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ABSTRACT

Sludge cakes sampled at various positions and times in an electroosmosis-

dewatering chamber were analyzed using microtome-slicing techniques.

The flocs accumulated at the anode due to the electrostatic attraction. The

porosity continued to decrease as most of the biomass coagulated

into large clusters. During the constant-rate period of moisture removal,

the morphological differences between the cakes at the two electrodes

were less significant. During the falling-rate period, a relatively large

difference in cake porosity appeared between the electrodes, involving
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difference in pore size, porosity, Sierpinski fractal dimension (DSC), and

pore boundary fractal dimensions (DB).

Key Words: Sludge cakes; Electroosmotic dewatering; Microtome;

Pore.

INTRODUCTION

Electroosmotic dewatering has been proposed to be effective in the solid–

liquid separation of hard-filtered slurries. Combining electroosmotic dewater-

ing with pressure filtration can improve dewatering performance over that of

conventional dewatering devices. Several prototype pilot plants that employ

mechanical-electroosmotic dewatering apparatus have been reportedly used

for commercial applications.[1–3] Surface charges on particulate materials

dominate dewatering performance. Changing the z potential of flocs by adjust-
ing their pH and ionic strength, or by chemical conditioning, was studied for

its potential to facilitate dewatering.[4,5] Zhou et al.[6] further considered

the effects of several physical conditioning procedures on sludge, including

thermal treatment and freezing/thawing.
The structure of the cake may also be an essential factor in determining

the efficiency of electroosmotic dewatering. Laursen and Birgerjensen[7]

presented a picture of the structural change of the filter cake during electro-

osmotic dewatering. Kondoh and Hiraoka[1] compared SEM microphoto-

graphs of sludge cakes at the anode and cathode. Microbial substances,

which often clog the filter, accumulated near the anode, while the cake at

the cathode-side was comprised mainly of silt and fibrous matter. Yoshida

et al.[8,9] found that as the moisture was extracted during electroosmosis,

water films ceased to be continuous in pores, and the conductivity, electrode

contact resistance and electrical potential distribution changed accordingly.

Weber and Stahl[10] also stated that the generated bubbles decreased the sat-

uration of the cake and increased the electrical resistance between the two

electrodes. Zhou et al.[6] also compared SEM pictures of cakes obtained by

electroosmotic dewatering in a horizontal electrical field and those by vacuum

filtration. The homogeneity of electroosmotically-dewatered cake implied that

most capillary water in the cake was effectively removed.

Most studies qualitatively described sludge cakes subjected to electro-

osmotic dewatering. Quantitative analyses of cake structures, including poros-

ity and pore size and shape, which should correlate with the electroosmotic

dewatering efficiency, are still lacking. This report examines the temporal

and spatial structural evolution of sludge cake dewatered in a horizontal

electrical field. Microtome slicing and image analysis were performed to

Chu et al.1332
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analyze the cake at the anode, at the cathode, and in the middle compartment

of the filter, respectively. The porosity, pore size, and morphological fractal

dimensions were subsequently determined.

EXPERIMENTAL

Sludge Samples

Sludge was sampled from the sediment in a secondary anaerobic digester

at the Gaobeidian wastewater treatment plant, Beijing. It was black in appear-

ance and had a bad odor. After it was gravitationally thickened, its total solid

content (TS) reached 4.19% (w/w), and the thickened samples were used in

subsequent dewatering tests. The pH value was 8.2, and the conductivity at

258C was 5000mS/cm. The volume-average floc size was 15.9mm and the

z potential was 222.4mV. Figure 1 displays a microscopic photograph of

the sludge flocs.

Dewatering Apparatus

Figure 2 presented the electroosmotic dewatering apparatus in a horizontal

electrical field. It was opened to the atmosphere and there was no pressure

Figure 1. The phase-contrast microphotograph of sludge flocs (400�).
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difference between the two electrodes. A carbon graphite plate was used as the

anode and a copper net was used as the cathode. The cathode was covered with

cotton cloth as a filter medium. The cross-sectional area of the loading com-

partment was 85mm � 42mm and the distance between the two electrodes

was 65mm. A variable-DC power supply was used as electrical generator.

The applied voltage was set as 50V. The fluid filtered was removed by a

variable-speed tubing pump. A continuous sampler collected the filtrate to

yield the time evolution of moisture removal. More details of this device

are available in Ref.[6]. The electrodewatering process was performed for 3 hr.

Microtome Slicing

The samples were first chemically fixed using a formalin buffer at 48C for

24 hr and embedded by agarose in the cassette. Dehydration was conducted by

immersing the cake subsequently in ethanol/water solution of 50%, 70%,

90%, 95%, and 100% (v/v), respectively. The ethanol was then replaced by

xylene/ethanol solutions of 50%, 70%, 90%, 95%, and 100% (v/v). The
cake saturated with xylene was immersed in molten paraffin at 658C over-

night. Finally the paraffin-embedded cakes were cooled to 258C in peel-off

molds and solidified to form blocks for slicing.[11] The block was then sliced

into sections of thickness 5mm using a microtome (Leitz Model 1400,

Germany). The thin paraffin section was floated on a water bath and then trans-

ferred onto a glass slide. The slide was dried in air. Then, the slice was heated

Figure 2. Electroosmotic dewatering apparatus with horizontal electrical field.
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in an oven at 708C for 10min to melt the paraffin, before being dewaxed using

xylene. Finally, the slice was stained using hematoxylin and eosin (H&E).[12]

A phase-contrast microscope (LEICA DME, Germany) and a digital camera

(NIKON COOLPIX 995, Japan) recorded the image of slices at a constant

luminescence light (4000 Lux).

Image Processing

Sliced images in red–green–blue (RGB) mode are first converted to

grayscale images to construct a histogram of pixels vs. luminescence intensity

by INSPECTOR (Matrox, Canada). A region of interest (ROI) was defined on

the sliced image to include sufficient morphological detail for analysis and to

avoid the inhomogeneity of the luminescent background. A larger ROI is

required to analyze the filter cake structure, since interstices among the aggre-

gates in the cake may be possibly larger than 100mm. In this report, the micro-

photograph with a magnification of 40� (1097mm at its side, 0.71mm/pixel)
was used to analyze the cake structure. The characteristic length L of ROI was

set to 500mm (approximately 700 pixels) and was much larger than most flocs

or pores in the filter cake.

Morphological information extracted from sliced images depends on the

image thresholding value. Chu[13] commented that the Otsu’s method (detail

in Appendix) yielded satisfactory thresholding among the histogram-based

algorithms and was chosen herein to estimate the cake porosity. The maxi-

mum convex perimeter method was adopted to probe the shapes and spatial

distribution of the pores among the biomass granules (detail also in the Appen-

dix).

RESULTS AND DISCUSSION

Dewatering Performance

Figure 3 plots the moisture removal curves of sludge during electroos-

motic dewatering. The moisture content in the sludge declined from an initial

value of 23 kg/kg DS (95.8%, w/w) to 12 kg/kg DS (92.3%, w/w) at the end
of the tests [Fig. 3(a)]. The dewatering rate initially increased from 0.87 g/
kgDS/sec to the maximum of 1.20 g/kgDS/sec after 70min, and then

dropped, reaching a final value of 0.69 g/kgDS/sec [Fig. 3(b)]. In the final

stage of the tests, the dewatering rate decreased greatly but remained above

zero (the 180th minute). The application of electric field leads to the electro-

lysis of water at two electrodes, which contributes to an acidic pH in anode

Morphology of Sludge Cake at Electroosmosis Dewatering 1335
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while an alkaline pH in cathode, respectively. At the beginning of the process,

the OH2 generated at cathode was first carried out by electroosmotic flux,

which caused the increase of pH and decrease of electroconductivity of

collected liquid at cathode. This helped to increase the moisture removal

rate. With the development of electrodewatering process, the alkaline pH

near cathode will be neutralized by Hþ flux from anode and increase the elec-

troconductivity. So the moisture removal rate decreased. Similar results were

reported by Hamed and Bhadra[14] in their study of electroremediation of

contaminated soil. The moisture-removal rate increased to some steady

value (the constant-rate period, the 20th–80th minutes in this case) while the

liquid film in the cake remained continuous. When most free moisture had

been removed, the liquid phase in the cake pores became discontinuous.

Figure 3. The dewatering rate of sludge: (a) the remained moisture in the cake; (b)

the moisture removal rate.
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The interstitial and surface water were then extracted at this time (the

falling-rate period, the 90th–180th minutes in this case). Meanwhile, the

discontinuous moisture distribution in the cake might also have changed

the electrokinetic characteristics of the sludge, thereby decreasing the

corresponding conductivity, as described by Yoshida et al.[8,9] The morpho-

logical characteristics of the cake before dewatering, at the first hour, the

second hour, and at the end of the test (the third hour) were analyzed.

Cake Morphology

Figure 4 plots the morphological changes in the sludge cake, from the

sludge suspension at the zeroth hour (approximately 4.2%, w/w) to the end

of dewatering (after the third hour), at the cathode, in the middle compart-

ment of the filter, and at the anode, respectively. For brevity, only the

microphotographs at a magnification of 40� (the length scale labeled on

the photographs, 0.71mm/pixel) are displayed. Only tiny biomass clusters

are distributed on the slice, and large interstices were present among

these clusters before dewatering (zeroth hour) [Fig. 4(a)]. As dewater-

ing proceeded, larger and more compact biomass clusters appeared, imply-

ing that the aggregation of biomass was caused by the electrostatic

attraction and the loss of moisture. The pores shrunk slightly to a size

equivalent to that of the biomass clusters [the first hour, Fig. 4(b)–(d),

and second hour, Fig. 4(e)–(g)]. In the final stage [the third hour,

Fig. 4(h)–(j)], the shrinkage of the biomass clusters was clearly noted at

the anode and in the middle.

The spatial difference in morphology at different electrodes was less

obvious. Roughly, the cakes at the anode were porous, whereas the cakes in

the middle and at the cathode were relatively compact. The difference became

noticeable in the final stage of dewatering [Fig. 4(h) and 4(j)]. Water was

extracted from the filter medium at the cathode and flocs accumulated on

the positively charged anode. Some parts of the cake at the anode may have

become unsaturated, due to an absence of moisture replenishment, and large

pores appeared because of the shrinkage of those partially unsaturated biomass

clusters. This phenomenon was not observed near the cathode, where no large

pores formed. Weber and Stahl[10] reported that the bubbles generated from

the electrolytic decomposition of water at the anode could not escape and dis-

placed the moisture in the suspension. This made the cake no longer saturated

and led to the formation of large pores. The electrolytic effects at the cathode

may be relatively insignificant, since the bubbles could escape with the filtrate

at cathode.

Morphology of Sludge Cake at Electroosmosis Dewatering 1337
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Porous Configuration

The image analysis was performed to determine the spatial distribution

of morphological parameters in the filter. The aforementioned terms such

as “porous” or “compact” can thus be quantified. The photographs were

Figure 4. The microtome-sliced images of cakes (40�): (a) suspension; (b) anode,

first hour; (c) the middle, first hour; (d) cathode, first hour; (e) anode, second hour;

(f) the middle, second hour; (g) cathode, second hour; (h) anode, third hour; (i) the

middle, third hour; (j) cathode, third hour.

Chu et al.1338
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divided into several ROIs for analysis, and the measured parameters were

then averaged. Figure 5 presents the areal porosity 12D. The error bars of

12D are quite small, implying that the porosity is generally uniform across

each slice (Fig. 5). The gravitationally thickened sludge suspension formed

very loose sediment with a porosity of over 0.8. The moisture in these

porous spaces is called interstitial water.[15] The dried solid content was

measured as 4.19% (w/w), and the moisture content of the biomass granules

was about 73%. The moisture herein could be categorized as surface water

and chemically bound water, representing 10% of the total volume. The

dewatering decreases porosity. Although some data were scattered, the poro-

sity at the cathode was generally lower than that at the anode, and the

difference became clear as dewatering proceeded. In the constant-rate period

(before 90min) the difference of porosity between the cathode and anode

was insignificant because the water phase was continuously distributed in

the pores of sludge. After 90min, this difference increased. For the cake

near the cathode, the sludge clusters were converted into compact forms.

However, the sludge clusters near the anode shrunk, leading to larger

pores and increased porosity. This is possibly because the saturation of the

cake decreased as the electroosmotic dewatering proceeded, as described

in the previous paragraph.

Figure 6 presents the pore sizes identified in the slices. The average pore

sizes were specified by two parameters, dp[4,3] and dp[3,2], determined from

Figure 5. The temporal and spatial evolution of areal porosity 12D. Circles: anodes;
squares: the middle; triangles: cathode.

Morphology of Sludge Cake at Electroosmosis Dewatering 1339

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

the following definitions,

dp½4;3� ¼

P
d4p;ini

P
d3p;ini

¼

P
dp;iViP
Vi

ð1Þ

dp½3;2� ¼

P
d3p;iniP
d2p;ini

¼

P
ViP

dÿ1
p;i Vi

ð2Þ

where dp,i, Vi are the diameter and volume of pore i, and ni is the number of

pores of diameter dp,i. The large pores in the original sediment disappeared as

the moisture was removed. Both sizes had large error bars, indicating that the

pore sizes varied greatly at various positions. Roughly, the average pore size

shrunk to 60% of the original value in the final stage of dewatering. The varia-

tion in pore size at the cathode and in the middle exhibited relatively clear

Figure 6. The temporal and spatial evolution of average pore size: (a) dp[4,3] and (b)

dp[3,2]. Circles: anode; squares: the middle; triangles: cathode.
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trends, gradually declining as dewatering proceeded, whereas the size of the

pores at the anode fluctuated with time. The decrease in pore size increased

the resistance for the fluid passing through and was correlated with the

decrease in filtration rate after the 90th minute.

These results in Fig. 6 indicated that the pore size varied greatly at differ-

ent positions on the slices. Restated, the details of the porous configuration on

the slice were highly non-uniform.

Pore Structure

The complex characteristics of cake morphology and pore shapes were

quantified using Sierpinski fractal dimensions (DSC) and the fractal dimensions

of the pore boundaries (DB). DB is used to describe the fractal characteristics of

the boundary lines of discrete cake pores. For a pore with rugged boundaries, the

following relationship exists between the area and the perimeter,[16]

Ap / p2=DB

p ð3Þ

where DB is the fractal dimension of the pore boundaries [Figure 7(a)]. For a

circular object, DB equals one. A rougher and more irregular floc boundary cor-

responds to a largerDB value. Ap and pp in Eq. (3) were determined by applying

the maximum convex perimeter method. Restated, once the thresholding value

is selected, the total length of the edges of a blob (including the edges of any

holes) determines the perimeter of the pore (pp), and the area of the blob is

the pore area (Ap).

Moreover, assuming that the cross section of sludge floc can be described as

a Sierpinski carpet, the Sierpinski carpet fractal dimension DSC can be used to

quantify the “disappearing rate” of the void area (bR) of the cross-sectional

area when the image resolution is increased and smaller pores can be

detected.[16] Figure 7(b) presents one example. bR is normalized to the total

area of the sampling area and is then denoted as b0. The slope of the curve m

represents the rate of disappearance of the “carpet.” The curves in regions of

high a (.10mm, say) and low a had different slopes, implying that the structure

had two levels. Generally, the rate of disappearance decreased on smaller length

scales. The Sierpinski fractal dimension, DSC, can be determined by subtracting

m from the classical dimension of the surface (two). A lower DSC represents a

more compact carpet. The areal porosity (12D) was determined by Otsu’s

method.[17] The distribution of the pore sizes, on the other hand, was determined

by applying the maximum convex perimeter method.[13]

Figure 8(a) shows the results. Although the average size varied greatly

among different positions (Fig. 6), the error bars on DB were quite small,
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indicating that the pores on the slice exhibited the same fractal characteristics

of their boundaries. For the pores at the anode, DB decreased during the first

2 hr, but significantly increased at the third hour. The pores at the cathode and

in the middle exhibited a sharp decrease in DB after the first hour (from 1.4 to

1.2), implying that the pores became compact and regular and their boundaries

became smooth after the constant-rate period had ended.

Figure 8(b) presents resulting values of DSC. The sludge suspension

before dewatering had DSC of about 1.60. The entire structure became

compact as dewatering continued. The values of DSC ranged from 1.65 to

1.80 at the first hour, increasing to 1.90 for cakes at the second and third

Figure 7. Ways to estimating fractal dimensions: (a) DB and (b) DSC.

Chu et al.1342
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hours. The region near the cathode exhibited a slightly higher DSC during at

the zeroth and first hours but almost same during the second and third

hours. Restated, the increase in DSC from 1.7 to 1.9 was strongly correlated

with the decrease in the dewatering rate (Fig. 3) and a reduction in porosity

(Fig. 5).

The aforementioned results suggest a schematic to the structural changes

during electroosmosis dewatering of sludge cake. As the dewatering pro-

ceeded, the flocs were initially randomly packed on the anode without a

compact structure. During the constant-rate period (before the 90th minute),

the inter-aggregate and intra-aggregate interstices were filled with water. As

the moisture was drained out, the flocs gradually coagulated, the clusters

became larger and the pores shrunk. A higher DB (more than 1.3) implied

Figure 8. The temporal and spatial distribution of fractal dimension. (a) Boundary

fractal dimension DB; (b) Sierpinski carpet fractal dimension DSC. Circles: anode;

squares: the middle; triangles: cathode.
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more irregular pores, which could retain more interstitial water. When most

free moisture had been removed and the rate of dewatering slowly reduced

(falling-rate period), the cake saturation decreased, leading to the collapse

in the overall porous structure [lower 12D in Fig. 5 and dp in Fig. 6(a)].

As the moisture in the cake at the anode was removed and transferred to the

cathode, a considerable shrinkage of biomass granules at anode was observed.

The compact cake at the cathode retained plenty of surface water, because of

continuous replenishment of moisture. The variation inDSC [Fig. 8(b)] andDB

[Fig. 8(a)] reflects the transition in the dewatering rate: a marked change was

observed after the constant-rate period has ended.

CONCLUSIONS

Sludge cakes sampled at various positions and times in an electroosmosis

dewatering chamber were analyzed by microtome slicing to elucidate the

morphological variation. The flocs accumulated at the anode due to the

electrostatic attraction. The porosity continued to decrease as most of

the biomass coagulated into large clusters. During the constant-rate period,

the morphological differences between the cakes at the two electrodes

became less significant. During the falling-rate period, a relatively large

difference in cake porosity appeared between the electrodes, involving

difference in both pore size and porosity. As the moisture in the cake at

the anode was removed and transferred to the cathode, a considerable

shrinkage of biomass granules at the anode was observed. The compact

cake at the cathode retained plenty of surface water, because of continuous

replenishment of moisture. The specific surface area did not exhibit a simple

trend when the dewatering rate was gradually decreased. The transition in the

dewatering rate was also reflected by the Sierpinski fractal dimension (DSC)

and pore boundary fractal dimensions (DB).

APPENDIX: THE OTSU’S METHOD AND THE

MAXIMUM CONVEX PERIMETER METHOD

Otsu[17] described a method based on the discriminant analysis. He

defined the within-class variance sL
2 (or local variance) and the between-

class variance sJ
2 (or joint variance) as follows,

s2
L ¼ P0s

2
0 þ P1s

2
1 ðA1Þ

s2
J ¼ P0ðm0 ÿ mTÞ

2 þ P1ðm1 ÿ mTÞ
2 ¼ P0ð1ÿ P0Þðm0 ÿ m1Þ

2 ðA2Þ

Chu et al.1344
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Maximizing the between-class variance or minimizing the within-class

variance yields the optimal thresholding value it. Otsu’s method is also

equivalent to minimizing the mean square error between the gray-level

image and its corresponding bilevel image. Our evaluation shows that

Otsu’s method yields more stable performance than other histogram-based

algorithms and is chosen to obtain the porosity. The frames of the floc matrix

on the slices were clearly presented using Otsu’s method, and thus gives the

estimate of porosity (12D)
Convex perimeter (pC,p) is an approximate of the perimeter of the convex

hull of a blob derived from the eight Feret diameters of the blob. The sum of

convex perimeters (SpC,p) is maximum at some thresholding value. This

method is called “the maximum convex perimeter method” hereafter.

Although the small pores occupied an insignificant fraction of the area, they

contributed most of the total convex perimeter. As the convex perimeters

approached the maximum, small pores (noise) in the images could clearly

appear. Therefore, the maximum convex perimeter method can probed the

small blobs (pores) among the biomass granules and thus yields the spatial

distribution of pores in the floc.
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