency at the 4 cm electrode spacing
[13]. in 3h was very pronounced. More than 50% of water was

removed when the electric potential gradient was larger than
5V/cm. Dewatering efficiency decreased with increasing

3. Experimental results and discussion electrode spacing even though the potential gradient across
the electrodes were the same, i.e. 10V at 4cm electrode

3.1. Bench scale spacing and 20V at 8 cm electrode spacing. The reason for
this phenomenon was that the effective potential, which was

3.1.1. Dewatering efficiency exactly applied on the two sides of the sludge was different

The effect of EKD on dewatering efficiency was presented since the potential losses at the interfaces between the sludge
in Table 2 In the context of this paper, dewatering efficiency and the two electrodes were different under the two condi-
refers to the ratio of the filtrate weight to the initial weight tions. For example, under the condition of 10V and 4 cm, the
of water in the sludge, i.e. the percentage of raw sludge measured effective potential was about 5.7V which trans-
water collected in the filtrate on a weight basis. In the present lates into an effective potential gradient about 1.7 V/cm (the
study, the occurrence of two electro-osmotic flows, namely thickness of the sludge cake was considered as 3.4 consid-
anolyte and catholyte as shownTable 2 correspondingto  ering 0.3 cm thickness of sludge-electrode interfaces), while
the respective movements toward either the anode or cath-under 20V and 8 cm, the measured effective potential was
ode, was observed in all experiments. This phenomenon was9.5V giving rise to a potential gradient of about 1.3 V/cm.
intensified by the fact that both of the two flows increased with This suggests that small electrode spacing can better benefit
the increase of the electric potential on the two sides of the the sludge dewatering processes.
electrodes though the most obvious one occurred atthe 4cm By comparing the dewatering efficiency at 20 and 30V,
electrode spacing. Itis interesting to note that Yuan and Wengevidently as shown iffable 2 the impact of applied voltage
[3] observed only catholyte during dewatering of munici- on dewatering efficiency followed the rule of diminishing
pal sludge cake and similarly Habildil] also observed the  returns. This means that the biggest improvement occurred
movement of liquid toward cathode during electro-kinetic upon the increase of voltage from 10 to 20V while fur-
dewatering of oily sludge from a crude oil storage tank. Since ther increase to 30V affected only a marginal improvement.
the pH of the sludge is lower than its isoelectric point of 5.9, Dewatering efficiency changed from 51.9 to 56.9% at 4 cm
meaning positive charges on sludge particles predominate,electrode spacing, from 42 to 40% at 6 cm spacing and from

Table 2
Dewatering efficiency of EKD
Experimental conditions Anolyte (g) Catholyte (g) Total weight ~ Dewatering Potential Power consumption
of filtrate (g) efficiency (%) Gradient (V/cm) (WHY/100 g of sludge)
Total Net
At4cm
10V (3) 20.0+ 3.2 11.0+ 1.8 30.5+ 4.5 413 141 25 40
20V (3) 26.4+ 1.8 125+ 1.6 38.9+ 3.1 519 247 5 83
30V (3) 29.0+ 1.7 13.2+ 3.8 422+ 2.9 563 291 7.5 124
Control (0V) (6) 11.4+ 0.2 9.0+ 0.3 20.4+ 0.4 272 0 0
At6cm
10V (3) 129+ 0.7 8.4+ 0.0 213+ 1.0 284 24 17 4.6
20V (5) 20.8+ 1.0 10.8+ 1.0 31.6+ 1.9 421 161 33 136
30V (3) 20.3+ 0.9 9.6+ 0.2 299+ 15 399 139 5 151
Control (0V) (10) 10.3+ 0.6 9.2+ 1.2 19.5+ 1.5 260 0 0
At8cm
20V (2) 17.8+ 0.5 7.6+ 0.3 252+ 0.2 336 113 25 135
30V (3) 18.3+ 0.2 8.2+ 0.0 26.5+ 0.2 353 130 38 203
Control (0V) (4) 9.4+ 0.6 74+ 03 16.7+ 0.7 223 0 0

Note: Dewatering efficiency =weight of total filtrate/intial weight of water in the sluge (take the initial moisture content as 75%). The data in the ¢able wer
based on 100 g of sludge. Net dewatering efficiency is the total dewatering efficiency (left) minus the efficiency of the control (without eldtiridig)s
within parenthesis in the first column indicate the no. of replicates.
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Fig. 5. Current and weight of filtrate vs. time at 8 cm electrode spacing.
Fig. 3. Current and weight of filtrate vs. time at 4 cm electrode spacing.

33.6 to 35.3% at 8 cm spacing, despite a much higher power3.1.2. Dewaterability
consumption. Specific resistance to filtration (SRF) was used to evaluate
The cumulative filtrate weight and variation of current the dewaterability of sludge at 1 and 2-h contact tirfég. 6a
throughout the 3-h experiments for the three electrode spac-and b shows, respectively, the results of the 1-h vacuum filtra-
ings, i.e. 4, 6 and 8 cm are depictedHigs. 3—5 respectively. tion (VF) and EKD experiments, whileig. 7 shows the 2-h
All experiments conformed to a general trend of rapidly tests results. The slopes of the time/volume versus volume
decreasing current concurrent with a sharp increase in filtratedepicted inFigs. 6 and 7epresent SRF with the connota-
volume. During the EKD processes, as showirigs. 3-5 tion that the larger the slope the greater is the resistance to
the initial 40 min were very critical for process efficiency, filtration. All the slopes of the triplicates runs for the VF
since both the current and the filtrate flow rate peaked at theexperiments, both at the 1 and 2-h contact times, varied very
beginning. As the water and ions were transported to the fil- narrowly from 0.0164 to 0.0174 min/mLhighlighting the
trate compartments at much higher rate in the beginning, thereproducibility and accuracy of the requirement results. It is
total electric resistance increased markedly causing a sharpevident, fromFigs. @& and b that the SRFs in EKD during
current decrease followed by a sharp reduction of electro- the first 1-h were lower than VF. However, in the 2-h exper-
osmotic flow. The rate of electro-osmotic flow reached a iment, while the initial dewaterability of EKD process was
relatively constant value irrespective of the applied poten- better than VF, the overall resistance to filtration in 2-h EKD
tial differences, indicated by the almost parallel curves of at 10V readily exceeded the VF, with the SRF at 30V same
cumulative weight of filtrates versus time. as VF. It should be noted that the value of SRF at 30V was
unexpected since it was higher than at 20V due to a much
faster filtrate flow rate in the first 25 min at 30V relative to

w
(&)
ik
no

P R —. that of 10 and 20V, followed by a precipitous drop after-
B 30 || m30V fivate @10V curent - + wards. As shown iifrig. 8, the curve of €/dt versus time at
Iy X20V current —30V current nt N T1 30V was much steeper than the others. Thus, SRF started to
Bael . ki increase after 25 min and resulted in the increase in the final
= L
= ¥ 108 __ SRF.
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E, X, W ¢ LA = +06 ‘:Z’ 3.1.3. Removal of 0&G
£15 —*;; s T 2 The quantity of oil and grease removed from the sludge
2 - ,; x Llosd into the filtrate was concentrated in the anolyte as com-
E 10 + " A pared to the catholyte. This is advantageous to the catholyte-
o ’0”. ARy Lgs dominated electro-osmotic processes occurring in most
ST tasaedy Mdiac other applications, since it eliminates the potential reactions
Y SARPERRRTARN K between highly concentrated hydroxyl ions within the cath-
i ' ‘ ' 0 ode area and O&G resulting in the formation of soap which
0 50 100 150 200 ) : .
Time (min) is undesirable for oil recovery.

Thorough analyses of O&G in both anolyte and catholyte,
Fig. 4. Current and weight of filtrate vs. time at 6 cm electrode spacing. the O&G distribution in the sludge bed and the mass
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40

balance are presented Tables 3 and 4As apparent from
Tables 3 and 4the removal of O&G from the sludge into the
filtrate increased with the increase of applied electric poten-
tial. At 10V and 4 cm electrode spacing, as we can see from
Table 3 O&G concentrations in the filtrates were much lower
than those under 20V and 6 cm spacing, even though the
dewatering efficiencies under the two conditions were pretty
close, i.e. 41.3 and 42.1%, respectively. The highest O&G
concentration in the filtrates was obtained at a 8 cm spac-
ing and 30V, but the dewatering efficiency of 35.3% was
lower than those under the above two conditions. However,
from Table 4 we can see the difference of the percentage of
oil removal from the raw sludge on a mass basis between all
spacings, is not significant since less filtrate volumes could be
achieved at the wider spacing. This clearly shows that while
oil recovery is not adversely impacted by electrode spacing,
dewatering efficiency is.
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Table 3
O&G distributions
Samples Filtrate (g/L) Sludge (wt.%)
Anolyte Catholyte Anode Middle Cathode
0&G Moisture 0&G Moisture 0&G Moisture
4cm, 10V 068 011 388 490 316 582 265 652
4cm, 20V 578 065 416 439 298 599 279 624
6cm, 20V 24 0.8 420 459 27.0 656 268 657
8cm, 20V 846 078 417 438 184 768 233 702
4cm, 30V 444 37.3 307 567 278 608
6cm, 30V 2504 214 438 469 285 67.4 288 67.9
8cm, 30V 499 338 446 355 149 785 211 692
Table 4
Oil and grease mass balance
Experimenta condition ~ Average O&G in  Water removed Final sludge mass OQilin final sludge  Oil removed in Average O&G in
final Sludge (%) (mL) (9) (9) filtrate (g) raw sludge (%)
4cm, 10V 324 305 690 224 0.015 206
4cm, 20V 331 389 611 202 0.16
8cm, 20V 278 252 746 207 0.16
4cm, 30V 343 422 578 198
6cm, 30V 337 299 701 236 0.53
8cm, 30V 269 266 735 198 094

The mass balance calculation was based on 100 g raw sludge; The average O&G concentration taken from the average values of the three concentration:s
anode, middle, and cathode area of the sludge bed, which caused the error in mass balance.

By monitoring the current variations as a function of time  flow towards the anode, another bench-scale experiment was
during the EKD processes under different conditions, the big- performed with gravity pre-thickened sludge. In this exper-
ger volumes of sludge obtained at larger electrode spacingiment, O&G was driven out of the sludge to the filtrates as
could better maintain the current at a higher level than the soon as the electricity was connected with the initial anolyte
smaller volumes. For example, at 30V, the currentwas aroundand catholyte mass flow rates of 0.16 and of 0.1 g/min, respec-
0.03 A after 1.5h at 4 cm spacing while at 8 cm spacing the tively. Both anolyte and catholyte contained approximately
current was three times larger till the end of experiments. The 1:1 water and O&G by volume after 3 h of treatment, as shown
time for observation of oil in the anolyte, for example, at8 cm in Fig. 9.
electrode spacing was 100 min at 20V as compared to 80 min  The other hypothesized mechanism for the oil movement,
at 30V, and the electro-osmotic mass flow rates decreasecelaborated upon here, is driven by the increase in sludge pH.
from 1.0 to 0.24 g/min at 100 min at 20V and from 1.4 to Fig. 10 shows the distribution of pH at different locations
0.27 g/min at 80 min at 30 V. This demonstrates that at the in the sludge bed at different electrode spacings. The repro-
high filtrate flow rate at the beginning of the EKD process, ducibility of the results is highlighted by the almost identical
no free oil could pass through the filter, and hence oil accu-
mulated at the anode area where a layer of liquid O&G could
be observed. Much higher concentrations of O&G in sludge
samples taken from the anode area also confirmed that the
oil migrated with the electro-osmotic flow towards the anode
and accumulated there. One of the possible explanations for
this is that the relatively larger molecular size @of oil
[14] and 3.0A of water[15]) and much higher viscosity of
O&G (27.7 mnt/s for chicken faf16] and 41.2 mri/s for
oleic acid[17] at 38°C versus 0.658 mfts [18] for water
at 40°C) could not favorably compete with water molecules
to pass through the filter (inside the two electrodes) at the
same rate. Once the water flow rate declined, more pores of
the filter paper were available for O&G to pass through. This
substantiates the viability of O&G removal by the application
of electrical field. In order to verify this observed lack of com-  Fig. 9. Anolyte (right) and catholyte (left) of the EKD of gravity pre-
petitiveness of oil and grease with water in electro-osmosis thickened sludge.
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Fig. 10. pH and temperature distribution during EKD processes. ) . .
Fig. 11. Temperature and current profiles in the larger scale experiments.

pH profile for the duplicates at various voltages. As soon as 3.2. Dewatering and oil recovery in the |arger scale

the cell was connected to the DC power supply, the distribu- experiment

tion of pH along the length of the sludge was increased from

around 5.4 to above 6.0 except for the interface of sludge Two |arger scale EKD experiments were conducted using
and anode. The increase of pH was due to the transportatiomorizontal-electrodes design, in which 4 L of sludge with an
of hydroxyl ions—the product of electrolysis of water at the jnitial height of 22 cm were used. In the first experiment,
cathode by the anolyte towards the anode. The increased pHy constant 60V was used, while in the second, the initial
can enhance the dissociation of fatty acid in the sludge into yoltage of 60V was applied for 1h and then followed by
negatively charged fatty acid RCOQadicals and M. The  disconnection with the power supply for 30 min, reconnection
generated Hand OH" formed water in the sludge, andforced o 30V for 10 min, and finally 15V for 40 min. The results of
the reaction towards dissociation. RCO@ight combine  the experiment are illustrated fable 5 As apparent from a
with metal ions, such as Nand K" presented in the sludge  comparison of the data ifables 2, 5 and &he performance

to form the fatty acid salt which is a type of a surface-active of the larger scale was much better than that of the bench
agent. The formation of the surfactant can help displace oil scale one.

from the surface of solid into the aqueous phase by changing  The temporal current and temperature profiles in this
surface electric charges due to adsorption and interfacial ten-experiment are depicted fig. 11 ComparingFigs. 3-5and
sion[19]. Moreover, the extra negatively charged fatty acids Fig. 11, the currentin the larger scale EKD cylinder increased
radicals RCOO, which did not react with the limited metal as Opposed to the bench-scale cell where it decreased. As
ions could migrate to the anode by electrostatic forces andajready discussed above, the electro-osmotic flow in this
recombine with H at the extremely acid environment in the s|udge moves towards the anode. The downward movement
anode area where the pH was around 2. of water by gravity was hindered by the upward electric force

Table 5
Experimental results from horizontal-electrode setup

Experiment £

Time (min) 0 20 90 120
Current (A) 1.3 1.3 2.3 2.8
Volume (mL)
Water 200 1400
Oil 800
Sludge 1300
Experiment 2
Potential (V) 60 0 30 15
Time (min) 0 20 40 46 51 56 62 70 85 95-105 145
Current (A) 1.8 1.9 3.4 35 4.0 0 0 0 0 1.8 0.8
Volume (mL)
Water 200 300 400 500 600 700 720 1000
Oil 400
Sludge 2100
Moisture and O&G content in final sludge 45.8% moisture, 32.4% 0&G

a 120-min EKD at constant voltage 60V, initial sludge volume of 4 L.
b 145-min EKD at varied voltages from 60 to 0V, initial sludge volume of 4 L.
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and as a result the electric resistance of the sludge and théVhile the exact mechanism for the three-phase separa-
current could be maintained. The higher electric current gen-tion in this experiment was not explored, the phenomena
erated alarge amount of heat, sufficientto rapidly increase theobserved in this EKD process suggested the aforementioned
inside temperature in a short time. This decreased the elecimechanisms.
tric resistance of the electrolyte, which in turn increased the  As described in above section, the formation of surfactant
electric current and ultimately the temperature. The biggest (the salt of fatty acids) displaced oil to the aqueous phase
potential loss in the experiments was observed at the interfacefrom the surface of the solids particles and the oil could be
of sludge and the graphite anode, consistent with the find- transported by the upward electro-osmotic flow. Furthermore,
ings of Mohamedelhassan and Sh4@@], who attributed observing that the temperature in the dewatering cylinder
this to the electrochemical potential of the electrode mate- was much higher than the bench cell, the contribution of
rial. Materials with low-electrochemical potential have a the temperature could not be ignored. High temperature is
low-electrode/electrolyte interface voltage loss. The elec- used to recover free oil from the chicken wash water in the
trochemical potential of iron (cathode) is0.44V while plant where the experimental sludge was taken. Research on
carbon (anode) is +1.18V, and accordingly larger voltage oil recovery from sand revealed that for rich oil sands, “the
loss occurred at the interface of the anode and the sludgerich oil slurry and hot water are all that is needed to release
As a result more heat is generated in the anode area, thusufficient quantities of natural surfactants into the aqueous
increasing the local temperature. Consequently, the temperphase’{19]. It can be speculated that hot water and the resul-
ature at the anode (top) was higher throughout the exper-tant surfactants are the active agents in oil-solid separation
iments. The inner temperature gradually increased from ain our EKD process. In addition, hot water flow generated
room temperature of 3 to a relatively equalized tempera- by electric current could flush the surfaces of the particles
ture of 60°C inside the sludge bed except for the anode area. by shear force to tear the oil. Moreover, the resultant surfac-
The variation of current and temperature (monitored on the tants formed a water/oil emulsion, which migrated towards
top and at the center of the sludge bed) is demonstrated inthe anode by electro-osmosis. The water subsequently evap-
Fig. 11 orated, leaving oil to float on the top and the evaporated water
From the data listed iffable 5 we can see that at the in turn contributed water removal as well.
beginning of the operation, the water drained to the bottom
at a very low rate. After 40 min when the temperature inthe 3.3, Comparison between the larger scale and bench
vicinity of the anode reached above ®@with inner temper-  gcgle
ature of about 45C, the water drained at a very high speed.

Even after disconnection of the cylinder from the power sup-  The moisture content and the concentration of O&G in
ply, water flow rate was still very high, implying that the the final sludge are listed ifiable 6 The dewatering and
separation of water from solids was due to the high tempera-deoijling efficiency was higher than the bench-scale setups in
ture in the sludge bed rather than electro-osmosis. The overalkhe |arger scale. The moisture content in the treated sludge
weight reduction (reduced weight of sludge/initial weight) in - \was the lowest (45.8%) in the larger scale compared to the
sludges observed in the two experiments of 46.5-68.5% is average moisture contents of 51.6-61.1% in the bench scale,
remarkable. Churaev et 421] observed a viscosity reduc-  \yhjle &G concentrations were close. The high efficiency is
tion with elevated temperature and completely disappearancepelieved to be due to the higher temperature in the larger scale
at about 70C in quartz capillary, suggesting that high tem-  system, which facilitated the settlement and evaporation of
perature destroys hydrogen bonded immobile vicinal water yater and the migration of oil toward the anode due to the
surrounding the particles, which helped coagulate parti- decrease in viscosity.

cles and liberate more interstitial water, therefore causing  The higher current in the large scale reflects the lower
the separation of water and solid. In our study, the con- glectrical resistance of the system. The resistance of a con-

trol setup used to assess temperature and gravity achieve@yctor can be related as folloi22], while the conductivity
approximately a 25wt.% reduction without an obvious oil

separation. Table 6
The separation of oil from solids was believed to be comparison of characteristics of the final sludge
brought by electro-osmosis, which generated a stream of

Samples Average Average Average

hot water flow moving towards the anode and distributed moisture (%) O&G (%)  solids (%)
hydroxyl ions formed at the cathode by the electroly- 5. " ™ 4cm 10v =7 324 103
sis of water throughout the sludge bed. As soon as the 4cm, 20V 554 331 115
DC power supply was connected, a thin layer of anolyte 6cm,20V 501 319 9.0
mixed with liquid oil droplets floated on top of the 8cm, 20V 636 278 86
anode, which subsequently evaporated by the high tem- 4cm, 30V 516 343 141
2 . 6cm, 30V 607 337 56
perature of the anode. With time, a layer of oil formed gem 30V 611 269 120
and the thickness increased gradually from a very thin
Large scale 1B 324 218

layer to as thick as 2cm at the end of the experiment.
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is function of temperaturi23]: °
11

R=-— 1
A 1)

ki = kps[1 + 0.02(T — 25)] 2)

wherek is the conductivity of the electrolyte andis the
temperature ifiC; | the distance between the two electrodes
andA is the contact surface area of the electrolyte and the
electrodes. Using the ambient temperature ¢fG2a length

of 8 cmand a surface area of 45&imthe bench cell as well as

the larger scale average temperature 6f@3ength of 22 cm

and the surface area of 177 €nthe electrical resistance in
the bench scale was estimated to be 1.8 times larger than the
larger scale.

As apparent from the comparison of resistance, in the
larger scale, the initial resistance was much lower resulting in
higher initial current, thus generating more heat to increase
the temperature of the sludge. The loss of water in the larger
scale was brought not only by thermal separation and gravity
settling, but also by temperature. By conducting a water mass
balance based on the initial and final moisture content of the
sludge in conjunction with the water collected, it appears that
evaporation accounted for about 30% of the water loss in the
large scale compared to only 12% in the bench unit. .

Adetailed energy balance was conducted to assess the con-
tribution of evaporation directly to water loss in the larger
scale system. The difference between the input electrical
energy of 830 kJ and the energy requirement for heating the
sludge of 650 kJ would only be sufficient to evaporation about
80 g of the 500 g of water losfTéble 5. However, the esti-
mation of molecular diffusion from the surface of the sludge
indicates the potential for evaporation of 60(Pg4] due to
the increase in diffusivity of water as a result of the high
temperature.
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Electro-kinetic dewatering was very effective in reduc-
ing the weight of the protein-rich sludge. In our bench-
scale experiments, using two vertical electrodes, more
than half the water content could be removed with a
sufficient electrical field, i.e. 20V at an electrode spac-
ing of 4cm. While further increase in the electric field
to 30V, increased dewatering efficiency from 51.9 to
56.3%, the much higher power consumption suggests that
at the same scale, a further increase of the strength of
electrical field had little effect on water removal effi-
ciency. In the larger scale EKD cylinder which using
horizontal-electrodes the water removal was brought by
thermal and evaporative effects. The observed dewater-
ing efficiency was 40.0% with final moisture content of
45.8%.

0O&G was removed by the electro-osmotic flow in both
experimental designs. In the bench-scale system, filtrates
from wider electrode spacing contained higher O&G con-
centration than smaller spacing, but the percentage oil
recovery on a mass basis was independent of the electrode
spacing. Water removal efficiency decreased with elec-
trode spacing in the bench-scale system, with the dewa-
tering efficiency at the 8 cm spacing of 35% well below
the 56% observed at 4 cm spacing.

The larger-scale system utilizing the 3.8-4L of sludge
affected significantly better dewatering efficiency and oil
recovery than all the bench experiments, with an average
weight reduction of sludge of 46.5-68.5%

The upward anodic electro-osmoatic flow in the EKD cylin-
der with horizontally positioned electrodes has proven
to be advantageous in realizing three-phase separa-
tion to achieve simultaneous oil recovery and water
removal.
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