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Abstract Dewatering of sludge from sewage treatment plants is proving to be a significant
challenge due to the large amounts of residual sludges generated annually. In recent years,
research and development have focused on improving the dewatering process in order to
reduce subsequent costs of sludge management and transport. To achieve this goal, it is
necessary to establish reliable indices that reflect the efficiency of sludge dewatering.
However, the evaluation of sludge dewaterability is not easy task due to the highly complex
nature of sewage sludge and variations in solid—-liquid separation methods. Most traditional
dewatering indices fail to predict the maximum cake solids content achievable during full-
scale dewatering. This paper reviews the difficulties in assessing sludge dewatering
performance and the main techniques used to evaluate dewatering performance are compared
and discussed in detail. Finally, the paper suggests a new dewatering index, namely “Modified
Centrifugal Index (MCI)”, which is demonstrated to be an appropriate indicator for estimating
the final cake solids content as well as simulating the prototype dewatering process.
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Introduction

Sewage sludge is an inevitable by—product of wastewater treatment. However, in recent
decades, the quantities of sludge produced are dramatically increasing due to the rapid growth
of industrialization and population as well as more stringent wastewater treatment standards.
According to one 2013 survey, Australia’s total amount of sewage sludge generated was
approximately 1.3 million wet tonnes of biosolids — 200,000 tonnes greater than that in 2010
(Australian Water Association). This results in raised costs of sludge handling and transports,
which often constitutes half of treatment costs of wastewater treatment plants. Consequently,
various strategies have been made to create the best economic and environmental solutions to
this problem.

In sludge management systems, after being pre—treated by thickening, digestion or
conditioning, sludge is often dewatered before any further processing occurs such as
incineration, composting and landfill (Water Pollution Control Federation 1985). This will
result in the reducing sludge volume and, consequently, the cost of transportation (Feng et al.
2009). Despite these efforts, however, sludge dewatering is still a major challenge particularly
in designing sludge treatment systems due to the highly complex nature of sewage sludge.
Many factors influence dewatering characteristics of sludge (Karr & Keinath 1978), and this
makes it even more complicated and difficult in assessing dewatering performance correctly.
Many attempts to identify a proper indicator to truly reflect the efficiency of dewatering
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process have been carried out by establishing relationships between these influencing factors
and sludge dewatering properties.

The terms ‘filterability’ and ‘dewaterability’ have been used widely to describe the
ability to dewater sludge (Sanin et al. 2011) but there is no clear distinction when using these
two parameters. Sludge filterability and dewaterability are often cited together and can be
interchangeable, which possibly results in confusion and misunderstanding. Burger et al.
(2001) defined filtration as a mechanical method which is commonly applied for solid-liquid
separation while Mowla et al. (2013) stated that improving sludge cake filterability is one of
several ways to enhance bio-sludge dewaterability. This implies that filterability should have
been only used for measuring the of filtration process’sefficiency instead of the whole
dewatering effectiveness. Whilst dewaterability indicates the final water content or the
maximum solid content achievable for sludge cakes, reducing sludge volume is the ultimate
objective of dewatering. Chen et al. (1996) also stated that sludge dewaterability can be
characterized by the residue moisture content in the sludge cake and the ease of the filtration
process. Yet in many published studies, sludge filterability has been considered as influencing
the dewatering process output (Scholz 2005; Yukseler et al. 2007; Sawalha & Scholz 2010).
Traditionally used dewatering indices have been mainly developed for assessing filterability of
sludge (Vesilind 2000). This may cause significant errors and inaccuracies in evaluating the
efficiency of dewatering. Consequently, besides the simplicity of the filtration process, cake
solids concentration should also be considered when assessing dewatering performance. In
other words, dewaterability indicators should have the ability to predict maximum cake solids
content achievable during full-scale dewatering.

Many studies have suggested that dewatering by filtration equipment consists of two
main phases these being filtration and consolidation or expression (Lee & Wang 2000).
Numerous investigators have put efforts on characterizing the two phases to fully describe the
full dewatering process. Sgrensen et al. (1996) described sludge as a solid-liquid mixture
where solids are either in free suspension or packed closely together to form a cake. The former
is called filtration phase while the latter is known as expression phase. Novak et al. (1999)
stated that the amount of water extracted by filtration alone is not enough to achieve a desired
cake solids content; and expression phase accounts for most water removal. For compressible
structures, such as biological sludge, the filtration stage can be very short(a few minutes)
whereas the consolidation stage can be very long (several hours or even several days) to
accomplish (Saveyn et al. 2005).1t has been highlighted that the high pressure in dewatering
devices has little influence on filtration phase but can help improve the water removal during
compression phase (Reichmann & Tomas 2001).Despite the fact that the importance of
expression was recognized many years ago, it has generally been neglected. This could be due
to the difficulties of separating the filtration and the expression phases during dewatering.
Olivier et al. (2007) proposed an illustration of one dimensional filtration and expression
processes to well —describe the difference between the two phases. The filtration rate of sludge
is normally described by the Specific Resistance to Filtration (SRF) which utilizes the plot of
the inverse flux (t/V) versus filtrate volume (V) to calculate it (the linear part in the filtration-
compression curve). It could be noticed that once filtration is completed and expression begins,
t/\V/ will increase dramatically with small volume of filtrate extracted, and, to some extent, this
change can be used to differentiate the two phases. Another method to define the two stages
was proposed by Konnur et al. (2008). They stated that the expression starts at a point where
the particle network can no longer resist elastically. This results in the breakage of inter-
particle bonds and particle rearrangement, leading to irreversible consolidation.



Basically, sludge mechanical dewatering can be accomplished by filtration (vacuum filters,
filter presses and belt filters) and centrifugation (centrifuges) processes. Sludge dewaterability
in these two processes are essentially different (Spinosa & Mininni 1984). In fact the
techniques used to evaluate the sludge dewaterability are specific to each dewatering processes.
In this review, various methods for measuring dewatering performance that have been studied
and applied over the years are discussed and compared in terms of procedures, advantages and
limitations as well as their applications.

Challenges in measuring sludge dewatering performance

Together with improvements in sludge dewatering to achieve the highest solid content sludge
cake, it is essential to establish a reliable dewatering index that can fully express how easily
sludge releases its water (Pan et al. 2003). To date, however, there is no universal indicator yet
properly reflecting the solid-liquid separation ability of sludge. The main reasons for this
problem are linked to different aspects of sludge properties, conditioning and dewatering
methods.

Initially, as mentioned earlier, sewage sludge can vary enormously in terms of physical,
chemical and biological characteristics, leading to its relatively unpredictable behaviour,
especially dewatering behaviour (Colin et al. 1988). This makes it difficult to quantify most of
the parameters (Sanin et al. 2011). Although some parameters can be quantified, it has never
been easy to correlate these properties with sludge dewatering. Despite this impediment,
various typical sludge properties such as pH, particle surface charge, organic content, cake
porosity, compressibility, particle size, rheological characteristics, bound water content and
solid concentration — variables that can influence dewaterability of sludge — have been
investigated by numerous studies. These are summarized in more detail by Karr and Keinath
(1978). However, a consensus is still lacking on which ones have the greatest impact on sludge
dewatering.

It has been known that conditioning treatment is necessary for most sludge types,
especially for bio—sludge which has proven to be naturally difficult to dewater. Of the various
conditioning methods, polymer conditioning has been the most popular method and is often
employed in mechanical dewatering. However, many investigators have focused mostly on
optimizing the conditioning regimes but neglected the effect of dewatering equipment on
conditioned sludge (Vaxelaire & Olivier 2006). Novak et al. (1999) reported that the two
fundamental devices used for sludge dewatering, belt filter press and centrifuge, have different
conditioning demands. This implies that the selection of conditioning agents is based not only
on the nature of the bio—solids but also on the type of mechanical dewatering system.

Most traditional dewaterability measuring techniques, including Capillary Suction Time
(CST) and Specific Resistance to Filtration (SRF), often measure the rate of filtration only and
overlook the considerable contribution of expression. Therefore, to better understand the limits
of dewatering, it is necessary to focus not only on the rate of filtration but also on the rate of
expression, which is considered to be most important for achieving drier solid cakes.

The last but not least major problem with most traditional dewatering index procedures is
that they barely resemble the actual sludge dewatering processes (Lynch & Novak 1991),
except for SRF measurement, which is quite similar to pressure filters and vacuum filters
(Christensen & Dick 1987; Vaxelaire & Olivier 2006). It is known that different dewatering
devices have different operations and intensity, which greatly affects the efficiency of sludge



dewatering. Consequently, there should be a method that can estimate the final cake
concentration and simulate real dewatering processes. This also suggests that it is not feasible
to use only one dewaterability indicator for all dewatering processes. This is because the
liquid—solid separation is influenced by numerous parameters, and a single index is hardly
sufficient to fully describe the whole process (Vaxelaire & Cézac 2004). Hence, along with
developing accurate measurements of sludge dewatering performance, selecting a proper index
for different methods of dewatering is also significantly important (Pan et al. 2003). However,
the problem is that it is not easy to simulate the real processes occurring in dewatering
equipment. In the present work, besides SRF which can mimic filtration processes, another tool
that can be applied to other popularly used dewatering equipment, the centrifuge, is also
recommended.

Dewaterability indicators for filtration processes
Specific Resistance to Filtration (SRF)
Definition and Procedure

The SRF test was introduced in 1956 by Coackley and Jones (1956) and it became the very
first widely used technique. It is considered as an important parameter for assessing filtration
quality of sludge (Lai & Liu 2004; Qi et al. 2011). The SRF test measures the resistance of
sludge to the withdrawal of water through a porous media either by vacuum or pressure
(Graham 1999). The higher the specific resistance, the more difficult it is to dewater sludge and
vice versa (Karr & Keinath 1978). In general, sludge with SRF value as low as 10"°— 10** m/kg
is classified as easy to dewater; whereas, sludge with SRF value as high as 10— 10 m/kg is
considered as difficult to extract water. Specific resistance varies with applied pressure, filter
area and pore size and liquid viscosity, making it more complicated to measure and compare.
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Figure 1 Effect of polymer dose on specific resistance to filtration (figure reprinted from Sanin
etal. (2011), © DEStech Publications, Inc.)

The SRF parameter has been utilized mainly as a measurement of dewaterability and to
optimize sludge conditioning (Figure 1). It is used for various mechanical dewatering devices
such as vacuum filters, belt presses and plate and frame presses (Christensen 1983). SRF test
was developed as a filtration model for vacuum filtration of sludge. The original measure of
SRF uses Buchner funnel apparatus. The instrument set up is shown in Figure 2a. The test is



conducted by pouring a reasonable volume of sludge into the funnel (with filter paper) and
applying the vacuum (measured with a vacuum gauge) at time zero. During the filtration,
filtrate volume is recorded as a function of time (Coackley & Jones 1956). These data are then
plotted with inverse flux (time/filtrate volume) versus filtrate volume (Figure 2b) and the line’s
slope serves to calculate the specific resistance. Most of investigators determine SRF using the
following equation (Christensen & Dick 1985):

2
GRF — 2AP4 b(l)
uw

where AP = pressure difference(for filtration process, pressure difference refers to liquid

pressure), A = filtration area, b = the line’s slope, u = viscosity, w = weight of dry cake solids
per unit volume of filtrate
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Figure 2 (a) A Buchner funnel apparatus set — up and (b) plot of the inverse flux versus filtrate
volume (figure reprinted from Sanin et al. (2011), © DEStech Publications, Inc.)

As defined earlier, the full dewatering process fundamentally consists of filtration and
expression stages. Since SRF is calculated based on the linear part of the filtration-compression
curve, it describes only filtration phase. As a result, SRF alone is not sufficient enough to
characterize the full process of dewatering (Marinetti et al. 2009).

It has been known that the conventional model of SRF test was genuinely developed for
incompressible cakes where filtration is the predominant process and SRF is a constant. Whilst,
for compressible cake where compression also plays an important role in dewatering process,



SRF is proved to be an increasing function of the solid pressure or compressive pressure
(Serensen & Sgrensen 1997).Generally speaking, SRF and solid pressure are two key
parameters describing the liquid flow through the cake (filtration phase) and the expression
phase, respectively. Developed from the conventional modelling, several models have been
proposed to better describe both processes of dewatering, which can be found in a review of
Lee and Wang (2000).These proposed models are based on the assumption that the cake
permeability decreases (leading to SRF increasing) as the solid pressure increases (Marinetti et
al. 2009).

Shortcomings of method

Although, SRF has been widely accepted as a useful general measurement of sludge
dewaterability, certain limitations and confusion have arisen in the determination of SRF
(Vesilind 1988). Firstly, the time required for measurements was reached when a cake was
formed and eventually cracked with a resultant drop in pressure. However, most sludge
contains fibres which prevent the cake from cracking. As a result, investigators in the 1970s
measured sludge filterability by examining the time required to obtain a given amount of
filtrate from a given initial amount of sludge (Tenney et al. 1970; Notebaert et al. 1975).
Moreover, this measurement time also depends on a number of variables such as sample
volumes, applied pressure, filter area, pore size and initial solid content of sludge, leading to
difficulties in directly comparing results obtained from different studies.

Another problem that compromises the reliability of SRF was the unclear and
inconsistent use of the parameter’s unit. Gale (1967) reported the units commonly used by
early investigators of SRF which were the square seconds per gram (s*/g), centimetres per
gram (cm/g) and meters per kilogram (m/kg) or tetrameters per kilogram (Tm/kg). He pointed
out that s°/g was incorrect and cm/g was appropriate. However, Tebbutt (1970) latter suggested
that m/kg was a better choice for specific resistance in the SI system. Tm/kg was subsequently
recommended to eliminate the use of cumbersome scientific notation (Christensen 1983).

Most importantly, the testing method for SRF measure has been recognized as a time—
consuming and complicated procedure. It requires much expertise and sophisticated equipment
to make it function well, especially for field measurements (Barber et al. 1997; Vesilind 2000).

Capillary Suction Time (CST)
Definitions and procedures

The theory of CST was first developed by Baskerville and Gale (1968) as a substitute for SRF
test and has been increasingly popular for various applications and disciplines. CST is
principally the time required for a certain volume of filtrate drawn out of the sludge and sucked
into the blotter paper by capillary force (Vesilind 1988).. Briefly, CST can be deemed as “time
to dewater” and the readings are in seconds (Novak 2006). CST has been widely used for
assessing the effects of conditioning on sludge filterability as well as determining the optimal
dose of conditioners for dewatering processes (Graham 1999). A short CST, which is less than
20s, is indicative of a readily dewaterable sludge, while a long CST is representative of a
poorly dewatering sludge. CST of autothermal thermophilic aerobic digested (ATAD) sludge
was found to exceed 50,000s (Agarwal et al. 2005).



As the first model regarding CST apparatus was devised in 1968 (Baskerville & Gale 1968),
various modifications of the CST test have been implemented in subsequent years. However,
the standard CST instrument basically consists of 2 plastic blocks, a stainless steel cylindrical
funnel, a Whatman No. 17 filter paper (which is a standard grade of chromatography paper), 3
electrodes fixed in the upper block and connected to an electrical timer (Vesilind 1988). The
equipment’s installation is shown in Figure 3. The test is carried out by pouring a small amount
of sludge into the cylindrical tube. Then under the effect of capillary pressure, filtrate from the
sludge flows radially through the filter paper until it reaches the first 2 sensors that activate the
timer. The timer stops when the flow reaches the third sensor, giving the value of CST in
seconds. The capillary suction pressure is much greater than the hydrostatic pressure inside the
funnel and thus the test does not depend on the amount of sludge, as long as there is a sufficient
quantity provided to perform the test (Scholz 2005).
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Figure 3 The standard apparatus (Model 304B CST, Triton Electronics Ltd.)

As can be noticed, CST is also a function of various parameters such as filter paper properties,
instrumental properties and sludge—related properties (Vesilind 1988) in the following form:

csT = 0[] @)

where @ = a dimensionless instrument constant, C = solid concentration, y = filterability
constant

Shortcomings of method

Unlike SRF, CST is affected by the concentration of solids, and therefore it is not meaningful
to compare CST of different sludge types from different plants (Vesilind 1988). As a response,
a normalized value of CST was proposed and applied for the purpose of comparison. The value
is determined by dividing CST value by the initial total suspended solids (TSS) concentration
of sludge and expressed in unit of seconds per litre per gram TSS (Yu et al. 2008).

Besides, although the CST method has been effective in characterizing a majority of
sludge, it is not often used in determining optimum polymer dose (OPD) for well-flocculated
sludge which occurs around OPD point. This is attributed to the too—fast escape of water from
the floc (Scholz 2005; Sanin et al. 2011). For this reason, Vesilind (2000) developed a new



CST measurement using a modified CST apparatus that allows the filterability of super—
flocculated sludge to be evaluated. Here the procedure is carried out by first draining the free
water from the well-conditioned sludge and then leaving only flocculated sludge exposed to
the filter paper.

Another emerging problem concerning CST measurement is related to the use of
standard filter paper, specifically the Whatman No. 17 chromatographic paper. Although this
paper has been used worldwide, some disadvantages were noted including anisotropic
properties, relatively over—sized pores and economic concerns. Conversely, less expensive
filters such as the Fisher 200 chromatographic papers, SS1107 and SS3205, chromatographic
papers can be used without significantly changing the range of expected CST values (Sawalha
& Scholz 2007).

Despite various efforts to improve the CST test’s precision and reliability, the method
has still encountered many unresolved problems. For instance, it was reported that using CST
and SRF tests to determine OPD could lead to over—dosing, especially in the case of polymer
conditioning. Christensen et al. (1993) explained that it is because the calculations of both
modified CST and SRF used the filtrate viscosity which is directly proportional to the
conditioner dose, causing the measures to be inaccuracies. Another major reason for the
unreliability of CST results is that since little pressure is a on the sludge floc during
measurement, CST cannot truly reflect the floc strength or resistivity to shear during
dewatering stage (Pan et al. 2003).

Relationship between CST and SRF

As mentioned earlier, CST was developed as a substitute for SRF to measure dewatering rate.
However, since CST is only an empirical method, it is unable to predict the cake solids content
as well as simulate the real dewatering process compared to SRF. Vesilind (1988) discussed
that failures in relating CST to SRF were due to the fact that SRF should correlate with
filterability constant () instead of CST. He also stated that SRF and y are both fundamental
measures of dewaterability.

Despite of that, various studies have tried to investigate and model the relationship
between CST and SRF with the purpose of obtaining the averaged specific resistance of
filtration cake from the data generated by CST tests. Lee and Hsu (1994) proposed a method
that allowed SRF to be calculated without the liquid invasion volume measurement using
capillary suction apparatus. A similar work by Herwijn et al. (1995) presented a newly
developed model of CST apparatus able to determine specific cake resistances of both
unflocculated and flocculated sludges. Sawalha and Scholz (2010) provided a mathematical
model which related CST, SRF and other parameters, such as temperature and solids content.
These can also predict the results of SRF tests from those of CST tests. Most recently, Peng et
al. (2011) obtained a relatively good correlation between normalized CST and SRF (R? =
0.9450). They concluded that it is not necessary to use both these parameters simultaneously to
evaluate the dewatering rate.

Methods for measuring the extended phase of dewatering using filtration processes

Novak et al. (1999) emphasized that the change in cake volume and liquid pressure are more
appropriately indicative of expression phase. Figure 4 shows that expression occurs as the cake
depth begins to decrease and the liquid pressure is no longer constant. By separating the
filtration from the expression, they also recommended an energy-saving solution for
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dewatering equipment, especially for belt press, so that filtration stage could be executed under
very low pressure such as gravity.
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Figure 4 Two phases of sludge dewatering (Novak et al. (1999), with permission from ASCE)

This research group developed a method of measuring the rate of expression using
modifications of SRF test, as described by Sgrensen and Sgrensen (1997). The procedure
consisted of 2 steps — gravity drainage and expression. The normalized liquid pressure, defined
as the ratio of the liquid to total pressure (pi/piota), Was measured with time until it reached
plateau in the expression phase. Effects of applied pressure, cake thickness and compressibility
and conditioner choice on expression were also investigated. The study results highlighted that
PPt Was an excellent indicator for the extended phase of dewatering. In addition, a
relationship of pi/prwta With cake solid concentration was also established for both conditioned
and unconditioned sludge, which revealed that the ultimate dry solids content was the same for
all cases. However, the major difference was the amount of time in which the maximum solids
cake could be achieved in each case, which means the difference in the rate of dewatering
process.

Similar to the work conducted by Novak’s group, Tastu (2007) presented a two-step
method (filtration and pressing steps) to characterize sludge dewatering properties as described
by Bouskova and la Cour Jansen (2006) and Bouskova et al. (2006). The dry solid content of
sludge after filtration (DSsir) and expression (DSpress) steps were employed to characterize
sludge filterability and compressibility, respectively.

Both lab—scale and full-scale results of the study demonstrated that DS;rss Seems to be a good
characterization parameter of sludge compressibility as well as good indicator of sludge
dewaterability. However, the study failed to characterize sludge filterability using DSgiiy. Thus,
it was concluded that filtration step could only considered as a way to prepare sludge for the
pressing stage in this study. Another limitation of the method was that the measures of DSy
and DSyress Were sensitive to the filtration time and the amount of sludge used for measurement.



In general, these two techniques were developed for filtration. It has been noted that the
procedures used the solid content of sludge cake to indicate dewatering efficiency, which
targeted the most important purpose of dewatering process. On the other hand, like all
traditional SRF tests, the above two methods experienced problems with setting suitable
operational parameters such as filtration time, the measured amount of sludge and applied
pressure. As a result, more studies should be done to develop a comprehensive method for
sludge dewatering characterization.

Dewaterability indicators for centrifugation processes

Apart from filtration devices, centrifuge has been used widely for sludge dewatering and has
become increasingly popular by virtue of its high performance in producing higher cake solids
content that can be up to 30% for dewatering of anaerobically digested biosolids (Higgins et al.
2006). As a consequence of differences in operation and conditioning requirements, filtration
and centrifugation effectiveness should be evaluated separately. It has been proven that
numerous factors influence centrifugability and various attempts have been made to determine
reliable indicators for sludge centrifugation performance. However, no appropriate parameter
has yet been developed due to difficulties in reproducing the processes taking place inside the
full-scale centrifuge in the laboratory context (Spinosa & Mininni 1984). Unlike filtration
types, filter skin formation of sludge during filtration which leads to the extended phase of
dewatering, may not occur in the centrifugal process. Therefore, Novak et al. (1999) suggested
that a theoretical assessment of the stresses on sludge during dewatering would be useful in the
case of centrifuge. Besides, as mentioned earlier, one of the crucial roles of dewatering process
is to increase the solid content of sludge in order to reduce sludge volume. Consequently, cake
solids content should be defined as a parameter representing the process’s efficiency. For
centrifuge, it is generally classified that dewatered sludge having a dry solid content of
theoretically about 26 — 30%, which is commonly 20 — 25% in the industrial scale, indicates for
a good dewatering performance. On the other hand, solids concentration of 8 — 22% is
considered as bad dewaterability (Vigneswaran & Aim 1989).

Settleability, scrollability and floc strength

Regarding operations of filter presses or belt presses which apply compression for sludge
dewatering (Figure 5a), filterability is mainly used to evaluate the process performance. On the
other hand, for centrifuges, centrifugabilty which indicates the ability to dewater sludge by
centrifugation (Spinosa & Mininni 1984) could be defined as the ease of being conveyed by the
screw of the feeding sludge (Figure 5). Spinosa and Mininni (1984), as a consequence, reported
that sludge settleability, scrollability and floc strength were major sludge characteristics
influencing centrifugability. Unfortunately, no standard methods are available in which the
above properties are considered as a whole. Nonetheless, Vesilind (1970) introduced a
technique for measuring settling and scrolling properties of sludge using a lab—centrifuge and a
standard penetrometer. However, in many cases, the technique has proved to be unreliable for
activated sludge. Aveni and Lamarca (1974), who undertook comparative tests on both
laboratory and full-scale devices, discovered relatively good relationships between the two
cases in terms of percentage solids recovery.
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Figure 5 The schematic diagrams of (a) belt press filter and (b) centrifuge (reprinted from
Wakeman (2007) with permission from Elsevier)

The method of floc strength measurement allows the sludge flocs’ specific resistance to
centrifugation to be evaluated (Spinosa & Mininni 1984). This method was carried out by
measuring the CST of the stirred sludge at 1000 rpm for different stirring times. The study
concluded that a clear centrate can be obtained when the plot of CST versus stirring time is
linear with a slight slope, between 10 and 100 s, and the CST value at 10s stirring is around 10
-12s.

Compactibility

Compactibility, which was defined as cake solids content of sludge after centrifugation, has
been used by a number of studies (Erdincler & Vesilind 2000; Emir 2002; Emir & Erdincler
2006) to indicate sludge dewaterability along with conventional dewatering indices.
Compactibility was evaluated by centrifuging sludge samples. Following this the degree of
compaction was determined in terms of solids cake content of the compacted samples and the
height of the compacted sludge layer. Emir and Erdincler (2006) stated that compactibility is a
useful measure to assess dewaterability of hard-to—filter sludges. They also suggested the use
of this parameter together with CST and SRF to identify the most suitable dewatering method
for a given sludge. Nevertheless, their methods cannot quantify the stress imparted on sludge
cake during dewatering by centrifuge. Chu and Lee (2001) introduced an arm-suspended
centrifuge (Figure 5) to investigate the centrifugal separation of moisture from conditioned
activated sludge and determine an optimal rotational speed for maximum moisture removal.
However, the final cake solids achievable cannot be predicted using this method.
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Figure 6 Schematics of the arm-suspended centrifuge (reprinted from Chu & Lee (2001) with
permission from Elsevier)

Modified centrifugal index (MCI) — A new centrifuge based laboratory scale
sludge dewatering

It was found that the stresses imparted to sludge during dewatering have a significant impact
on dewatering efficiency in terms of solids cake content. Higgins et al. (2006) utilized Gt value
in determining the effect of shear or mixing intensity on OPD using a calibrated lab—scale
mixer. Here, G was velocity gradient (s*) and t is time of mixing (s). By using this
dimensionless parameter, they determined the stress of full-scale dewatering devices using
shear stress as equivalent. However, there is a major drawback that the final cake solids
achievable at full-scale cannot be predicted with this bench—scale method (Dentel & Dursun
2009). Besides, the shear imparted on the sludge cake during dewatering is different from that
applied to the sludge liquid during conditioning.

Recently, a modified lab—scale centrifuge device, namely modified centrifugal index
(MCI) was suggested and investigated to overcome the difficulties encountered in the
traditional dewaterability indicators. The method proposed by Higgins and colleagues at
Bucknell University (Higgins et al. 2014) has been used by To et al. ( 2014) to evaluate the
sludge dewaterability of centrifugation. The stress of centrifuge, or the centrifugal force, is
measured using a dimensionless parameter gt, which is the product of times gravity g (which is

related to centrifuge rotating speed and rotor radius) and centrifugation time t (5).
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Figure 7 Cake solids of (a) unconditioned sludge and (b) conditioned sludge after centrifuge as
a function of gt values (To et al. 2014)
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Figure 7 illustrates plots of cake solids content of unconditioned and conditioned sludge at
different gt values. These graphs indicate that the increase in gt results in the improvement of
cake solids, which implies that higher the centrifugation intensity, the better the dewatering
properties will be in terms of cake solids. However, beyond a certain value of gt, the
percentage of cake solids remained almost the same despite increasing intensity. Furthermore,
it was noticed that without conditioning, the maximum cake solid achievable by centrifuge was
only about 16% (Figure 7a). After conditioning, this cake solid increased to around 30%
(Figure 7b), which is quite similar to the dewatered sludge concentration at the wastewater
treatment plant studied. This demonstrates that MCI test can be effective in estimating the final
cake concentration as well as simulating the real dewatering process. In addition, one notes
from Figure 7 that the maximum solid cake achieved without conditioning (Figure 7a) can be
obtained at a much lower gt value when conditioning was employed (Figure 7b). It illustrated
the positive effect of polymer conditioning treatment prior to dewatering. This method has the
potential to determine the optimal polymer dose in sludge conditioning. However, this study
only worked on anaerobically digested sludge. Therefore, further studies for other sludge types
are required to prove this concept.

Other dewaterability measurement techniques

Moisture distribution

Sewage sludge is hydrophilic by character and typically has 98 to 99.7% moisture content
which is generally difficult to remove (Smollen 1990). Reducing sludge volume is basically
achieved by maximizing the cake solid content, or in another words, minimizing the water
content. Hence, a comprehensive understanding of water distribution in sludge and their
relationship to sludge dewaterability may be useful for improving the dewatering system’s
performance.

Water classification and measurement techniques

The presence of solids causes the non—-homogeneity of water within sludge, leading to different
types of water with different behaviours (Vesilind 1994). Several researchers proposed a
number of ways to classify water and most of them based on the interaction energy binding or
structural binding between water molecules and solid materials (Yin et al. 2004). Vaxelaire and
Cézac (2004) reviewed moisture distribution in different activated sludge and reported
comprehensively various ways of water classifications. The most popularly used categorization
was devised by Vesilind and Hsu (Vesilind & Hsu 1997), which defined four types of water in
sludge (Figure 8) as follows:

Vicinal Water m) A A" Free water (2)

Hydrationwater &) ;

/" Interstitial Water o)

A cell A floc

Figure 8 Schematic model of various forms of water in biosludge (reprinted from Mowla et al.
(2013) with permission from Elsevier)
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- Free water: water not associated with solid particles and is separated easily by simple
gravitational settling.

- Interstitial water: water trapped inside floc structure or a cell and only a small amount
of this water might be removed by mechanical dewatering devices such as vacuum
filters or centrifuges.

- Surface (or vicinal) water: water physically held on to the surface of solid particles by
adsorption and adhesion and cannot be separated by any mechanical means.

- Hydration water: water chemically bound to the solids particles and can be released
only by thermo—chemical destruction of the particles at temperature above 105°C.

Another more simple classification is to divide water into two main types: firstly, free water
which is not influenced by solid particles; and secondly, bound water properties which are
modified due to the presence of solid particles. The bound water content is deemed to be one of
the major limiting factors affecting sludge dewatering efficiency because removing it requires
much larger amounts of energy. Over the year, various techniques have been proposed to
measure the moisture distribution in general and the bound water content in particular. These
have been compared and discussed in terms of operating conditions by Vaxelaire and Cézac
(2004). Among these techniques, the most commonly used are:

- Drying test: this test is based on the analysis of a drying curve with an assumption that
the rate of evaporation of the waters depends on the type of bond between water and the
solid particles.

- Dilatometry: this technique is based on freezing properties of waters, which measures
the freezable water (free water) content by using dilatometer placed at -20°C. The
difference between total water content and the free water content is considered to be
bound water.

- Expression test: this method is mainly used to measure bound water content which is
defined as the final moisture content of sludge expressed under a very high constant
pressure (generally around 31MPa).

- Centrifugal settling test: in this test, sludge is centrifuged at very high rotational speeds
of 3500 — 4000 rpm and the water content of sludge sediment is reported as bound
water content.

- Differential thermal analysis (DTA) and Differential scanning calorimetry (DSC): both
techniques assume that bound water does not freeze below the given threshold
temperature such as -20°C. DTA and DSC, respectively, measure the temperature
difference and the flow heat difference between sample and a thermally inert material
(reference material) (Erdincler & Vesilind 2003; Lee & Lee 2004; Deng et al.2011).
These two methods can be considered as fast and valuable tools for bound water
determination (Katsiris & Kouzeli-Katsiri 1987), however, Lee & Hsu (1995) pointed
out that they are not practical for measuring the water distribution of activated sludge
due to the sludge’s non-uniformity. Furthermore, the selection of threshold temperature
is essentially important since it is used for distinguishing the free and bound water (Lee
& Lee 1995). As a result, DTA or DSC performed simultaneously with
Thermogravimetric analysis (TGA) (aslo known as TG-DTA and TG-DSC), as
proposed by Chen et al. (1997) and Ferrasse & Lecomte (2004), for biological products.

It is notable that these techniques imitate different methods of sludge dewatering such as
drying beds (drying test), freezing beds (dilatometry), filter presses (expression test) and
centrifuges (centrifugal settling test). However, different techniques with different principles
have led to difficulties in comparing results of different studies. It is also evident that the
various definitions of water types can cause some confusion.
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Moisture content and sludge conditioning and dewatering

Using moisture content to assess sludge dewatering efficiency is an interesting and promising
approach that has attracted the attention of numerous researchers. Many have concentrated on
determining the correlation between moisture distribution and sludge conditioning and
dewatering.

In terms of conditioning, it has been demonstrated by a number of authors that adding
conditioner leads to a significant reduction of the bound water content, demonstrating the
positive effect of chemical conditioning on water distribution (Halde 1979; Carberry &
Prestowitz 1985). However, overdosed conditioning may cause an increase in bound water due
to the absorption of moisture onto the polymer particles (Chu & Lee 1999).

For dewatering, a relationship between dewatering energy requirement and sludge water
content (Figure 9 shows that only about 20% of water is easily removed, even for conditioned
sludge, but once water content is reduced to below 80%, the dewatering energy demand
dramatically increases (Lee & Hsu 1994; Chu & Lee 1999; Wang et al. 2010). This implies
that the sludge can no longer be mechanically dewatered to obtain a smaller residual water
content, which is also considered to be the limit of sludge mechanical dewatering. Several
studies that identified of the correlations between water distribution and sludge dewaterability
concluded that results actually depended on the measurement techniques used. For instance,
when using the drying test for measurement, no significant correlation was obtained with CST
and cake solid content (Smollen 1990). In the meantime, strong correlations with SRF
(Robinson & Knocke 1992) and cake solids content (Heukelekian & Weisberg 1956; Forster &
Lewin 1972) were detected when using dilatometry technique.

A

Hv (ki/kg) A

v

30 90

Water content %

Figure 9 Relationship between sludge water content and dewatering energy demand (reprinted
from Mowla et al. (2013) with permission from Elsevier)

Apart from being a parameter used for assessing sludge conditioning and dewatering efficiency
prediction, the profile of moisture distribution within sludge may provide useful information
for choosing the dewatering methods of a specific sludge. For example, sludge with low
immobilised moisture content could be dewatered effectively by drying beds while sludge with
high immobilised moisture should be dewatered using high pressure equipment such as filter
presses or centrifuges (Smollen 1990).
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Rheology
Rheology and sludge characterization

Rheology is the science that deals with the flow and deformation of fluids and solids under the
influence of stresses and it has become an increasingly important tool in characterizing waste
sludge, especially sewage sludge (Abu-Orf & Dentel 1999; Ormeci 2007). Although the first
studies on rheological behaviour of sewage sludge were conducted since in the 1930s, most of
them were motivated by the need to predict pumping requirements. More recent studies have
focused on examining the rheology in relation to sludge dewaterability with the aim to predict,
control and optimize conditioning and dewatering processes (Marinetti et al. 2010).

The rheological behaviours of a certain fluid can be schematically described by flow
curves, also known as rheograms. Sewage sludge is generally classified as non—Newtonian
fluid with shear thinning (pseudoplastic) behaviour and a thixotropic nature, leading to its
highly complicated rheological characteristics (Klinksieg et al. 2007). Several mathematical
models, which were mostly based on relationships between shear stress and shear rate, were
proposed to quantify the fluid rheology. Viscosity is the most basic rheological parameter.
Viscosity of the Newtonian system is constant for all shear rates while for sewage sludge,
which is a non—Newtonian system, it is a function of shear rate (Hiemenz 1986). Another
typical rheology parameter is yield stress, which is roughly defined as an initial or minimum
stress applied on material to induce true flow. The concept of yield stress and viscosity in
relation to sludge conditioning and dewatering have limited usefulness due to difficulties in
defining the terms involved in. Furthermore, it is not meaningful to compare values of different
studies, unless an adequate description of sludge types and conditioning methods are specified.
Besides these two, the maximum shear stress (Tmax), indicative of the force needed to rupture
structure bonds between the polymer and sludge flocs, may possibly be used to determine OPD
along with yield stress (Marinetti et al. 2010).

Rheology and sludge conditioning

The operation of sludge conditioning has direct and profound effects on sludge rheology. For
example, the use of polymers, especially high molecular weight ones, for flocculating sludge
significantly impacts on the viscosity via increases in both floc volume and floc strength
(Dentel 1997). For this reason, Dick and Ewing (1967) suggested that sludge rheological
parameters could be used as a guide for evaluation and control of conditioning efficiency.

Various researchers have employed rheograms of conditioned sludge with different
polymer doses for determining the OPD (Ormeci 2007). Figure 10 displays two commonly
used types of rheograms for polymer dose assessment, shear stress—shear rate (Figure 10a) and
torque—time curves (Figure 10b). The former curves are obtained by using concentric—cylinder
rheometer, also known as coaxial rotational viscometer (Dick & Ewing 1967; Campbell &
Crescuolo 1982; Dick & Buck 1985) while the latter curves are obtained by the use of torque
rheometer which were developed as a response for problems associated with the former
(Ormeci & Abu-Orf 2004; Ormeci & Abu-Orf 2006; Ormeci 2007). Both rheograms show
similar curves exhibiting either a definite peak or a portion where the slope is approaching
zero. This peak indicates the point where elastic floc network bonds rupture and the higher the
peak, the more energy is needed to break up the flocs (Langer et al. 1994; Abu-Orf & Dentel
1999). Operational conditioning parameters which maximized the height of the peak are
selected as optimum. The difference between these two methods is that concentric—cylinder
rheometer only permits the deflocculation phase to be observed. In contrast, the torque—time
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rheogram shows both flocculation and deflocculation phases since polymer injection into
sludge occurs during torque measurements (Ormeci 2007). Moreover, the torque rheometer has
been proved to have higher reproducibility than shear stress — shear rate rheograms, and they
can eliminate the need for taking sub—samples from conditioned sludges (Ormeci & Abu-Orf
2004).

Conditioned sludge peak

Increasing polymer dose

Shear Stress (Pa)
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()
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Figure 10 (a) Shear stress — shear rate rheogram (Abu-Orf & Dentel (1999), with permission
from ASCE) and (b) Torque rheogram of unconditioned and conditioned sludge with different
polymer doses (reprinted from Ormeci (2007) with permission from Elsevier)

Time (sec.)

Several previous studies presented two methods based on torque rheology that can allow not
only the OPD and mixing conditions to be determined but also the best performing polymers to
be selected (Ormeci 2007). The first method uses unconditioned sludge and utilizes the peaks
observed immediately after polymer injection. This is useful for determining OPD. The second
method uses conditioned sludge and utilizes the whole torque rheograms, which is suitable for
comparing rheological and dewatering characteristics of conditioned sludges (Abu-Orf &
Ormeci 2005; Ormeci & Abu-Orf 2005). Apart from rheograms, Campbell and Crescuolo
(1983) suggested that instantaneous viscosity, which is derived from the torque or shear stress—
shear rate curves, could also be used to control sludge conditioning. Another promising method
using rheology properties to improve the sludge processing is monitoring the filtrate or centrate
(liquid stream) viscosity following mechanical dewatering by viscometer or rheometer
(Christensen et al. 1993; Dentel & Abu-Orf 1995).
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Rheology and sludge dewatering

It is accepted that cake solids and suspended solids (SS) contents in centrate or filtrate are two
major parameters used to determine the effectiveness of dewatering operations. High cake
solids content and low level of solids recovery mean that the dewatering process is functioning
well (Sanin et al. 2011). However, traditional dewatering measurements only assess the former
and do not report on the latter. Rheological characteristics are indicative of floc strength;
therefore, it could be useful for evaluation of sludge dewatering efficiency with reference to
both criteria. Many researchers have been working on correlating the rheological properties,
i.e. viscosity and yield strength, with the sludge characteristics such as TS, SS, particle surfaces
and CST (Dick & Ewing 1967; Forster 1981; Spinosa et al. 1989; Christensen et al. 1993).
Klinksieg et al. (2007) reported a good correlation between full-scale dewatering cake and
rheological properties (at a shear stress of 500s™). Most of the rheology studies on the topic of
dewaterability were based on determining relationships between floc strength or network
strength and sludge dewatering properties (Abu-Orf & Dentel 1997; Abu-Orf & Dentel 1999;
Yen et al. 2002; Hou & Li 2003; Dentel & Dursun 2009; Marinetti et al. 2010). However, none
provided a strong correlation between rheological parameters and sludge dewaterability as
measured by standard test methods.

Several new rheological approaches are network strength measurement (Yen et al. 2002;
Ormeci & Abu-Orf 2004), dynamic oscillatory tests (Mori et al. 2006; Dentel & Dursun 2009),
creep tests (Baudez & Coussot 2001) and immobilization cell rheometry (Ayol et al. 2010).
These methods could be advanced in providing a realistic model of sludge behaviour during
conditioning and dewatering. For example, oscillatory tests with two parameters known as the
storage modulus (G’) and loss modulus (G’’) help to determine the sludge behaviour is gel —
like or dispersion — like by comparing these values (Dentel 2004).

Summary

Evaluation of sludge dewaterability is critically necessary for any sludge treatment system
where optimizing the dewatering process is the aim. However, this work is relatively
challenging due to the unpredictable and elusive behaviour of all sludge types, especially bio—
sludge as well as variations in solid—liquid separation methods. Since the establishment of the
very first dewatering indices, various indicators for dewatering process have been developed
and applied over the years in tandem with dewatering technology. Despite these advances,
there is as yet no universal dewatering index which can fully reflect the ability to dewater
sludge. It is believed that a reliable dewatering index should not only simulate the real water
extraction process but also estimate the maximum solid content of sludge cake achievable.
Conventional dewatering indices seem to lack one or both of these, and consequently they
hardly express the efficiency of dewatering properly.

SRF, while it was cumbersome in equipment and proved to be time—consuming, can
nonetheless estimate the cake solid content of sludge after filtration. On the other hand, CST is
increasingly popular due to its ease of measurement; however, it fails to predict solid
concentration of dewatered cake. In fact, CST and SRF may be correlated strongly with free
water (Peng et al. 2011), which constitutes only 20% of total water content (Mowla et al.
2013). On the other hand, bound water content because it takes up the bulk of sludge total
moisture content, should also be taken into consideration. It is therefore suggested that to
properly evaluate the dewatering efficiency of sludge, different parameters should be included.
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For example, CST and SRF, which often serve to register dewatering rate, could be combined
with bound water or cake solids content and this will indicate the extent of dewatering.

Rheology represents a potential powerful tool for controlling and optimizing
conditioning, but it is not sufficient to predict the performance of full-scale dewatering
systems. This is because the method has targeted the floc strength rather than the cake solids
content. In addition, it cannot reproduce the real dewatering process. It is also suggested that
along with developing accurate measurements of sludge dewatering performance, selecting a
proper index for different methods of dewatering is critical.

Finally, with reference to filtration equipment, SRF is possibly the most appropriate
efficiency indicator, while for centrifugation devices, compactibility and MCI are promising
dewaterability measurements. The major difference between these two techniques is that the
later can quantify the stress imparted on sludge during dewatering by centrifuge, which can
reflect the influence of dewatering equipment on how well the solid—liquid separation process
performs. However, since MCI is a new method, further studies are needed to fully assess its
application to sludge dewaterability.
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