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ABSTRACT 
 

The goal of this project is to increase the dewatered solids content of biosolids (sludges) by 
incorporating various treatments with traditional dewatering processes using the moisture 
distribution in sludge as a theoretical framework.  The specific objectives of the project are: (1) 
to determine the inherent dewaterability of various types of biosolids, including developing a 
centrifuge test for predicting dewaterability; and (2) to determine the effects of various biosolids 
pretreatments on dewaterability.   
 
A centrifugal dewatering test was developed that would measure biosolids dewaterability based 
on moisture distribution.  The test is based on the idea that as centrifugal forces approach 
infinity, only bound water will remain in the solid pellet.  The test consisted of centrifugation at 
~150,000 x g for a period of 30 minutes.  Significant correlations between test results and full-
scale plant dewaterability results were obtained.  The centrifuge test is able to predict trends in 
biosolids dewaterability in advance of solids handling and dewatering equipment.  Heat 
treatment was combined with cation addition to increase the dewaterability of waste activated 
sludge.  Soluble protein analysis showed that heat treatment resulted in cell disruption.  
Dilatometry showed that bound water increased as a result of heat treatment.  A centrifugal 
dewatering test demonstrated that cation addition (Na+, K+, Ca2+, Mg2+, and Fe3+) led to 
increased dewaterability.  There was no correlation between the bound water content of disrupted 
biosolids, as measured by dilatometry, and its dewaterability, as measured with the centrifuge 
test.  The combination of heat treatment and cation addition produced no significant changes in 
dewaterability at any of the temperatures used in this study.  Insights into dewaterability and 
bound water measurements indicate the complex nature of biosolids dewatering, and the need for 
correlations with full-scale treatment plant dewatering performance. 
 

(biosolids, dewatering, moisture distribution, cell disruption)
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SUMMARY AND CONCLUSIONS 
 
 
A centrifugal dewatering test was developed in an attempt to measure and predict the 
dewaterability of sludge from full-scale wastewater treatment plants.  Significant correlations 
were established between the centrifugal dewatering test result and full-scale dewatering 
performance.  Results indicate that centrifugal dewatering tests can predict trends in sludge 
dewaterability in advance of sludge handling processes such as digestion, thickening, and 
conditioning.  The centrifugal dewatering test was able to predict trends in both anaerobic and 
aerobic digestion.  The test was also able to predict trends in various dewatering equipment 
including centrifuges, belt-filter presses, and plate-and-frame press.  This suggests that the 
centrifugal dewatering test can be used by wastewater treatment plants as a tool for optimizing or 
monitoring changes in dewaterability. 
 
 
Sonication as a cellular disruption technique caused a change in the distribution of water as 
measured by dilatometry, and emerged as the best method for increasing dewaterability in this 
study.   Addition of divalent cations alone and at low levels (< 15 meq) significantly altered the 
dewaterability of sludge, as measured by the centrifugation technique.  However, heat treatment 
alone did not lead to increased dewaterability.  Combining cation addition with cell disruption 
techniques also did not increase dewaterability beyond that of the disruption technique alone.  A 
variety of possible mechanisms are suggested in this study to explain these results.  In particular, 
the nature of EPS, changes in floc sizes, and the effect of cations can potentially explain why no 
significant increases in dewaterability were obtained.  These results show the complex nature of 
biological sludges, and emphasize the difficulty in increasing dewaterability.   
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RECOMMENDATIONS 
 
 
The concept of dewaterability testing based on moisture distribution shows promise and merits 
further testing.  The centrifugation technique developed in this study should be applied to a 
several WWTPs over longer time periods to demonstrate its use as a dewatering monitoring and 
optimization tool.  The concept of measuring the upper limits of sludge dewaterability needs to 
be explored further.  In particular, the specific characteristics of individual WWTP biosolids 
should be analyzed to determine if specific centrifugation methods are needed for different 
WWTPs.  The optimization of dewatering at a particular plant based on the percentage of the 
maximum dewaterability (and not necessarily the percent solids after dewatering) should be 
further explored.  Potentially, this approach can reveal inefficiencies in dewatering biosolids 
considering individual plant processes and sludges.   
 
Sonication emerged as the most promising method for increasing dewaterability of biolosolids.  
It appears that combined floc disruption and cation addition do not significantly decrease the 
bound water nor increase the dewaterability, as measured by centrifugation.  It is possible that 
other methods may be effective in releasing water in sludges.  However, the energy expenditures 
for such methods should be included in future assessments.  From a research standpoint, the 
finding that bound water and dewaterability may not be related as previously thought (that a 
decrease in bound water is associated with an increase in dewaterability) suggests that measures 
of dewaterability should always be related to actual plant dewatering performance.  Whether one 
method of measuring dewaterability can apply to all plants and all sludges is not clear, and needs 
to be addressed in future work.  
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INTRODUCTION 
 
 
There are two end-products associated with the treatment of domestic wastewater: effluent, 
which is subsequently released into a receiving body of water, and waste sludge, which is 
subsequently treated for pathogen reduction and removal of excess moisture prior to final 
disposal.  Sludge disposal is one of the most costly aspects of wastewater treatment.  The 
estimated cost of sludge handling facilities is approximately 30-40% of the total investment in 
wastewater treatment facilities (NRC, 2002).  Furthermore, operating costs associated with 
sludge dewatering equipment can represent as much as 50% of a facility’s operating and 
maintenance costs (NRC, 2002).  
 
 
Waste sludge is a mixture of organic, inorganic, and dissolved solids contained in a slurry that 
may be anywhere from 3 to 50 percent solid material (following thickening and dewatering).  
Sludge is commonly disposed of by incineration, landfilling, or application to cropland.  
Whatever method is chosen, the cost of disposal is a function of the water content of the sludge.  
In the case of landfilling and land-application, cost is usually based on the volume of sludge to 
be diposed.  Removing as much water as possible reduces the sludge volume and subsequent 
cost.  In the case of incineration the presence of excess moisture will require an expenditure of 
energy for evaporation.  The more water that is removed in prior steps, the lower the energy 
input needed.  Figures 1 and 2 show disposal costs for landfilling and thermal drying waste 
sludge as a function of percent sludge solids.   
 

Figure 1.  Disposal cost by landfilling as a function of dewatered cake solids. 
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Figure 2.  Thermal drying energy cost as function of dewatered cake solids. 
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Since removal of excess moisture in sludge can lead to considerable reductions in disposal costs, 
sludge dewatering has become a highly important operation for many wastewater treatment 
plants looking to reduce operational costs.     
 

Many wastewater treatment plants have mechanical dewatering equipment to remove excess 
moisture from sludge.  Belt-filter presses (BFP) consist of a series of rollers and belts where the 
sludge is squeezed between the belts and the rollers expelling moisture.  Centrifuges rotate at 
high speeds and separate solid material from liquid based on density.  Plate-and-frame presses 
rely on the pressure of two plates being squeezed together with a volume of sludge in between 
where excess moisture is pushed through a filter on one plate.  Each of these methods relies on 
the application of pressure to separate water and solid matter.  
 

A strong bond exists between molecules of water and solid particles in sludge, and different 
sludges have different bond strengths.  Different bond strengths can exist within the same sludge.  
Mechanical dewatering equipment will remove water so long as it is able to break these bonds 
and liberate water molecules.  Numerous sludge properties have been shown to influence these 
bonds and therefore influence the dewaterability of sludge.  These properties include sludge pH, 
volatile to fixed solids ratio, septicity, sludge viscosity, compressibility, sludge particle size, and 
sludge surface charge (Spellman, 1997).  Research has shown how various sludge properties 
affect dewaterability.  Bruus et al (1992) demonstrated that decreasing the average particle size 
will lead to decreased dewaterability.  Jin et al. (2003) showed that physical properties of sludge 
(flocculating ability, surface charge, hydrophobicity, and viscosity) were most important in terms 
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of dewatering sludge while morphological properties (fractal dimension and filament index) had 
weak impact on sludge dewaterability.   A correlation between increased average particle size 
and increased dewaterability was also noticed.  Evidence that the sludge itself plays a role in 
dewatering can be seen in the recent study by Leonard et al. (2004).  The authors subjected 
different sludges to identical drying conditions and saw that different sludges had different 
drying rates despite being nearly identical in all other aspects. 
 

One important characteristic of sludge is the distribution of water within the sludge.  It is thought 
that water in activated sludge exists within several forms and this distribution of water within 
sludge influences the dewaterability of sludge.  The concept of moisture distribution is rooted in 
the idea that regardless of mechanical dewatering effort, there will always be a portion of water 
that remains with the sludge solids.  This portion is considered bound to the sludge solids and is 
therefore referred to as bound water.  In comparison, the portion of water that is freely removed 
by mechanical dewatering equipment is referred to as free water and is not influenced by sludge 
solids (Vesilind, 1994).  Various methods for measuring bound water have been developed and 
are listed in Table 1.   
 

Correlations between bound water content and sludge dewaterability have been made (Smollen, 
1990).  Katsiris and Kouzeli-Katsiri (1987) showed that increased bound water content led to 
decreases in sludge dewaterability.  Measuring bound water is not without its difficulties.  In a 
study to compare different methods of bound water measurement, Lee and Hsu (1995) concluded 
that bound water was an operationally defined value and therefore the measurement method 
chosen would dictate the bound water values measured.  Robinson and Knocke (1992) also 
examined several methods of bound water measurement and concluded the same although they 
stated their personal preference for dilatometry due to its more reproducible results and the fact 
that it was less prone to error. 
 

The concept of bound water has been expanded by many workers.  More complex classifications 
of moisture have been advanced.  Smollen (1990) classified water by the amount of bonding 
energy holding the water in place which included chemical, physical, and mechanical bonding.  
Vesilind (1979), Moller (1983), and Robinson and Knocke (1992) used similar classifications of 
sludge water, each of which breaks water into groups that can be approximated as free moisture, 
interstitial moisture, surface moisture, and bound moisture.  Vesilind (1994) defined four 
categories of moisture which are listed below in Table 2.  These definitions of moisture 
distribution will be used throughout this paper.   
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Table 1. Methods for measuring bound water in activated sludge systems.  References are for method use in activated sludge systems only. 

 
Method   Principle Reference

Dilatometry Bound water does not freeze at temperatures as low as -20 ºC. 
Bound water content is calculated by measuring the free water based on  
expansion measurement and subtracting from total water content. 

Heukelekian and Weisburg 
1956 

Differential 
Scanning  

Calorimetry 

Bound water does not freeze at temperatures as low as -20ºC 
Enthalpy absorbed during freezing is proportional to free water 
and bound water content is calculated by mass balance. 

Lee 
1995 

Centrifugation As centrifugal force increases and approaches infinity all free water will 
be forced out of floc and only bound water will remain.  Bound water can 
be measured through total solids analysis. 

Kawasaki et al. 
1991 

Drying Tests Thin layers of sludge are dried at temperature well below boiling point of 
water.  Sludge weight is measured over time and changes in evaporation 
rate are considered to indicate different fractions of water 

Halde 
1979 

Differential 
Thermal 
Analysis  

The temperature difference between a sludge sample and a thermally inert 
material is measured while both are subject to identical heating and cooling. 
Sharp differences indicate the adsorption or liberation of heat. 

Katsiris and Kouzeli-Katsiri 
1986 
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Table 2. Four categories of moisture distribution as defined by Vesilind (1994). 

Moisture 
Classification Description 

Free or Bulk Water Water not associated with and not influenced by sludge solids 
Interstitial Water 

Water that is trapped in the crevices and interstitial spaces of 
flocs and organisms.  This water can become free water if the 

floc structure is destroyed. 
Vicinal Water 

Multiple layers of water molecules held tightly by hydrogen 
bonding to the particle surface.  Vicinal water is not released 

upon the breakup of floc structure, but rather it stays associated 
with surfaces of solid particles. 

Water of Hydration Water that is chemically bound to particles and removable only 
through addition of thermal energy. 

 

Figure 3 shows a visual representation of these four categories of moisture classification 
using a simplified 2-dimensional model for a sludge floc. 
 
Figure 3. Visual representation of four categories of sludge water as defined by Vesilind (1994). 
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Vesilind (1994) suggested that bound water actually consisted of water of hydration, 
vicinal water, and interstitial water.  Others have suggested that bound water contains 
only vicinal water and water of hydration (Dick and Drainville, 1995).  The portions of 
water removable by mechanical are also subject to intense debate.  Vesilind (1994) 
suggests that only the free water and interstitial water can be removed by mechanical 
dewatering equipment.  Kopp and Dichtl (2001) contend that only free water is removed 
by mechanical dewatering equipment.   
 

This moisture distribution approach could lead to different ideas about assessing 
dewaterability.  Currently tests such as specific resistance to filtration (SRF) and capillary 
suction time (CST) are used.    These tests are used to measure changes in sludge 
dewaterability following different treatments.  However, they do not address the 
maximum possible dewaterability of that sludge.  Chin et al. (1996) showed that bound 
water content can not be evaluated based on CST results.  The purpose of moisture 
distribution studies has been to change the way dewatering efficiency is measured, from a 
process where the total amount of water removed is measured to a process where the 
percentage of removable water is measured. 
 

Therefore the objectives of this study were: 
1) to develop a test that can approximate the upper limits of sludge dewaterability 

and predict dewatering trends at full-scale wastewater treatment plants 
 

2) to determine if floc and cell disruption techniques could cause a change in the 
moisture distribution of sludge that leads to improvements in dewaterability.   

 

This report is arranged so that each objective is addressed in a separate section. 
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OBJECTIVE 1 - CENTRIFUGAL DEWATERING TEST:  DEVELOPMENT AND 
CORRELATION TO FULL-SCALE PLANT DEWATERING PERFORMANCE 
 
 
ABSTRACT 
 
A centrifugal dewatering test was developed that would measure sludge dewaterability 
based on moisture distribution.  The test is based on the idea that as centrifugal forces 
approach infinity, only bound water will remain in the solid pellet.  The test consisted of 
centrifugation at ~150,000 x g for a period of 30 minutes.  Significant correlations 
between test results and full-scale plant dewaterability results were obtained.  The 
centrifuge test is able to predict trends in sludge dewaterability in advance of solids 
handling and dewatering equipment.  We hypothesize that the test is capable of 
measuring the upper limit of unconditioned sludge dewaterability.  However, more work 
is needed to test this hypothesis. 
 
 
INTRODUCTION 
 
An inherent difficulty in biological sludge dewatering is the lack of a reliable test to 
measure the performance of dewatering equipment.  Current dewatering tests such as 
capillary suction time (CST) and specific resistance to filtration (SRF) measure the rate 
of release of water from sludge.  However, they say nothing about the distribution of 
moisture within sludge.  Vesilind (1994) hypothesized that certain portions of sludge 
water are bound to sludge solids and cannot be removed through existing mechanical 
dewatering equipment.  This portion of sludge water that cannot be removed was termed 
‘bound water’.  In biological sludges one of the most important properties is the bound 
water content.  It is thought to positively correlate with sludge dewatering (Katsiris and 
Kouzeli-Katsiri (1987); Colin and Gazbar (1995); Kopp and Dichtl (2001); Robinson and 
Knocke (1992)).  However, correlations between bound water and dewatering tests such 
as CST and SRF are not as clear.  Chen et al (1996) concluded that bound water content 
cannot be evaluated based on CST measurements.  No direct comparison between SRF 
and bound water content has been made. 
 
 
Past research has demonstrated that despite increased dewatering pressure, there is a 
portion of water that remains associated with sludge solids.  Using a constant-head piston 
press to separate sludge solids and liquid, Chang and Lee (1998) developed a three-stage 
model for dewatering.  Stages one (bulk water removal) and two (interstitial water 
removal) correlated with previously developed models for inorganic particulate sludges.  
However, a third stage also existed that could not be predicted with current models.  They 
concluded that this third stage, seen only in biological sludges, was due to the presence of 
large amounts of bound water in biological sludge which would require increased 
pressure to remove.  Chu and Lee (1999) later verified this theory and concluded that a 
portion of sludge water remains with sludge solids even under large amounts of pressure.  
Colin and Gazbar (1995) developed phases of sludge water based on binding strength.  
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They also concluded that some portion of water was not removable by mechanical means.  
Vesilind and Hsu (1997) stated that accurate measurement of sludge bound water content 
would provide insight into the practical limit of sludge dewaterability.  
 
 
One method for measuring bound water content in biological sludge is centrifugation.  
The hypothesis is that centrifugation at high speeds could separate sludge into free 
removable water and bound water that remains with the sludge solids.  In centrifugation 
the rotational speed is tied directly to the centrifugal force.  Chu and Lee (2002) 
identified increased rotational speed of centrifuge as a way to enhance centrifugal 
dewatering efficiency.  Lee (1994) tried to develop a centrifuge test to measure bound 
water content in sludge.  Their results indicated that centrifugation alone was not able to 
accurately measure bound water content.  However, their test was conducted at only 2000 
x g for 30 minutes. Matsuda et al. (1992) postulated that if centrifugal force goes to 
infinity, all void spaces within sludge would be collapsed and only sludge solids and 
bound water would remain.  Barber et al. (1995) developed a centrifugal dewatering test 
based on this idea and the idea that bound water represents a practical limit to the 
dewaterability of sludge.  The test was developed as part of an effort to improve solids 
dewatering at an industrial wastewater treatment plant and consisted of centrifugation at 
45,100 x g for ten minutes.  Although they never reached the true mechanical dewatering 
limit where increased centrifugal force results in no increase in removal of water, their 
test did show strong correlations with full-scale plant dewatering performance leading to 
its use as a decision making tool for plant operations.  However, one cannot draw any 
conclusions about the ability of the test to predict dewatering trends at other plants. 
 
 
The objective of this research was to determine if a similar centrifugal dewatering test 
could be developed that could measure the portion of water removable through 
mechanical equipment.  The test was to determine if there was a point where increasing 
the centrifugal force applied to a sludge sample would not increase the percent total 
solids of the remaining pellet by using centrifugal force up to 225,000 x g.. 
Hypothetically, this would be the point where only bound water and sludge solids would 
remain which would theoretically be considered the maximum unconditioned sludge 
dewaterability.  A secondary objective of the study was to determine if the developed 
centrifugal dewatering test could be correlated to full-scale wastewater treatment plant 
dewatering performance regardless of solids handling procedures used, thereby 
demonstrating that sludge dewaterability is more a function of moisture distribution.  The 
development of such a test could lead to: (1) a more fundamental understanding of the 
relationship between liquid and solids within sludge, and (2) a different approach to 
dewatering sludge where more effort is made to control moisture distribution in sludge 
through changes to the entire wastewater treatment process. 
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METHODS 
 
 
Centrifuge 
 
A Sorvall Ultra-80 centrifuge equipped with a Beckman type 50.2 ti fixed-angle rotor 
was used.  This centrifuge/rotor combination is capable of speeds up to 50,000 rpm 
(~225,000 x g).  30 ml round-bottom polycarbonate centrifuge tubes were used.   
 
Samples 
 
Centrifugal dewatering test development consisted of collecting samples of waste 
activated sludge (WAS) samples from four municipal wastewater treatment plants in 
North Carolina.  The plants chosen were the North Cary Water Reclamation Facility 
(NCWRF), the South Cary Water Reclamation Facility (SCWRF), The South Durham 
Water Reclamation Facility (SDWRF), and the Neuse River Wastewater Treatment Plant 
(NRWWTP).  Approximately one gallon of sample was collected from each of the four 
plants in early November 2004.  Each of the four plants use activated sludge for the 
treatment of municipal wastewater.  The four plants were chosen because they 
represented a wide variety of treatment systems, they had different sludge handling 
equipment, and their geographical proximity made sampling convenient.   
 
 
Verification consisted of correlating centrifugal dewatering test measurements with full-
scale plant dewatering performance.  For this portion of the study, eight municipal 
wastewater treatment plants agreed to submit samples for testing and provide dewatering 
data for the specified dates.  The eight plants were chosen to represent a variety of solids 
handling and dewatering equipment technology.  The eight plants chosen included the 
previously mentioned NCWRF, SCWRF, SDWRF, and NRWWTP.  In addition, the 
McDowell Creek WWTP (MCWWTP), James A. Loughlin WWTP (JLWWTP), Town 
Creek WWTP (TCWWTP), and Archie Elledge WWTP (AEWWTP) agreed to 
participate and submitted samples.   
 
 
For test correlation purposes, each plant submitted a total of 24 samples (three samples 
per week) during November and December 2004. Centrifugal dewatering tests and total 
solids analysis were performed on all samples submitted.  Three samples were collected 
per week and stored in a refrigerator.  At the end of the week, all three samples were 
shipped to North Carolina State University for analysis.  Prior to starting the experiment, 
testing was done to determine if centrifugal dewatering test results would change as a 
result of this storage.  No significant changes in centrifugal dewatering were observed as 
a result of storage (data not shown).  All tests were performed in triplicate with 
centrifugal dewatering test data being compared to actual plant dewatering performance 
to determine if the test could accurately predict trends in full scale plant dewaterability.   
Table 3 lists the locations of all eight plants, as well as pertinent information. 
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Table 3. Characteristics of wastewater treatment plants participating in dewatering study. 

 

Plant    

     

Abbreviation City County
Capacity 

(MGD) 
Dewatered 

Sludge Digester 
Digestion 

Time 
Thickening

 Method 
Dewatering 
Equipment 

North  
Cary NCWRF Cary Wake 10 WAS Aerobic 15 days Gravity Belt 

Thickener 
Belt Filter  

Press 
South  
Cary SCWRF     Apex Wake 12.8 WAS Aerobic 25 days Gravity Belt 

Thickener Centrifuge 

Neuse  
River NRWWTP      Raleigh Wake 60 Primary & 

WAS none NA Gravity Belt
 Thickener 

Belt Filter  
Press 

South  
Durham SDWRF    Chapel Hill Orange 20 Primary & 

WAS anaerobic 100 days Settling  
Basin 

Belt Filter  
Press 

McDowell 
 Creek MCWWTP  Huntersville Mecklenburg 12 Primary & 

WAS anaerobic 16 days Gravity Belt 
Thickener 

Belt Filter 
Press 

Town  
Creek TCWWTP        Salisbury Rowan 5 aerobic 18 days none Plate and  

Frame Press 
James A.  
Loughlin JLWWTP    Wilmington New 

Hanover 8 anaerobic 29 days Gravity Belt
 Thickener 

Belt Filter  
Press 

Archie  
Elledge AEWWTP Winston-

Salem Forsyth   30 anaerobic 75 days Gravity Belt 
Thickener Centrifuge 
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RESULTS AND DISCUSSION 
 
 
Test Development 
 
Preliminary tests were performed to determine the exact time and force components necessary 
for establishing a maximum value where increased centrifugal force did not produce any further 
increases in solids content.  It is thought that this point represents the maximum dewaterability 
for unconditioned sludge.  Results of preliminary tests on sludges from NCWRF, SCWRF, 
SDWRF, and NRWWTP are shown below in Figure 4. 
 

Figure 4. Preliminary results of centrifugal dewatering test. 
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NCWRF sludge indicated no significant increase in percent total solids after ~150,000 x g.  
Results from NRWWTP indicate no significant increase following ~175,000 x g.  Results from 
SCWRF and SDWRF showed significant increases at all speeds up to ~ 200,000 x g.   
 
 
Based on the preliminary results, a centrifugal dewatering test was developed which consisted of 
centrifugation at ~150,000 x g for 30 minutes.  These values were chosen for measuring 
dewatering trends, as well as the upper limits of sludge dewaterability.  This point was chosen 
based on the results from NCWRF which represented the first point on any of the four curves 
where increasing centrifugal force did not result in increased total solids content in the remaining 
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pellet.  Having different plants tested at different centrifugal forces was considered.  However 
different centrifugal forces would make comparisons difficult.   
 
 
Test Verification 
 
Once the centrifugal dewatering test was developed, samples were collected from the eight plants 
participating in the correlation study.  Significant correlations were established between the 
centrifugal dewatering test and full-scale plant dewatering performance for four of the plants in 
the study.  Correlation study results for MCWWTP, JLWWTP, SCWRF, and TCWWTP are in 
Figures 5, 6, 7, and 8, respectively.  Full-scale plant dewaterability data was also provided by the 
NCWRF.  However, there were not enough points provided to measure correlation (data not 
shown). 
 
 

Figure 5. McDowell Creek wastewater treatment plant.  Correlation of centrifugal dewatering test. 

0

5

10

15

20

25

30

35

11/19/04 12/2/04 12/15/04 12/29/04 1/11/05 1/24/05 2/7/05
Date

P
er

ce
nt

 T
ot

al
 S

ol
id

s

Solids Cake Centrifuge Test

r = 0.443 Significant Correlation, α = 0.10

 

 12



Figure 6.  James A. Loughlin wastewater treatment plant, correlation of centrifugal dewatering test. 
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Figure 7.  South Cary water reclamation facility, correlation of centrifugal dewatering test. 
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Figure 8.  Town Creek wastewater treatment plant, correlation of centrifugal dewatering test. 
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Correlations between centrifugal dewatering tests and plant dewatering performance indicate that 
the centrifugal dewatering test could be used to predict full-scale plant dewaterability trends 
based on moisture distribution in sludge.  Being able to predict dewatering performance in 
advance of digestion processes could help plant staff with decisions related to investment in 
dewatering equipment.  In addition, plants may chose to modify existing design to increase 
dewatering potential.  In the case of Barber et al. (1995), changes were made to the activated 
sludge process based on sludge dewatering potential measured through their centrifuge test, 
resulting in improved belt-filter press cake solids and decreased cationic polymer usage.  
Another aspect of the centrifugal dewatering test is the idea that it can measure the upper limit of 
dewaterability for unconditioned sludge.  This upper limit represents a sludge where all bulk and 
interstitial water has been removed and only bound water remains.  Knowing this value could 
lead to a change in the approach to evaluating the performance of dewatering equipment.  Instead 
of measuring dewatering efficiency by the amount of water a device is removing and adjusting 
equipment parameters to increase moisture removal, a plant could measure the percentage of 
removable water a device is removing.  Full-scale dewatering data showed values that were 
consistently below centrifugal dewatering test values.  This indicates that the difference between 
the centrifugal dewatering test and the plant dewatering results would be interstitial moisture that 
is not being removed through dewatering operations.  However, only the NCWRF test reached 
the upper dewaterability limit and correlation testing was inconclusive.  Another strategy would 
be to examine the effect of various conditioners and operating variables on the maximum 
dewaterability of sludge.   

 14



OBJECTIVE 2 – INCREASING SLUDGE DEWATERABILITY USING HEAT 
TREATMENT AND CATION ADDITION 

 
 
ABSTRACT 
 
Heat treatment was combined with cation addition to increase the dewaterability of waste 
activated sludge.  Soluble protein analysis showed that heat treatment resulted in cell disruption.  
Dilatometry showed that bound water increased as a result of heat treatment.  A centrifugal 
dewatering test demonstrated that cation addition (Na+, K+, Ca2+, Mg2+, and Fe3+) led to 
increased dewaterability.  There was no correlation between the bound water content of disrupted 
sludge and its dewaterability.  The combination of heat treatment and cation addition produced 
no significant changes at any of the temperatures used in this study.   
  
 
INTRODUCTION 
 
One of the main challenges facing today’s wastewater professionals is the dewatering of sludge 
biosolids.  Sludge disposal costs alone can account for 30-50% of a utility’s total operating 
budget (NRC, 2002).  Typically dewatering devices are installed and optimized to remove as 
much water as feasible.  However, water associated with sludge solids is believed to exist in 
several forms and some of these forms cannot be removed through mechanical means alone.  
Several classifications of sludge water are found the in literature.  Vesilind (1994) postulated that 
sludge water exists in four forms: 
 

1. Free water – water that exists in the bulk matrix, moves freely around the system and 
is easily removed through mechanical dewatering. 

2. Interstitial water – water that is constrained within floc structure and is not free to 
move around the system.  Deflocculation can cause release of interstitial water. 

3. Vicinal water – water that is layered and structurally organized.  This water is 
associated with cell surfaces and is not free to move around the system, nor will it be 
released upon deflocculation. 

4. Water of hydration – water that is chemically bound to molecules.  This water cannot 
be removed without application of thermal energy. 

 
 
Regardless of how water within biosolids is classified it is evident that there will always be a 
portion that cannot be removed through conventional dewatering technology.  To achieve 
maximum dewaterability, water must be converted from one form to another.  This paper 
examines several ways to achieve such a phase conversion.   
 
 
Sludge solids consist of various microorganisms and are organic in nature.  A large portion of the 
water that is held within sludge solids is thought to exist within the cell itself or within the floc 
structure.  This intracellular and floc water is thought to be difficult, if not impossible, to remove 
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via mechanical means (Kopp and Dichtl, 2001).  Cell disruption techniques, previously used as 
precursors to aerobic and anaerobic digestion, have shown promise in assisting dewatering 
technologies.  Muller (2003) showed that cell disruption via high-pressure homogenization led to 
an increase in sludge dewaterability as measured by centrifugal separation.  Neyens et al (2003) 
demonstrated that disruption via acidification led to increased dewaterability as measured by 
capillary suction time and vacuum filtration.  Erdincler and Vesilind (2000) used several cell 
disruption techniques including heat treatment, sonication, alkaline treatment and NaCl treatment 
to demonstrate that water is released from cell structures and compactibility of sludges increases.    
  
 
Cell disruption alone is often not enough to increase the dewaterability of sludge solids in real-
world situations.  Deflocculation (as a result of cell disruption) leads to a decrease in average 
particle size (Rasmussen et al., 1994) which in turn can lead to decreased dewaterability (Bruus 
et al., 1992).  Bound water, as measured by differential scanning calorimetry, increases as cell 
disruption increases (Erdincler and Vesilind, 2000) possibly due to an increase in cell surface 
area.   
 
 
Cations play an important role in the flocculation of activated sludge.  Tezuka (1969) originally 
demonstrated that divalent cations Mg2+ and Ca2+ are required for adequate flocculation to occur.  
The work of Higgins and Novak (1997[a][b]) has shown that cations play a role in the settling 
and dewatering of activated sludge.  Their work demonstrated that there is a divalent:monovalent 
cation ratio and a calcium:magnesium ratio that must be met for adequate settling and 
dewatering.  Cations link negatively charged sites on sludge surfaces.  This cation bridging 
theory has been suggested to be the main mechanism behind particle aggregation in activated 
sludge (Higgins, 1995).  The valence state of the cation is thought to play a major role in this 
bridging phenomenon (Pollack, 2001).  Monovalent cations such as sodium and potassium 
weakly link sludge solids together creating multiple spaces for bound water.  Divalent cations 
such as calcium and magnesium hold solids tighter creating less space for bound water.  Finally, 
trivalent cations such as Fe (III) and Al (III) can tightly link solids and squeeze them effectively 
creating little room for bound water.  Therefore it is possible that an addition of cations at certain 
amounts can in fact squeeze water out of cellular structures increasing dewaterability. 
 
 
This paper explores the idea that a two-step cell (or floc) disruption process will lead to increased 
dewaterability.  The first step is breaking cellular or floc structures apart.  It was hypothesized 
that this step will result in release of water from cellular structures, but may not result in 
increased dewaterability due to the increase in solids surface area.  The second step will lead to a 
decrease in solids surface area and the subsequent expulsion of water into the bulk matrix where 
it can be easily removed via mechanical dewatering. 
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METHODS 
 
 
Samples 
 
Samples of return activated sludge (RAS) were collected from the North Cary Water 
Reclamation Facility (NCWRF) Cary, NC.  NCWRF is rated for 10 mgd although it currently 
operates at approximately 6 mgd.  The facility utilizes aerobic digestion, belt-filter presses, and 
landfilling for its sewage sludge disposal.  All treatments and analyses were conducted on the 
same day of sample collection.   
 
 
Sludge Disruption 
 
The level of sludge disruption that occurred during heat treatment, sonication, and cation 
addition was measured by comparing soluble protein levels.  Studies have shown that protein 
analysis can be used to measure the degree of disruption (Schmitz et al, 2000).  Soluble protein 
analysis was used to compute the percent disruption according to the method used by Erdincler 
and Vesilind (2002) as shown below.   
 

[Protein]sample – [Protein]control

% Disruption = 
[Protein]total – [Protein]control  

 
Protein analysis was performed using the Bio-Rad RC-DC assay (Bio-Rad).  The assay is based 
on the Lowry method of protein measurement (Lowry et al, 1951) and has been shown to work 
well in the presence of numerous reducing agents and detergents that are commonly found in 
activated sludge systems.  The main drawback in measuring disruption by protein analysis is that 
protein in activated sludge systems can be both intracellular and extracellular in nature.  
Activated sludge cellular structures have been shown to contain significant amounts of protein 
within cell membranes, and upon cell lysis, these proteins can be released and become part of the 
extracellular polymeric substances (EPS) and contribute to particle flocculation.  EPS is a slimy 
layer of proteins, carbohydrates, and DNA that can cover the outer surfaces of cells.  This EPS 
layer is thought to provide a source of food for the cell during periods of famine as well as aid in 
flocculation.  However, too much EPS can negatively affect the dewaterability of waste activated 
sludge.  In a previous study, an industrial wastewater plant identified and correlated decreased 
dewaterability with an increasing presence of Zooglea ramigera, a microorganism that is known 
to have high amounts of EPS (Lajoie et al., 2000).  To identify whether the soluble protein 
measured was actually due to cell lysis or breakup of cellular EPS, an was developed for 
measuring cell lysis. 
 
 
Cell lysis was determined using the LIVE/DEAD fluorescence microscopy stain.  The stain is a 
combination of Propidium Iodide and Syto 9.  Syto 9 alone will penetrate cells with intact 
membranes and cause them to fluoresce green.  These cells are termed LIVE.  Cells with 
disrupted membranes will allow both Syto 9 and Propidium Iodide to penetrate and will 
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fluoresce red and these cells are termed DEAD.  Photographic images were obtained using a 
Photometrics Sensys charge-coupled device camera mounted on a Nikon Optiphot II 
fluorescence microscope.  All images were taken under 400X magnification.  Image analysis was 
performed using MetaMorph 5.0 software (Universal Imaging Corp., Silver Spring, MD).  
Images of RAS disrupted by heat treatment and sonication were taken.  Images were taken of 
RAS samples heated to 40, 60, and 80°C at periods of 0, 1, and 2 hours.  Images of RAS samples 
sonicated at 50 and 160 watts for periods of 1 min, 2 min, and 5 min were also taken.  For each 
disruption method tested eight photos were taken from each of four prepared slides for a total of 
32 images for each disruption.  
 
 
For this study, heat treatment and sonication were selected as the disruption method of choice.  
Heat treatment has been used previously to promote hydrolyzation of cellular structure in 
advance of digestion processes (Dohanyos et al., 2000).  RAS samples were heated to 40ºC, 
60ºC, or 80ºC by placing a volumetric flask containing 200 ml of sample inside a pre-heated 
waterbath (Fisher Scientific Isotemp model 228).  The temperature of the sludge was measured 
using a thermometer inserted into an extra sample.  The samples were allowed to reach 
equilibrium temperature in the water bath and held at that temperature for 5, 15, 30, 60, or 120 
minutes.  To eliminate variations in density and temperature sludge samples were allowed to 
return to room temperature following heat treatment.  Heat Treatment tests were conducted using 
RAS samples from the North Cary Water Reclamation Facility. 
 
 
Sonication has long been used to accelerate sludge hydrolysis prior to digestion with good 
results.  Sonication was carried out using a Fisher Scientific 550 sonic dismembrator at a 
frequency of 20 kHz.  Our initial results have indicated this frequency provides adequate 
disruption (data not shown).  Two levels of sonication were used.  A low level sonication was 
done at approximately 50 watts.  This level represented the point at which sludge particles were 
visibly moving around in the sludge during sonication.  A high level sonication at approximately 
160 watts was also used.  This level corresponded to the maximum intensity of sonication that 
could be reached without having the sludge ejected from the sample container.  Each disruption 
test consisted of sonicating a 200 ml sample of RAS for periods of time ranging from 10 seconds 
to 5 minutes.  Slight increases in temperature were noted during extended sonication at 160 
watts.  These samples were allowed to return to room temperature before tests were conducted.  
All sonication tests were done using RAS samples taken from the North Cary Water Reclamation 
Facility.   
 

Bound Water 
 
Bound water was measured by the dilatometric method established by Smith and Vesilind 
(1995).  Dilatometry is based on the principle that the freezing point of bound water differs from 
that of bulk water.  Dilatometers are used to measure the expansion as bulk water freezes.  The 
total amount of water in the sample is calculated by measuring the percent total solids according 
to Standard Methods (APHA, 1998).  The amount of frozen water is calculated by measuring the 
increase in volume due to freezing and using a predetermined coefficient of expansion for 
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freezing water.  The amount of bound water is then the difference between the total water and the 
frozen water.   
 
 
Dilatometers (Ace Glass, part no. 6282-10) were modified to match those used in the established 
method.  Hydraulic oil was used as the indicator fluid.  Samples of RAS were taken from the 
North Cary Water Reclamation Facility and were thickened by gravitational settling.  The 
supernatant was then poured off.  This was done to increase the percent total solids to at least 1% 
solids.  Smith and Vesilind (1995) established that the dilatometric method is most accurate 
when using sludge between 1% and 3% solids.  Dilatometers were filled with 5.0 g of sludge and 
hydraulic oil was added so that the head space was completely filled and no air was trapped in 
the chamber.  The units were then placed in a –20ºC freezer.  After approximately 3 hours, the 
volumes on each unit were read and bound water was calculated.   
 
 
The coefficient of expansion for freezing water was measured with filtered centrate from North 
Cary sludge samples.  The values measured were approximately 0.1 ml expansion/g frozen 
water.  This value is similar to previously reported studies where dilatometry was used to 
measure bound water in activated sludge systems.  A detailed description of the calculations 
involved is found in Smith (1992) 
 

Cation Addition 
 
All cations were added as chloride salt solutions.  One molar solutions of Na+, Ca2+, Mg2+, and 
Fe3+ chloride salt were prepared and were each added to 200 ml batch samples of RAS.  To limit 
the effects of dilution, samples were allowed to settle for approximately 30 minutes and a 
volume of clear supernatant equal to the volume of chloride salt solution to be added was 
removed.  Cation additions of 5, 15, 25, and 40 meq were used.  In tests where cation addition 
was combined with sludge disruption techniques, sludge disruption was performed first and then 
cationic solutions were added immediately following.   
 
 
RESULTS AND DISCUSSION 
 
 
Sludge Disruption 
 
Disruption results for heat-treated sludge are shown in Figure 9 while results for sonicated sludge 
are shown in Figure 10.  Both sets of results represent disruption as measured by soluble protein 
analysis.  Disruption due to cation addition (sodium, potassium, and calcium) was measured as 
well.  However, there was no significant disruption due to cation addition (data not shown). 
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Figure 9.  Disruption due to heat treatment as measured by soluble protein analysis. 
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Figure 10.  Disruption due to sonication as measured by soluble protein analysis 
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Both heat treatment and sonication produced significant release of protein into solution.  
Temperatures of 60 and 80°C produced similar levels of disruption while temperatures of 40°C 
resulted in minor disruption.  Sonication at 160 watts led to significant increases in disruption 
and protein release.  50 watt sonication led to minor disruption and protein release.   
 

LIVE/DEAD Imaging  
 
LIVE/DEAD images show that sludge flocs consist of both living and dead cellular matter.  
Control images show the typical sludge floc structure.  Heat treatment did not result in floc 
breakup but may have yielded small increases in lysed cells as shown by an increase in the 
amount of red in the images (data not shown).  Sonication, on the other hand, did not yield much 
cell lysis but led to floc breakup.  This is shown by the highly spotted nature of the images and 
the increased amount of black space.  The LIVE/DEAD data show that most of the disruption is 
disruption of floc structure, not cell disruption. 
 

Centrifugal Dewatering Test – Heat Treatment and Cation Addition 
 
Results of centrifugal dewatering tests following heat treatment and sonication are shown in 
Figures 11 and 12, respectively. 
 

Figure 11.  Centrifugal dewatering test results following heat treatment 
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Figure 12.  Centrifugal dewatering test results following sonication 
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Heat treatment caused no significant increases in dewaterability and in fact may have decreased 
dewaterability as measured by the centrifuge test in some instances.  One reason for this apparent 
decrease may be a change in nature of sludge EPS present on the surfaces.  Visual examination 
of heated sludge showed that average floc size increased slightly and that these larger flocs were 
less resistant to shear as observed by mixing.  Sonication led to increased dewaterability as 
measured by centrifuge test.  A possible mechanism for this increase is that floc breakup led to 
increased compaction.  A possible reason for the decrease in dewaterability following sonication 
at 160 watts after 30 seconds may be the temperature increase that was reported following 
extended sonication at this wattage. 
 
 
Results of centrifugal dewatering following cation addition alone are shown in Figure 13.  
Cations used in this study included sodium (monovalent), calcium (divalent), and iron (trivalent).  
Both percent total solids and percent volatile solids are reported due to the possible presence of 
cationic salts in the centrifuged pellet which could artificially inflate the percent total solids 
measurement. 
 
 
Cation addition led to small increases in dewaterability.  There was no difference in 
dewaterability due to monovalent or divalent cation addition.  It should be noted that decreases in 
dewaterability due to iron addition are a product of the interaction of the centrifuge tube wall and 
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the iron/sludge mix and not an indication of reduced dewaterability.  Addition of iron led to the 
centrifuge test being highly unreliable.   
 

 

Figure 13.  Centrifugal dewatering test results following cation addition 
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Bound Water 
 
Results of dilatometry measured bound water content following cation addition are shown in 
Figures 14, 15, and 16.  Cations added to sludge included sodium (monovalent), magnesium 
(divalent), and iron (trivalent).   
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Figure 14.  Dilatometry measured bound water content following sodium addition 
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Figure 15.  Dilatometry measured bound water content following magnesium addition 
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Figure 16.  Dilatometry measured bound water content following iron addition 
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Bound water increased or was unchanged by all levels of sodium addition while decreasing 
following magnesium and iron additions.  At 40 meq additions, bound water increased in all 
three additions probably due to the high chloride concentration affecting the freezing point of 
water.  If the assumption is made that bound water consists of interstitial water, vicinal water, 
and water of hydration then several explanations can be made for the decrease in bound water 
content following iron and magnesium addition (up to 15 meq).  An assumption can be made that 
water of hydration probably did not change significantly as this usually requires breaking 
chemical bonds and significant energy input.  Previous work has shown that divalent cation 
addition leads to smaller, more compact flocs (Higgins, 1995).  Such a reduction in size 
obviously would leave less room for water to be held within floc structures.  The mechanism for 
this is thought to be divalent and trivalent cations linking negatively charged sites on floc 
structures.  Note that in this case, the dilatometry results and centrifuge test results are consistent 
in showing a decrease in bound water and an increase in dewaterability at low levels of di- and 
tri-valent cation additions. 
 

Disruption/Cation Addition Combinations 
 
Centrifuge dewatering test results of a combination study with low intensity (50 watt) sonication 
and sodium, calcium, and iron are shown in Figures 17, 18, and 19.  Percent total solids and 
percent volatile solids are reported.  Due to time constraints only sonication for 0.5, 2, and 5 min 
was used. 
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Figure 17.  Centrifuge dewatering test result, sodium combined with low intensity sonication 
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Figure 18.  Centrifugal dewatering test result, calcium combined with low intensity sonication 
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Figure 19.  Centrifugal dewatering test result, iron combined with low intensity sonication 
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Centrifuge dewatering test results followed a similar trend regardless of sonication time.  While 
increases of approximately 1.5% total solids were seen in samples that received sonication alone, 
cation addition led to no significant increases beyond that.   
 
 
The underlying idea behind the combination studies was that by disrupting sludge and cell 
structures, bound water can be converted to free water and therefore be removed through 
dewatering equipment.  Cations were added to presumably bridge negatively charged floc 
structures and promote flocculation.  It was thought that following disruption cation addition 
would lead to more stable floc structures and ultimately squeeze out more water from sludge 
solids.  Results of the combination study indicate that cation addition after disruption did not lead 
to floc stabilization and further increases in dewaterability as measured by high speed 
centrifugation. 
 
 
A similar combination study was performed to measure the changes in bound water due to 
disruption and cation addition.  Bound water was measured using dilatometry after cations were 
added to disrupted sludge.  200 ml samples of gravity-thickened RAS obtained from NCWRF 
were heat treated at 40, 60, and 80°C for a period of two hours to ensure maximum disruption.  
Additions of 5 meq of sodium, magnesium, and iron were made following heat treatment.  The 
results of the combination study with heat treatment and cation addition are shown in Figure 20. 
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Bound water increased following heat treatment.  When cations were added following heat 
treatment there again was a trend towards decreasing bound water with divalent (magnesium) 
and trivalent (iron) cations.  Monovalent (sodium) cations again showed an increasing trend.  
This further reinforces the idea that divalent and trivalent cations can form tighter, more compact 
flocs while monovalent cations lead to a weakening and possible expansion of floc structure 
which permits more bound water. 

 

 

Figure 20.  Bound water results, heat treatment combined with cation addition. 
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Bound water was also measured in sludge disrupted by sonication that had cations added.  For 
this study 200 ml samples of gravity-thickened RAS from NCWRF were sonicated at 50 and 160 
watts for 30 seconds which correspond to points of greatest increase in centrifugal dewatering 
tests.  Additions of 5 meq of sodium, magnesium, and iron were made immediately following 
sonication.  The results of this study are shown in Figure 21. 
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Figure 21.  Bound water results, sonication combined with cation addition. 
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Sonication alone caused a complete reduction in bound water.  This could be due to the 
deflocculation of activated sludge following sonication and the subsequent release of interstitial 
water.  Vicinal water, which would remain despite the deflocculation, could also be removed as 
EPS substances, most notably protein, are displaced into solution by sonication and may carry 
vicinal water with them.   
 
 
Again there is an association between cation valence and bound water content.  Divalent 
(magnesium) and trivalent (iron) cations showed an increase in bound water content while 
monovalent (sodium) showed a slight increase.  This bound water increase can be due to the 
divalent cation bridging theory.  Divalent and trivalent cations can link floc structures and 
encourage reflocculation.  This reflocculation in turn can lead to the accumulation of interstitial 
water which is shown by increased bound water.  In other words, the addition of cations 
counteracted the effects of sonication. 
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