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Electro-osmotic Treatment of
Dredged Sediment by Different
Power Supply Modes: Energy
Consumption and Electro-osmotic
TransportVolume

Lingwei Zheng®%3, Xiada Zhu'23, Xinyu Xiel>3 & Jinzhu Li®

Laboratory model tests were conducted in constant-voltage mode and constant-current mode for the
one-dimensional electro-osmotic treatment of dredged sediment, with an approximately consistent
initial electric power. The voltage, current, drainage rate, electro-osmotic transport volume, and
energy consumption coefficient during the electro-osmotic process were measured and calculated.
After treatment, the final soil moisture at designated positions in the test samples was measured to
investigate the effects of different power supply modes. Further, the divergent phenomena observed
with constant voltage and constant current were discussed. Based on an analysis of the measured
energy consumption coefficients with time, we obtained a linear relationship between the applied/
equivalent voltage and energy consumption coefficient. Furthermore, the electro-osmotic processes
are divided into four stages by equal drainage quantity to obtain the energy consumption and electro-
osmotic transport volume under different working conditions. The results reveal that the energy
consumption of electro-osmosis is mainly determined by the applied voltage or the equivalent voltage
for dredged sediment, while the value of electro-osmotic transport volume depends mainly on the
change in soil water content rather than power supply modes. The drainage rate in constant-current
mode was observed to be relatively steady, maintaining an approximately constant rate until the soil
moisture was dramatically reduced. In other words, constant-current mode shows the advantages of
being powerful and persistent in electro-osmotic treatment.

Since the first application of electro-osmosis on soft soil reinforcement conducted by Casagrande' as an elec-
trochemical treatment, electro-osmosis has been widely used in sludge dewatering, tailings remediation, soil
reinforcement, etc. Unlike mechanical dewatering®? or vacuum preloading*”, electro-osmotic dewatering can
effectively treat soils with a low permeability coeflicient, such as dredged sediment. Nevertheless, due to the
higher energy consumption and lower efficiency in the late stage of treatment, the electro-osmosis method has
some limitations in the practical engineering of soil reinforcement.

The soil particles are negatively charged, while the part of the double layer that is contained in the adjoining
liquid is positively charged. Therefore, by applying an electric field, the ions with a positive charge are moved
from the anode to the cathode carrying the associated water molecules with them'; meanwhile, electrochemical
reactions occur. Thus, the soil reinforcement is attributed to two main processes: the discharge of pore water and
multiple chemical reactions. The electrochemical treatment of soil includes the electrolysis of water, electrode cor-
rosion, ion migration, cementation, etc. These chemical reactions are expected to alter the geotechnical properties
of soils®. Chang et al.” added CaCl, solution to kaolin during electro-osmosis, accompanied with a pozzolanic
reaction, and found that the shear strength of kaolin was significantly affected by the concentration of the solution
and pH value. To improve the efficiency of electro-osmosis and reduce the cost, researchers have mainly studied
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Figure 1. Grain size distribution curve of intact dredged sediment.

Property Value
Specific gravity, Gs 2.52
Initial soil moisture, w (%) 70
Density, p (g/cm?) 1.64
Plastic limit, wp (%) 27
Liquid limit, w; (%) 35
Organic matter content (%) 3-4

Table 1. Properties of the dredged sediment.

the electrode arrangement used in electro-osmotic treatment, the power supply type, combined treatment meth-
ods, and supplementary chemical solutions.

The effect of the electrode plays a key role in the electro-osmotic process; by optimizing the electrode arrange-
ment®?, researchers have found that the reinforcement effect can be improved considerably. Most researchers
employ a constant power output to ensure the regularity of monitoring data. Micic et al.’® and Ibeid et al.!! studied
the effect of intermittent current conditions on electro-osmosis and noted that intermittent current can improve
the utilization of electric energy and make the soil reinforcement more uniform. Liu et al.!? studied the effect of
stepwise loading on electro-osmosis and noted that a reasonable stepwise voltage loading scheme can reduce the
power consumption while improving the electro-osmotic drainage and treatment efficiency. The direct current
(DC) supply used for soil electro-osmosis can be obtained from an alternating current (AC) supply by using a
rectifier and a filter. Chien and Ou'® proposed converting the minus wave to a plus wave by using half-wave rec-
tification and full-wave rectification during electro-osmosis, which reduced the cost of the power supply. Streche
et al."* conducted two types of experiments using soil that was artificially contaminated and revealed that, with
an approximately threefold increase in the quantity of treated soils, the specific energy consumption decreased.

Electrode arrangement, stepwise loading voltages, intermittent currents, and other means of controlling
power supply with variable voltages do not change the mechanism by which electric energy is converted to water
flow. However, there has been little study to date on constant-current conditions and the essential distinction
between constant voltage and constant current. In this paper, laboratory tests of soil electro-osmosis are carried
out in constant-voltage mode and constant-current mode in one-to-one correspondence under an approximately
consistent initial electric power.

Experimental Design

Material properties. The dredged sediment treated in the tests was obtained from a depth of 0.5 metres
below the channel of a river in Ningbo, China, which is fluid-plastic and grey-black with stink. The particle size
distribution curve of the dredged sediment was obtained using a laser particle analyser (Malvern Mastersizer
2000, produced by Malvern Instruments Ltd., UK), as shown in Fig. 1. The content of silt, which possessed a par-
ticle size in the range of 0.075~0.005 mm, was 62.99%; the content of clay, which exhibited a particle size of less
than 0.005 mm, was 36.98%. The test results show that the dredged sediment is mainly composed of fine-grained
soil. The typical properties of the dredged sediment are summarized in Table 1.

Before the tests, the dredged sediment was dried and ground into powder. The powder was then remoulded
with the target moisture content, which was 2.0 times greater than its liquid limit. To ensure the uniformity of the
specimen, the remoulded dredged sediment was placed into the test chambers layer by layer, which was vibrated
mechanically to eliminate the air bubbles, and then allowed to stand for 24 h in preparation of the specimen.
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Figure 2. Model test chamber for the electro-osmotic treatment of the dredged sediment (unit: mm).

Power supply Initial Initial Initial
Test | control voltage (V) | current (A) | power (W)
Vi Constant voltage 9.5 0.05 0.475
V2 Constant voltage 16.5 0.1 1.68
V3 Constant voltage 23.5 0.15 3.525
Al Constant current 9.25 0.05 0.4625
A2 Constant current 16.06 0.1 1.606
A3 Constant current 22.75 0.15 3.4125

Table 2. Summary of electro-osmotic tests.

Apparatus and procedure. The DC power apparatus with a programmable logic controller (PLC) used
in the tests was produced by Beijing HSPY Technology Co. Ltd. and was capable of constant-voltage mode
output with real-time current display and constant-current mode output with real-time voltage display. For
constant-current mode, the programmable logic controller (PLC) was utilized to maintain the set output current
value through real-time voltage adjustments; therefore, as the load resistance increased (decreased), the output
voltage increased (decreased).

The one-dimensional electro-osmotic consolidation apparatus mainly included a test chamber, an anode, and
a cathode outlet. The internal dimensions of the test chamber used to hold the dredged sediment and anode/
cathode electrodes were 180 mm x 120 mm x 130 mm. The dimensions of the plate-shaped electrodes were
120mm x 130 mm X 3 mm, as shown in Fig. 2.

The anodes and cathodes were all made of 304 stainless steel; specifically, the plate-shaped cathodes were
drilled with holes by laser-drilling and covered with a geotextile filter layer. After the anode/cathode electrodes
had been installed, the soil samples were compactly filled into the chamber layer by layer. When an electrical field
was applied with a constant voltage or current, the pore water of the dredged sediment moved from the anode
towards the cathode and then flowed into the water collector underneath the cathode. The voltage, current and
cumulative drainage were recorded every 30 minutes during the tests. After treatment, the water moisture of the
soil samples was measured at various positions, which are indicated by crosses in Fig. 2.

Power control. Previous studies conventionally set a constant voltage to study other influencing factors, such
as the electrode material'®, electrode arrangement’®, and polarity reversal'®. To study the effect and determine the
functional mechanism of electro-osmotic dewatering in constant-voltage mode and constant-current mode, we
adopted the following experimental scheme, as shown in Table 2.

During testing, the initial output power was purposely kept consistent for each pair of conditions (e.g., V1
and A1) as the controlling factor. Tests V1 and A1, tests V2 and A2, and tests V3 and A3 each had approximately
consistent initial electric power; the deviation in each parallel group was controlled within 5%. Furthermore, the
electrode gap in all tests was maintained equal to facilitate comparative analysis.
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Figure 3. Variations in electric current with time under constant voltage.
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Figure 4. Variations in electric voltage with time under constant current.

Results and Analysis

Voltage and current. As the electro-osmotic process continued, the electric current decreased in con-
stant-voltage mode, while the electric voltage increased in constant-current mode. A more apparent trend was
observed with a higher constant voltage or current, as shown in Figs 3 and 4. We terminated test A3 to avoid
power failure when the output voltage exceeded the rated voltage.

This relationship between current and voltage mainly depends on the increase in resistance caused by
electro-osmotic dewatering. As one factor, soil near the anode region lost moisture rapidly and formed a hard
shell as gas escaped, which greatly increased the interface resistance'”. Additionally, current attenuation is related
to the transmission path in soil. Three transmission paths are considered to be relevant to electric current in soil:
pore water, soil particles, and soil-water interfaces's. When the soil moisture is higher, electric current mainly
transmits through the pore water; when the soil moisture is lower, electric current mainly transmits through the
soil-water interfaces. As the electro-osmotic process continues, uneven moisture loss from the soil always leads to
the nonlinear development of electric resistance.

Drainage rate and final soil moisture. The variations in drainage rate with time are shown in Fig. 5.
Comparing the two groups of tests, the drainage rate in constant-current mode was observed to be relatively
steady, maintaining an approximately constant rate until the soil moisture was dramatically reduced. In other
words, constant-current mode shows the advantages of being powerful and persistent in electro-osmotic
treatment.

The discrepancy between the initial and final values is believed to be illustrative of the dewatering effects of
different electrodes. The soil moistures before and after electro-osmotic treatment were measured. The initial
soil moisture in all tests was 70%, and the final soil moistures at different positions are shown in Fig. 6. As the
pore water in the soil flowed from the anode to cathode during electro-osmosis, the soil moisture in the anode
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Figure 5. Variations in drainage rate with time.
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Figure 6. Final moistures in the soil at different positions.

region was generally lower than that in the cathode region for each group; the final water moisture increased with
the distance from the anode. The final moisture in test A1 was almost equal to that of test V2, while the trends
in moisture in tests V3 and A2 were similar. The results indicate that the effect of treatment in constant-voltage
mode is similar to that in constant-current mode for a given type of soil. Incidentally, for the episode with the
power supply cessation, Fig. 6 shows the water content of test A3 is higher than that of the other ones, due to the
duration (15h) of electro-osmosis being shorter than that of the other tests (60h).

Output power. Figure 7 shows the variations in output power with time during testing. Unlike the behaviour
observed in constant-voltage mode, the output power increased with time in constant-current mode. The initial
output power determines the subsequent power variation in the electro-osmotic process: the higher the former
is, the more obvious the latter. As the power-time curves show, the output power in tests V3 and A3 was dramat-
ically transformed during electro-osmosis, while the output power in tests V1 and Al remained in a relatively
low range.

Measured electro-osmotic transport volume. The electro-osmotic transport volume is defined as the
volume of water transported by a unit charge'®, which reflects the utilization rate of electric energy. In practical
engineering, this quantity can be calculated by the ratio of electro-osmotic drainage rate to electric current:

q

W=7 (1)

where g, is the electro-osmotic drainage rate in mL-h~" and I is the electric current in A.
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Figure 7. Variations in output power with time.

Under the conditions of different electrode materials or electric potential gradients, the relationship
between the electro-osmotic drainage rate and the electric current is linear for a given type of soil***!. Thus, the
electro-osmotic transport volume is constant under ideal conditions.

According to Darcy’s law (Eq. (2)) and Ohm’s law (Eq. (3)), the electro-osmotic transport volume can be
expressed as Eq. (4).

g, = kei.A 2)
I'=qiA ®3)
W =ko, )

where k, is the electro-osmotic permeability coefficient in cm*h~1. V=L, i_ is the electric potential gradient in
V-cm™, A is the cross-sectional area of the soil in cm?, and o is the electrical conductivity in S-cm ™.

Most researchers assume that the electro-osmotic transport volume W in the process of electro-osmosis has a
constant value for a given type of soil. During electro-osmosis in ideal conditions, the electro-osmotic permeabil-
ity coeflicient k. and the electrical conductivity o, of the channel dredged sediment will simultaneously decrease.
Furthermore, the initial electro-osmosis transport volume is not sensitive to changes in soil moisture. When the
soil moisture is lower than a certain limit value, the electro-osmotic permeability and electro-osmotic transport
volume will be greatly reduced due to the generation of soil cracks and shrinkage?.

Previous studies have commonly studied the electro-osmotic transport volume in constant-voltage mode. In
this work, electro-osmotic transport volume data obtained under constant-voltage and constant-current condi-
tions were compared and analysed. Figure 8 shows the measured electro-osmotic transport volume under differ-
ent working conditions.

In the early stage (0 ~ 10h) of electro-osmosis, the value of the electro-osmotic transport volume W was
approximately 210mL-A~-h ' in all tests. Evidently, the electro-osmotic transport volume for a given type of soil
is independent of the working conditions until the properties of the soil have been substantially changed. At a
certain point, the measured electro-osmotic transport volume will significantly decrease with the shrinking and
cracking of soil due to soil dehydration. In particular, higher power loading (voltage or current) conditions can
cause this point to be reached earlier. Therefore, we adopted the data from the early stages of the tests for further
analysis.

Energy consumption coefficient.  As one of the key problems in practical engineering for electro-osmosis
in soft soil, the energy consumption coeflicient C is used to characterize the electrical energy consumed per unit
dewatering volume, broadly defined as:

J “ 1) AEdt
jr‘lzqe(t)dt (5)

where I(¢) is the electric current at time ¢ in A; AE is the electric potential difference, i.e., practical applied voltage
in constant-voltage mode in V; and g.(f) is the electro-osmotic drainage rate at time ¢ in h.

Assuming that the electro-osmotic drainage rate is constant in the electro-osmotic process, the electro-osmotic
drainage rate can be defined as:
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Figure 8. Measured electro-osmotic transport volume with time.
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Figure 9. Variations in the energy consumption coefficient with time (overall trend).

g.(H) = W I(t) ©)

Combining the energy consumption coefficient expression (Eq. (5)) and the electro-osmotic drainage rate
expression (Eq. (6)), the electro-osmotic energy consumption coefficient can be rewritten as:

f
. AEft] I(t)dt A

%) w

w ft ol (r)dt @

The power supply in the circuit provides both the voltage and current. Thus, the power supply can be repre-
sented as either a voltage source or current source. For a given internal resistance and load of the power supply,
the voltage source and current source can be equivalently transformed. In the tests, all electrode gaps were equal.
In constant-voltage mode, the electric potential difference AE is the applied voltage; in constant-current mode,
AE represents the voltage source for the applied current, known as the equivalent voltage, as shown in Fig. 4.

Figure 9 shows the overall variation trend of the energy consumption coefficient C under different working
conditions. As previously mentioned, for similar reasons as those described for the measured electro-osmotic
transport volume, we focused on the forepart of the electro-osmosis, as shown in Fig. 10.

In the forepart of the electro-osmosis, for constant-voltage mode, the energy consumption coefficient C was
relatively steady when the applied voltage AE and the electro-osmotic transport volume W remained unchanged;
for constant-current mode, the equivalent voltage AE increased linearly from the initial time, which is the same
trend as that observed for the energy consumption coefficient C. Tests A1 and V1 had nearly the same energy con-
sumption coeflicients because the equivalent voltage of test A1 was close to the applied voltage of test V1, as was
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the case in tests A2 and V2 and in A3 and V3. As mentioned in section 3.4, the electro-osmotic transport volume
W was approximately 210 mL-h~!-A™! in the early stage (0 ~ 10h) of all the tests. We also obtained the equivalent
voltages of A1~A3: A1 (8.70V), A2 (17.81V), A3 (28.46 V), and the average energy consumption coeflicients for
the forepart of the electro-osmotic tests: V1 (0.044 W-h-mL™!), V2 (0.076 W-h-mL!), V3 (0.111 W-h-mL™!), A1l
(0.043W-h-mL™1), A2 (0.085W-h-mL™), and A3 (0.138 W-h-mL ™). Additionally, we obtained the linear fitting
curve of the applied/equivalent voltage and the average energy consumption coefficient by Eq. (7), as shown in
Fig. 11.

The above results show that the energy consumption in electro-osmosis is mainly determined by the applied
voltage or the equivalent voltage. For the studied type of soil, the electro-osmotic transport volume W was deter-
mined to be 210 mL-A~-h ™. Especially in the forepart of the electro-osmosis, the phenomenon may be different
in constant voltage or constant current mode, but the essence is the same. Thus, the power supply mode can be
selected according to practical requirements, such as drainage rate control or late-stage enhancement.

Stage analysis by drainage. Considering the interaction effect of working modes and time, the different
stages of electro-osmosis cannot be exactly reflected by time in this experiment. The lower applied voltage/cur-
rent tests are still in the early stages with low energy consumption, and the tests with higher applied voltages even
approach the end stage. Thus, the electro-osmotic processes are divided into four stages by cumulative drainage:
Q1 (0-100mL), Q2 (100-200 mL), Q3 (200-300 mL) and Q4 (300-400 mL). As the electro-osmotic drainage
reaches 400 mL in the tests, the drainage rate is substantially reduced, indicating the electro-osmotic process has
developed to the end stage. The distinction of energy consumption and electro-osmotic transport volume in these
stages is analysed in different power supply modes, as shown in Fig. 12.

From stages QI to Q3, in constant-voltage mode, the energy consumption (EC) remains stable with time
and gradually upgrades when the applied voltage is increased. Meanwhile, in constant-current mode, the energy
consumption increases with time due to the increase of the equivalent voltage and gradually upgrades when the
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applied current is increased. In the Q4 stage, the energy consumption for each test increases; the main factor is
the shortage of the soil water content. With regard to the electro-osmotic transport volume (ETV), each mode
remains stable and shows the same variation tendency. In the Q4 stage, the decreasing of electro-osmotic trans-
port volume value reflects the substantial change of the electrical properties of the soil. This result shows that, for
a given type of soil, the value of electro-osmotic transport volume mainly depends on the change of the soil water
content rather than on the power supply mode.

Conclusion

The issue of power supply mode together with the electro-osmosis effect is a current concern in soft soil treatment
and reinforcement. The energy consumption and efficiency are considered in practical engineering. In this paper,
the effects of different power supply modes, specifically, constant-current modes, were investigated in laboratory
tests with an approximately consistent initial electric power and compared with the constant-voltage modes—
which are commonly used in practical engineering; the electro-osmotic processes were divided into four stages
by equal drainage quantity to obtain the energy consumption and the electro-osmotic transport volume under
different working conditions.

The results showed that the electro-osmotic dehydration mechanism in constant-voltage mode and
constant-current mode is identical, by which electric energy is converted to water flow. As the electro-osmotic
process continued, the electric current decreased in constant-voltage mode, while the electric voltage increased in
constant-current mode. To avoid exceeding the rated voltage of the power supply, the adoption of a high current
in constant-current modes is not appropriate.

The energy consumption of electro-osmosis is mainly determined by the applied voltage or the equivalent
voltage. In constant-voltage mode, the energy consumption coeflicient C and the energy consumption remain
stable as the applied voltage remains constant in the forepart of the electro-osmosis. However, in constant-current
mode, from the start, the equivalent voltage AE increases linearly with the energy consumption coefficient C, and
the energy consumption increases over time due to the increase in equivalent voltage.

In the main drainage stages of electro-osmosis, the electro-osmotic transport volume of Ningbo dredged sed-
iment in different modes is 210 mL-A~"h~!, and the electro-osmotic transport volume under different work-
ing conditions divided by equal drainage quantity shows that the value of electro-osmotic transport volume
depends mainly on the change in soil water content rather than on the power supply mode. The drainage rate in
constant-current mode was observed to be relatively steady, maintaining an approximately constant rate until the
soil moisture was dramatically reduced. In other words, constant-current mode shows the advantages of being
powerful and persistent in electro-osmotic treatment.

Data Availability

The data used to support the findings of this study are available from the corresponding author upon request.

References

1. Casagrande, I. L. Electro-osmosis in soils. Geotechnique 1(3), 159-177, https://doi.org/10.1680/geot.1949.1.3.159 (1949).

2. Girault, R. et al. Effect of digested sludge properties on mechanical dewatering efficiency: An experimental approach. Dry Technol
33(11), 1295-1301, https://doi.org/10.1080/07373937.2015.1026978 (2015).

3. Mahmoud, A., Hoadley, A. F. A., Conrardy, J. B., Olivier, ]. & Vaxelaire, J. Influence of process operating parameters on dryness level
and energy saving during wastewater sludge electro-dewatering. Water Res 103, 109-123, https://doi.org/10.1016/j.
watres.2016.07.016 (2016).

4. Indraratna, B., Rujikiatkamjorn, C., Balasubramaniam, A. S. & McIntosh, G. Soft ground improvement via vertical drains and
vacuum assisted preloading. Geotext Geomembranes 30, 16-23, https://doi.org/10.1016/j.geotexmem.2011.01.004 (2012).

5. Wang, J. et al. Experimental study on the improvement of marine clay slurry by electroosmosis-vacuum preloading. Geotext
Geomembranes 44(4), 615-622, https://doi.org/10.1016/j.geotexmem.2016.03.004 (2016).

6. Wu, H., Hu, L. M. & Wen, Q. B. Electro-osmotic enhancement of bentonite with reactive and inert electrodes. Appl Clay Sci 111,
76-82, https://doi.org/10.1016/j.clay.2015.04.006 (2015).

SCIENTIFICREPORTS|  (2019) 9:12698 | https://doi.org/10.1038/s41598-019-49050-y


https://doi.org/10.1038/s41598-019-49050-y
https://doi.org/10.1680/geot.1949.1.3.159
https://doi.org/10.1080/07373937.2015.1026978
https://doi.org/10.1016/j.watres.2016.07.016
https://doi.org/10.1016/j.watres.2016.07.016
https://doi.org/10.1016/j.geotexmem.2011.01.004
https://doi.org/10.1016/j.geotexmem.2016.03.004
https://doi.org/10.1016/j.clay.2015.04.006

www.nature.com/scientificreports/

7. Chang, H. W, Krishna, P. G., Chien, S. C., Ou, C. Y. & Wang, M. K. Electro-osmotic chemical treatments: effects of Ca®"
concentration on the mechanical strength and pH of Kaolin. Clay Clay Miner 58(2), 154-163, https://doi.org/10.1346/
Ccmn.2010.0580202 (2010).

8. Rittirong, A., Shang, J. Q., Mohamedelhassan, E., Ismail, M. A. & Randolph, M. E. Effects of electrode configuration on electrokinetic
stabilization for caisson anchors in calcareous sand. ] Geotech Geoenviron 134(3), 352-365, https://doi.org/10.1061/(Asce)1090-
0241(2008)134:3(352) (2008).

9. Tao, Y. L., Zhou, J., Gong, X. N. & Hu, P. C. Electro-osmotic dehydration of hangzhou sludge with selected electrode arrangements.
Dry Technol 34(1), 66-75, https://doi.org/10.1080/07373937.2015.1006369 (2016).

10. Micic, S., Shang, J. Q., Lo, K. Y., Lee, Y. N. & Lee, S. W. Electrokinetic strengthening of a marine sediment using intermittent current.
Can Geotech ] 38(2), 287-302, https://doi.org/10.1139/cgj-38-2-287 (2001).

11. Ibeid, S., Elektorowicz, M. & Oleszkiewicz, J. A. Modification of activated sludge properties caused by application of continuous and
intermittent current. Water Res 47(2), 903-910, https://doi.org/10.1016/j.watres.2012.11.020 (2013).

12. Fei-yu, L., Wei, M., Jun, W. & Hong-tao, E. Influence of applying stepped voltage in electroosmotic reinforcement of dredger fill. Chin
J Rock Mech Eng 33(12), 2582-2591, https://doi.org/10.13722/j.cnki.jrme.2014.12.025 (2014).

13. Chien, S. C. & Ou, C. Y. A novel technique of harmonic waves applied electro-osmotic chemical treatment for soil improvement.
Appl Clay Sci 52(3), 235-244, https://doi.org/10.1016/j.clay.2011.02.023 (2011).

14. Streche, C., Cocarta, D. M., Istrate, I. A. & Badea, A. A. Decontamination of petroleum-contaminated soils using the electrochemical
technique: Remediation degree and energy consumption. Sci Rep 8(1), 3272, https://doi.org/10.1038/s41598-018-21606-4 (2018).

15. Xue, Z.]., Tang, X. W,, Yang, Q., Wan, Y. & Yang, G. Comparison of electro-osmosis experiments on marine sludge with different
electrode materials. Dry Technol 33(8), 986-995, https://doi.org/10.1080/07373937.2015.1011274 (2015).

16. Chen, Z., Zhou, J., Wen, X. & Tao, Y. Experimental research on effect of polarity reversal to electro-osmotic. ] Zhejiang Univ: Eng Sc
47(9), 1579-1584, https://doi.org/10.3785/j.issn.1008-973X.2013.09.010 (2013).

17. Zhuang, Y. F & Wang, Z. Interface electric resistance of electroosmotic consolidation. ] Geotech Geoenviron 133(12), 1617-1621,
https://doi.org/10.1061/(Asce)1090-0241(2007)133:12(1617) (2007).

18. Corwin, D. L. & Lesch, S. M. Apparent soil electrical conductivity measurements in agriculture. Comput Electron Agr 46(1-3),
11-43, https://doi.org/10.1016/j.compag.2004.10.005 (2005).

19. Gray, D. H. & Mitchell, J. K. Fundamental aspects of electro-osmosis in soils. ] Soil Mech Found Div 93(6), 209-236 (1967).

20. Feng, Y., Zhan, T. L., Chen, Y. M. & Zhang, Q. F. Laboratory study on electrokinetic dewatering of sewage sludge, Proc of Int Symp
on Geoenviron Eng, 662-665, Hangzhou, China (2009).

21. Tao, Y. Electro-osmotic process under different electrode materials and a novel method for discharge calculation based on electrical
conductivity, PhD thesis, Zhejiang University, (2015).

22. Acar, Y. B, Hamed, J. T., Alshawabkeh, A. N. & Gale, R. J. Removal of cadmium (II) from saturated kaolinite by the application of
electrical-current. Geotechnique 44(2), 239-254, https://doi.org/10.1680/geot.1994.44.2.239 (1994).

Acknowledgements

The work presented is supported by the National Nature Science Foundation of China (No. 51378469), the Nature
Science Foundation Project of Zhejiang Province (No. LQ19E080009), the Public Welfare Technology Application
Research Program of Zhejiang Province (No. 2017C33034), the Public Welfare Technology Application Research
Program of Ningbo (No. 2019C50016), and the Nature Science Foundation Project of Ningbo (No. 2016A610216,
No. 2017A610308). All financial support is gratefully acknowledged.

Author Contributions

L.Z. performed the result analysis and wrote the main manuscript text; X.Z. performed the experimental
research; X.X. proposed the framework of the manuscript text; and J.L. analysed the data that resulted from the
experimental research. All of the authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:12698 | https://doi.org/10.1038/s41598-019-49050-y


https://doi.org/10.1038/s41598-019-49050-y
https://doi.org/10.1346/Ccmn.2010.0580202
https://doi.org/10.1346/Ccmn.2010.0580202
https://doi.org/10.1061/(Asce)1090-0241(2008)134:3(352)
https://doi.org/10.1061/(Asce)1090-0241(2008)134:3(352)
https://doi.org/10.1080/07373937.2015.1006369
https://doi.org/10.1139/cgj-38-2-287
https://doi.org/10.1016/j.watres.2012.11.020
https://doi.org/10.13722/j.cnki.jrme.2014.12.025
https://doi.org/10.1016/j.clay.2011.02.023
https://doi.org/10.1038/s41598-018-21606-4
https://doi.org/10.1080/07373937.2015.1011274
https://doi.org/10.3785/j.issn.1008-973X.2013.09.010
https://doi.org/10.1061/(Asce)1090-0241(2007)133:12(1617)
https://doi.org/10.1016/j.compag.2004.10.005
https://doi.org/10.1680/geot.1994.44.2.239
http://creativecommons.org/licenses/by/4.0/

	Electro-osmotic Treatment of Dredged Sediment by Different Power Supply Modes: Energy Consumption and Electro-osmotic Trans ...
	Experimental Design

	Material properties. 
	Apparatus and procedure. 
	Power control. 

	Results and Analysis

	Voltage and current. 
	Drainage rate and final soil moisture. 
	Output power. 
	Measured electro-osmotic transport volume. 
	Energy consumption coefficient. 
	Stage analysis by drainage. 

	Conclusion

	Acknowledgements

	Figure 1 Grain size distribution curve of intact dredged sediment.
	Figure 2 Model test chamber for the electro-osmotic treatment of the dredged sediment (unit: mm).
	Figure 3 Variations in electric current with time under constant voltage.
	Figure 4 Variations in electric voltage with time under constant current.
	Figure 5 Variations in drainage rate with time.
	Figure 6 Final moistures in the soil at different positions.
	Figure 7 Variations in output power with time.
	Figure 8 Measured electro-osmotic transport volume with time.
	Figure 9 Variations in the energy consumption coefficient with time (overall trend).
	Figure 10 Variations in the energy consumption coefficient with time (forepart).
	Figure 11 Average energy consumption coefficient with applied/equivalent voltage (forepart).
	﻿Figure 12 Energy consumption and electro-osmotic transport volume for different stages.
	Table 1 Properties of the dredged sediment.
	Table 2 Summary of electro-osmotic tests.




