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Abstract

The mechanical dewatering of sludge is importamirder to achieve a high dry matter content, thereb
lowering the transportation cost and the energwoomption during incineration. Thermogravimetric
analysis is sometimes used to estimate the maxidiymmatter content obtainable from mechanical
dewatering, by measuring the critical moisture pdmthis paper, the critical moisture point ofjested
sludge was measured and compared with vapour gorgtirves. The critical moisture point was deteadin
for raw and conditioned sludge to be 3.4 kg of watr kg of dry matter, corresponding to 23% w/y dr
matter. This value was lower than the dry mattetewst obtained from the mechanical dewatering E®ce
indicating that the dry matter content can excéedctitical moisture point. Moisture vapour sorptiwas
measured for raw, conditioned, and dewatered skidgee Blahovec and Yanniotis sorption isothertedit
the experimental data well. Between 10 and 12\gatér was adsorbed as a monolayer per 100 g of dry
matter. The rest of the moisture content was empthby the non-ideal Raoult’s law, by including #itect
of dissolved ions. At water activities above 0.8 moisture content was determined by capillary
condensation and cake compressibility. The watvigcwas higher than 0.95 at the critical moigtyoint

and the capillary pressure was estimated to bebdrs$ This pressure was responsible for cake casipre
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during drying, while the relatively low dry matteontent at the critical moisture point may be duée low

capillary pressure.

Keywords:Drying; Critical moisture point; Filtration; Thewgravimetric analysis; Wastewater

1. Introduction

Mechanical dewatering, for example, by filtratiomdacentrifugation, is used to increase the dry enatt
content of biological sludge, thereby lowering ttemsportation cost and the energy consumptiomduri
incineration. Sludge composition, pretreatment, settings for the dewatering process all affecfitiee
dry matter content. It is therefore difficult teéi out whether the low dry matter content of devetesludge
is caused by changes in sludge composition or dlylems with pretreatment and dewatering. To sdiige t
problem, Kopp et al. (1-3) developed a thermogratiim method to predict the maximum dry matter
content obtainable by mechanically dewatering amitype of sludge: the sludge is dried, and thecali

moisture point is determined and then used astanae of the maximum dry matter content (1).

The drying process, as illustrated in Fig. 1, cdeg® three periods: the initial period, the constare
period, and the falling rate period (4,5). Durihg tnitial period (period A), the weight loss oétbake is
low and the capillary pressure increases. The s&ltts to shrink when the capillary pressure exsé¢esl
strength of the cake structure and the drying @®eaters period B, when the drying rate is cohgtéme
external conditions (i.e., air temperature, mosontent, and velocity) remain constant and darstation
is avoided (6,7). The process continues until dragressive strength of the cake structure is higlugh to
withstand the capillary pressure, after which therdy rate starts to decrease and the drying psoeeters
the falling rate period (period C). The moisturatemt at the transition between the constant dlidgdaate
periods is called the critical moisture point. Aistpoint, the cake structure is strong enoughitbstand the

capillary pressure and the pores at the top ofétke dry out; shortly after the critical moistuini is
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reached, the cake stops shrinking (8). The critiwaisture point is therefore determined from theilzry
pressure and the strength of the cake structuge ZIri The critical moisture point is reached whenradius
of the meniscus equals the radius of the pordseirtakes. The capillary pressure and cake compressi

thereby depend on the pore size in the cake staictu

‘ A: Initial period

B: Constantrate period

C: Fallingrate period

1l

Fig. 1. Schematic of the drying process.

The falling rate period (period C) can be dividetbitwo: the first and second falling rate peri¢t)s
During the first falling rate period, the meniscatreats into the cake structure, but there isrdimeous
layer of liquid on the pore walls, so liquid flowom the inner cake structure to the surface ismigsible. In
the secondary falling rate period, the liquid carftaw on the pore walls and the liquid transporthie

pores is mainly due to vapour diffusion.



59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

log (p)

Fig. 2. Capillary pressureR) during the drying of the sludge filter cake. Tdpplied pressurd?() is shown

as a function of the solid volume fraction.

When the thermogravimetric method is used to ptedé&cmaximum achievable dry matter content, the
drying process is conducted slowly to ensure thastress within the cake structure is equallyitisted. It

is implicitly assumed that the capillary pressurtha critical moisture point is comparable to #pplied
pressure used during mechanical dewatering, sméx@mum dry matter content achievable by mechanical
dewatering equals the critical moisture point. Télative humidity of the drying air affects the iy rate,

but has only a minor influence on the critical niais point (8).

The maximum achievable dry matter content dependl@sludge composition. A high concentration of
organic materials reduces the dry matter contgns(lbetter degradation of the sludge during diges
usually improves the dewaterability. To obtain aentiorough understanding of the dewatering prodhss
concept of water pools has been introduced by idigithe water into free water and bound water (913
Unlike bound water, free water is unaffected bydsparticles and capillary forces. Bound water tuaher
been divided into three types of water: I) watapped inside the crevices and interstitial spat¢heflocs

(i.e., interstitial water), 1) water physically bod to surfaces (i.e., vicinal water), and Ill) erathemically
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bound to solid materials (i.e., water of hydrati(®) Various methods have been developed to dyaht
different water pools in sludge and to distinguigitween free and bound water, including dilatometry
centrifugal settling, filtration, differential scaimg calorimetry, and nuclear magnetic resonance
spectroscopy (9,12,14,15). The results dependentitbsen method, i.e., the selected measurement
technique defines the amount of bound water (1) there is no clear boundary between free anddoun
water (14). Furthermore, there are different exglimms of the water content of dewatered sludgghHi
moisture content after dewatering has been exmlaaseaesulting from the colligative properties,, ithe
reduced water activity in the floc interior duectmunterions (i.e., osmotic water) (16). Mikkelsexl a
Keiding (2002) used the term “water-holding” toeefo the surface-bound water, osmotic water, and
trapped water (17), a concept also used for foodymts (18). It is argued that osmotic pressureeames at
a lower moisture content because the concentrafioonunterions increases, reducing the dry matietent
obtainable by mechanical dewatering (17). A metioostudy this “water-holding” is to measure the evat
activity. The water activity is defined as the odtietween the partial vapour pressure of watersinbstance
and the standard state partial vapour pressuratgrw/\Vater activity can be measured at differemistare
contents (moisture vapour sorption curves) and tsetudy both water adsorption and “osmotic water”
(8,19,20). Both adsorption and desorption isothdrave been determined for sludge, and almost no
hysteresis has been observed (20). Moisture vegmoption curves are routinely determined for food
products (18). At low water activities,(& 0.3), the Langmuir sorption isotherm often gifeasly good
predictions for food products (21). The Langmuatierm assumes the adsorption of a monolayer arwat
The formation of a monolayer on solid materialgegponds to vicinal water and water of hydration. A
higher water activities, the Guggenheim-Andersoe/B&GAB) sorption isotherm has been used, as it
includes both monolayer and multilayer sorptione T3AB sorption isotherm can often be used for water
activities up to 0.95 (18,22). It is assumed thatgorption energy for water molecules in the layeyond
the monolayer is the same for all water moleculgsdifferent from that of the pure liquid state. An
alternative to the GAB isotherm is the Blahovec &adniotis sorption isotherm, which includes thenotic
effect due to dissolved salts and counterions (B3¢. sorption isotherms include vicinal water, wate

hydration, and osmotic water; trapped water orlzagiwater is not included in the three sorptioadals.
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The aim of this study is to compare the thermognaic method and water sorption curves, thereby
discussing how sludge composition and structurecathe water activity, critical moisture pointdan
dewaterability of sludge. The capillary effect aradke structure are included as part of the moistapsur
sorption isotherms. By doing this, the experimedtdh are used to discuss whether the water podéinon
the osmotic pressure gives the best explanatidimeoéritical moisture point, and of how the critio@isture

point is related to the dry matter content aftadge dewatering.

2. Materials and methods
2.1. Sample

Digested sludge was obtained from Bruunshab wastewaatment plant (WWTP), which was loaded with
approximately 45,000 population equivalents. Prinaard secondary sludge was digested with a retentio
time of 2—4 days. After digestion, the sludge waagulated with 1 L m of 30-40% polyaluminium

chloride (PAC) (PAX-215; Kemira, Helsinki, Finland) 1.5 L m® of iron sulphate (PIX-113; Kemira). The
coagulated sludge was flocculated (Aquaflok 7130p&mJi dewatered using a screw press (Hjortkaer
Maskinfabrik, Arre, Denmark) to a dry matter cortteh27% w/w. The raw digested sludge contained 40
10 mg L* orthophosphate and 380100 mg L* chloride; the pH was measured to be# F and 6 2%

of the dry matter was organic materials.

An overview of the sampling points is given in F3g.Untreated digested sludge (sample A), digesitethe
with PAC (sample B1) or iron sulphate (sample B2 dewatered digested sludge with iron sulphale an
polymer (sample C) were sampled from the plant.(BjgFurther sodium chloride was added to untceate

digested sludge to increase the conductivity fro2® 9nS cm' to 27.0 mS cnt (sample D).
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Bruunshab waste water treatment plant |

Coagulant

. Y - '
Digester l l » Flocculation tank @ Sample C :

: : H

Sample A Sample B

o

Addition of NaCl Sample D

Fig. 3. Schematic of sampling points at the WWTP. NaCl a@ded to sample D after sampling.

The moisture content was estimated by leaving aqipiately 15 g of pre-weighed samples in an oven at
105°C for 24 h. The organic dry matter content wasrdeiteed by incinerating the dried sample in the oven
at 550C for 2 h. The organic matter was determined asvitight loss. The moisture content of the samples

is shown in Table 1.

2.2. Thermogravimetric analysis

Before thermogravimetric analysis, all samples veergrifuged at 1000 g for 30 min to lower the maie
content (but still to a moisture content highemtkize critical moisture point) and thereby the tireguired

for the drying process. The optical density ofshpernatant was measured to be 550 nm.

Thermogravimetric analysis was conducted at bofi€ 2hd 35.5C using an Ova-Easy 190 cabinet
incubator (Brinsea Products, Titusville, FL, USAHaa humidity pump (Advance Humidity Pump; Brinsea)
A weighing scale was installed in the incubator dath were collected on-line by a computer. Mudtipl
small fans ensured laminar flow in the incubatoPé&tri dish with an inner diameter of 50 mm walg(il

with 16.2 g of wet sample (sludge A) and dried @62, a relative humidity of 4@ 5%, and an air flow of

0.5-1 m/s. The temperature at the surface was sipmately 25C, comparable to the temperature used for
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the water activity measurements. The next expetisngare conducted in 50-mm Petri dishes containing
approximately 15 g of wet samples (sludges A, B, B2), which were dried at 38G. The temperature
was similar to that used by Kopp et al. (3). Thragerature at the surface of the sludge cake wasure
to be 32C. The average height of the samples was 13 mmd#fe drying process. For some of the
experiments, samples were taken every hour. Thetseticate that the sample materials covere®éte

dishes during the constant rate period but curfeduring the falling rate period.

The critical moisture point was determined by phaftthe drying rate as a function of the moistuvenp
Linear regression was used to correlate the meistontent and the drying rate at high moistureamstX

> 5 kg kg"). The critical moisture point was identified ae fioint at which the drying rate drops faster than
predicted by the regression line. The transitiowben the first and second falling rate periods was
determined by plotting the drying rate as a functthe logarithmic moisture point and identifyitige

point at which the slope of the curve changes.
2.3. Water activity

The samples were taken before the screw press ssa#hpB2, and D), and were centrifuged at 5000rg f
30 min to lower the moisture content before theswattivity experiment. This reduced the requiigtktto
reach equilibrium between water in the cake arttienair. Sample C was taken after the screw prassvas

not centrifuged. The moisture content of the sam@ehown in Table 1.

Tablel
Moisture content of sludge samples before and aéietrifugation. Sample C was not centrifuged, ted

dry matter content of sample D was not measured.

Sample | Moisture content Moisture content after centrifugation

(kg water/kg dry matter) (kg water/kg dry matter)




A 41 7.3

B2 48 7.6
C 2.7 Not centrifuged
D 41 6.0

161

162  Sludge samples of 2—9 g were spread out in a rgakansample holder with a surface area of apprateiy
163 32 cnf. Each sample was then placed in a closed glasainenseparated from a saturated salt solutian (Fi
164  4). The inner diameter of the glass container viasl1 cm, and the container was closed with a rubbegr
165  Saturated LiBr, LiCl, CaG) NaBr, Kl, NaCl, and (NB.SO, were used to control the humidity in the

166  containers. The volume of the salt solution wagagmately 0.15 L and extra salt was added to enaur
167  saturated salt solution. The containers were storaccupboard at a constant temperature af @%°C. The
168 temperature was monitored automatically duringetkigeriment to control the temperature variatiorr. &b
169  samples, the moisture content decreased duringxteriment and water desorbed from the sludge gsampl
170  The samples were weighed regularly until they ditllase further weight; it was then assumed that

171  desorption had reach equilibrium, i.e., the watdivily equalled the relative humidity of the air.

Sample holder

Saturated salt solution
Salt

172
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Fig. 4. Experimental setup for measuring water activitadignction of moisture content in sludge sample.

This was checked by measuring the water activityhefsludge sample and the salt solution using an
Aqualab 4TE water activity meter (Meter Group, Ralh, WA, USA) at 28C. After the experiment, the

measured water activity was the same in the shitiso and the sludge sample (Fig. 5).

1.0 —
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0.8 | /g/
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Xx 0.6 e
8 //9
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¢ §
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0.0 0.2 0.4 0.6 0.8 1.0
Salt solution

Fig. 5. Water activity measured in the salt solution dreldludge sample.

In the literature, almost no hysteresis has beserobd in the sorption curves for sludge (20),rdg o
desorption curves were measured. The weight ofvteand dry cake was measured by drying the cake at
105°C overnight, and the data were used to determmenthisture content. Samples were taken in trigicat

For all samples both water activity and moisturetent were measured experimentally.

2.4. Water sorption isotherm

Three water sorption isotherms were fitted to tkgeeimental data: Langmuir, Guggenheim-AndersonrBoe

(GAB), and Blahovec and Yanniotis sorption isoth&rm

10
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The Langmuir sorption isotherm was used up to @maattivity of 0.3, assuming the formation of a

monolayer of water:

=l @)
LY%w

whereX is the moisture contenX,,  the moisture content in a complete monolagerthe equilibrium

constant, and,, the water activity.

At higher water activities, multilayers of water wdormed on the solid materials. The Guggenheim-
Anderson-Boer (GAB) sorption isotherm includes boitno- and multilayers. The GAB sorption isotherm
is a combination of the classical monolayer moapressed in the Langmuir isotherm and a multilayer
sorption term derived from Raoult’s law (22). TrergmeteK was introduced, assuming that the multilayer
molecules interact with the solid materials and tha binding energy level ranges somewhere between

those of the monolayer molecules and the bulk diqui

_ XmcCcawkK
T (1-awk) (1+(Cg—1)ayK) (2)

whereXqc is the moisture in a complete monolayer @ads the equilibrium constant. The value@f is
often a number between 1 and 20 (XLgaptures the difference between the heat of atisorand the heat
of vaporization of the multilayers, and its vala@ges between 0.7 and 1 (21)KI 1, the GAB isotherm

is reduced to the BET isotherm.

The Blahovec and Yanniotis sorption isotherm inekithe osmotic effect of salts and counterions. (23
first part of the equation is the Langmuir isothema the last part a solution term accountingtierdsmotic

effects:

X=—Sw , _ dw (3)

a,+bqay a;—byay,

and

a1__'b1=ﬂi a2=_sib2= 4)

11
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whereXqz is the moisture in a complete monolay@sthe equilibrium constant for monolayer adsorption,
M., the molecular weight of water, angthe molar amount of solute in solution per kg of mhatter. The
solution term is derived from the non-ideal Raauldw: a,, = yx,,, Wherey is the activity coefficient of water

andx,, the mole fraction of water in solution.

All three isotherms were fitted to the experimeufaia using the least root mean square error mettnd
Langmuir sorption isotherm was fitted to the dgtaaia water activity of 0.3 by adjustitg, andC,. These
values were used as initial guesses¥qt andCg when the GAB sorption isotherm was used andcfgr
andCg when the Blahovec and Yanniotis sorption isothesas used. The GAB sorption isotherm was fitted
to the experimental data up to a water activit@.85 by adjustindl, X.,¢, andCs. The Blahovec and
Yanniotis sorption isotherm was fitted to the expental data up to a water activity of 0.95 by atipgn,,

X«g, andCg. The activity coefficient of watey) was set to 1 in the Blahovec and Yanniotis somti

isotherm. Some testing was done by adjustind.s Cs, andy; all resulted irny values close to 1.

2.5. Pore radius estimation

The relationship between the moisture vapour pressud surface curvature was calculated using ek

equation, which for sphere-like pores takes thefor

k
RTIn (p_0> = _2ViVm (5)

Do r

wherep§ andp, are the vapour pressures for curved and flat sesfarespectively. The vapour pressure for
a flat surface equals wyxw, Wherepy,, is the vapour pressure for pure water and a didase.Vy, is the
molar volume of watery, the surface tension of the liquid, anthe radius of the meniscus. For waigr,

equals 72 mN it at 25°C but decreases with pressure; for thesehltion,y, increases slightly.

12
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Casel Case 2

Fig. 6. Model of equilibrium between the liquid and gasigds at high moisture contents.

Two extreme cases were addressed in the pape6|Fig. case 1, the equilibrium relative humiditgsv
assumed to equal the water activity determinechbysalt concentration (flat surface ror « in Eq. 5), and
it was assumed that the water activity could belipted by the GAB or the Blahovec and Yanniotigotion
isotherm. In case 2, the relative humidity was amslito be determined only by the capillary condiémisa

It was assumed that the concentration of solutesleve, meaning thai, equalled the moisture vapour
pressure of pure watgny(,). Under these conditions, the measured waterigctiras not determined by the
non-ideal Raoult’s law but by the curvature of theniscus at the top of the sludge cake. By ingedijn

into Eq. (5), the curvature of the meniscus wasutated as:

__2YLVm
RT In(ay,) (6)

r =

The capillary pressure was calculated from theusadf the meniscus:

__RT In(a,y,)
Vi

2(ys— 2 2
P, = (VSrYSL) _ %cose z% _

()

whereys is the surface tension of the solid calg, the interfacial tension between the cake anddigamd
0 the contact angle. The contact angle is zerceifitjuid spreads completely on the surface, meathiag
the capillary force can be calculated from the watgivity. Pc is thereby calculated by using an equation

similar to the one used for calculating the osmpt&ssure solutions.

13
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During the constant rate period (Fig. 1), the ctumeof the meniscus was determined by the strewigtine
cake. The strength of the cake structure depentiseosiudge composition and solid volume fractitime
capillary pressure exceeds the pressure requiresntpress the cake structure (i.e., compressibld i
stress) during the constant rate period. Severpireral equations exist for calculating the solmume

fraction as a function of pressure. Eq. (8) ismfised for sludge (24):
P\P
b=b,(1+7) (8)

whereqis the solid volume fraction and is the structural pressure, which equals the leapipressure
during the constant rate period. Furthermgeas the solid volume fraction at zero compressiod R, and
[3 are empirical parameters depending on the conipiiggsof the cake. Before the critical moistureipt is
reached, the cake is wet and the moisture cont@mif the cake equals (1¢) x ¢; after the critical

moisture point, air enters the cake ahd (1 —@) x ¢

SettingPc =Ps and combining Egs. (7) and (8) gives:

RT ln(aw))ﬁ (9)

¢ =4, (1_ VinPa

The capillary pressure at the critical moisturenpwias estimated from the measured water activitlyea
critical moisture point using Eq. (7). The radidghe pores in the cake structurg) (vas calculated from the
water activity at the critical moisture point (E), at which the curvature of the meniscus equgpbre
size. Both calculations were undertaken assumiaigthie curvature at the surface determines thdiledum
relative humidity (case 2). It may therefore beawtpd that the capillary pressure is overestimanetthe

pore radius underestimated.

3. Results and discussion

14
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The drying rate was constant for the first 10 kerafvhich it started to decline for digested sludged at
27.5C (Fig. 7A). The drying rate was low due to the l@mperature and high relative humidity. The
critical moisture point was determined by plottthg drying rate as a function of the moisture coineig.
7B). The critical moisture point was determinedb&o3.4 kg of water per kg of dry matter (23% w/w dr
matter content). The transition between the finst second falling rate periods was more easily eskeby
plotting the drying rate as a function of the latfanmic moisture content (Fig. 7C). The moisturerpait the
transition was determined to be 0.59 kg of waterkgeof dry matter. At the end of the drying praeebe
temperature at the surface increased to°Z7.the same temperature as the oven. The tempesiauted to

increase during the second falling rate period.
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281  Fig. 7. (A) Drying curve for raw digested sludge (sludge Remperature is measured at the sludge surface.
282  (B) Identification of the critical moisture poiC) Identification of the critical moisture poimiéthe

283  transition from first to second falling rate persod

284  Drying experiments were also conducted at 35;%he drying curves from these experiments arevehin
285  the supplementary material (Figs. S1-S3) and tiel&&n in Table 2. The highest residual turbidigsw
286  obtained for raw sludge (sludge A). Both PAC amd isulphate coagulants reduced the residual tayladi
287  expected when small particles were coagulated. RASmost effective for reducing the residual tutiid
288  The drying rate declined for sludge B1 throughbetdrying process, which may explain the lower tooés
289  content at the critical moisture point. It may ateodue to the higher drying rate, which incredisesisk of
290 crust formation (6,7). The drying rate was highe3®5C than at 27.8C, as expected, and higher for raw
291  sludge than coagulated sludge. The critical moéstontent was measured to be 3.4 kg of water pef kg
292  dry matter. The critical moisture point was the saahboth 27.83C and 35.5C, if data from sludge B1 (i.e.,
293  the coagulated sludge with a declining drying rateje ignored. This may indicate that the detertroneof

294  the critical moisture point is not sensitive to thging temperature and rate if both these are low.
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305

Table?2

Data for thermogravimetric analysis at 3&5

Xi Organic fraction (%)| Turbidity| Max drying rate Xe
(gh™ m?
Sludge A 104 37% 2.19 335 34
Sludge B1 | 12.3 36% 0.72 245 2.8
Sludge B2 | 10.9 38% 1.65 250 3.3

The moisture vapour sorption experiment was coredlfdr raw digested sludge (sludge A), conditioned
sludge (sludge B2), and dewatered sludge (sludgalcadsorption curves follow the type Il sigmastiape
adsorption isotherm (18). Dewatering and the aallitif coagulants and flocculants did not change the
moisture vapour sorption curve (Fig. 8A), where&sgh salt concentration affected the moisture uapo
sorption curve, but only for water activities highiean 0.6 (Fig. 8B). The Langmuir, GAB, and Blabov
and Yanniotis sorption isotherms were fitted to¢lperimental data. The modelled data obtained tivéth
Langmuir and the Blahovec and Yanniotis sorpti@therms are shown in Figs. 8A and 8B. The modelled

data obtained using the GAB sorption isotherm hoeve in the supplementary data (Figs. S4 and S5)
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308 Fig. 8. (A) Water sorption isotherms for: digested slud@igkidge A); conditioned digested sludges, one with
309 PAC (Sludge B1) and one with iron sulphate and pely(Sludge D); and (B) Water sorption isotherm for

310 digested sludge with salt added (Sludge C).
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All three sorption isotherms include a parametettie maximum amount of water in a complete morexay
i.e., 10-12 g per 100 g of dry matter (Table 2)pi¢sl values for the moisture contents of monolayer
different food products are 3—19 g per 100 g ofrdatter (18,25), and the amount of water in theplete
monolayer was close to the value of, for exampdéatme (25). The value found for water in the mager
was higher than that found by Vaxelaire et al. @0Wvhich was determined to be 7-8 g per 100 gyfd
matter (19). The moisture content at the transitietween the first and second falling rate perivds
determined to be 59 g per 100 g of dry matter,asponding to approximately five or six layers otevaf
the water was equally distributed within the calee water removed during the first falling rateipemas
been used as a measure of the interstitial watettenwater removed during the second falling patéod
as a measure of the surface water, i.e., the \mdtmrbed or adhering to the surfaces (13). Howewec|ear
boundary was observed at the transition point emtbisture vapour sorption isotherms. The equuiri
constantC was calculated to be 22.9 when using the Langemdrthe Blahovec and Yanniotis isotherms
and approximately 10 when using the GAB isotherhe &quilibrium constant was difficult to determine
precisely, because an almost complete monolayeredrat the lowest water activity, and in anothedgt
the equilibrium constant was determined to be €8).5In the literature, the heat of adsorption besn
measured at low moisture contents and found tcedserwith the moisture content (13), indicating tha
Langmuir isotherm assumption, i.e., that all swefsites are equivalent, is invalid. Still, the camelol model
including the Langmuir isotherm and both the GAB &me Blahovec and Yanniotis isotherms predicts a

moisture content well above a water activity of.0.1

TheK value in the GAB sorption model was measured t0.Bdor conditioned and raw sludges, similar to
the value reported by Ruiz and Wisniewski (8), velasrthe value was close to 1 for sludge with a sadh
concentration. This indicates that the bonding bexostronger when the salt concentration incred$es.
best fit was obtained using the Blahovec and Yaimgwmrption isotherm, indicating that the combimatof
the classical monolayer model expressed by therhaigsotherm and the water activity calculatedriro
the ion concentration gives a fairly good desaooiptbf water sorption. The osmotic effect incredabes

moisture content and may explain the diffetléalues obtained before and after adding saltdcshhdge.

20



337

338

339

340

341

342

343

344

345

346

347

348

349
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352

Without salt additionns was calculated to be 1.36 mmol per g of dry mafteens value combines both the
counterions and ions from the bulk solution. Inestktudies, the charge density for extracelluldymperic
substances in sludge has been measured to ber@r@ellper g of EPS (16,17,26). Not all dry matter in
sludge is EPS, so the total concentration of coiome is lower than 1 mmol per g of dry matter, aliarge
fraction of the ions seems to be counterions. Wdadnis added to the sludgg,increases as expected. At
higher salt concentrations, the moisture contesinseto be overestimated when using the Blahovec and
Yannoitis sorption isotherm for low water activitye.,a, 0.1-0.4. One possible reason for this
overestimation is that ions precipitate at highamarirations, forming salt that does not contriltatthe

water activity at a low moisture content in theeak

Table3

Sorption isotherm constants.

Parameter Sludges A—C Sludge D
Xm. (kg water/kg dry matteh) | 0.12 0.12
Langmuir
C. 22.9 22.9
Xmc (kg water/kg dry matteh) | 0.10 0.10
GAB Cs 13.3 8.58
K 0.8 0.96
Xms (kg water/kg dry mattel) | 0.12 0.12
Blahovec and Yanniotig Cg 22.9 22.9
ns (mol/kg dry matter) 1.36 3.54

At the critical moisture point, the moisture corntierto some extent determined by the capillargafand
cake compressibility, which may be why the GAB #mel Blahovec and Yanniotis sorption isotherms often
do not predict the water activity well at waterieities above 0.95. Furthermore, it is worth mening that

precisely determining the water activity was difficat high water activities. Nevertheless, ifsittissumed
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367

that the water activity experimentally measurednftbe relative humidity of the air is solely duectpillary
condensation, it is possible to estimate a valu¢hi® capillary pressure. The moisture contentvaaier
activity are shown for water activities above 0a@fl moisture contents between 1 and 10 (Fig. 9)tHeo
sample with added salt (Sludge D), the moistureesuns generally higher, which may reflect a teghtake
structure, but the higher moisture content is piohbeue to the reduction of the water activity daehe
high concentration of ions. This shows that capjllzondensation is not the only important parameter

least not for sludgeD.

10
—-©— Sludges A-C
—X— Sludge D
—~~ 8 T
-
£ P
g o
: .
>
S 67 \
2 b \
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= / \
o> 47 /

X~ ¥ \
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- /
/x*’ ]
24 y 1__ 20
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W

Fig. 9. Moisture content and water activity above a watdivity of 1 (the dotted black lines are only to
guide the eyes). The dotted red line at a moistargent of 3.4 represents the measured criticastone

content.

The capillary pressure for sludges A—C was caledl#&d be 4—6 bars and the radius of the pores was
estimated to be 200-300 nm. The moisture contetfiteoflewatered cake was 2.7 kg of water per kgyof d
matter, i.e., 27% w/w dry matter content, which wWagsercentage points higher than that measured tisen

thermogravimetric method at 25 (Table 1). This may be due to the relatively apillary pressure
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compared with the applied pressure when the scresspvas used. If ions affect the water activitg, t
capillary pressure may even be lower. Using thae/&brng calculated from the Blahovec and Yanniotis
sorption isotherm results in an ion concentratib@.4 M, which may have a significant impact on teter
activity. For sludge Dns was 3.85 mol per kg of dry matter, meaning thatitin concentration was
calculated to be 1 M at a moisture content of 8.4fkwater per kg of dry matter. Comparing the datd
the two models of water distribution between sludalee and air at a high moisture content indictitasthe
cake structure is important for the relative hutyidit equilibrium and thereby for the critical mioise point
(case 1, Fig. 6). Still, the salt content has aiant impact on the result. Thus, during theigigyprocess,
the critical moisture point is a function of ther@size, cake compressibility, and salt contené difitical
moisture point is therefore determined by the aakapressibility, which also determines the dry eratt
content during mechanical dewatering. Furthermoaike compressibility is a measure of the dry matter
content as a function of applied pressure. Thenthiter content increases at higher pressure; hidribe,
capillary pressure is high during the drying pracdsr example, due to small pores in the cakegirg, the
value may be a relevant parameter for the maximyynmatter content obtainable during dewatering.

However, the estimated dry matter content is atianof the cake compressibility and capillary g@e.

4. Conclusion

The critical moisture point for digested sludge watermined thermogravimetrically to be 3.4 kg aftev
per kg of dry matter. Data were compared with niwesvapour sorption isotherms. Conditioning and
dewatering did not affect the isotherms. Approxighatll g of water adsorbs as a monolayer per 16f0 g
dry matter. The rest of the sorption curve was eefllained by the non-ideal Raoul’s law by inclglthe
effects of dissolved ions. The Blahovec and Yarmnisrption isotherm fit the data well up to a wate
activity of approximately 0.95. At water activitiabove 0.95, the moisture content was affectedhéy t
meniscus at the cake surface and by the cake cesilpitity, but dissolved ions still played a rolthe

critical moisture point was a function of the iancentration, pore size, and cake compressibilitys, the
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393 critical moisture point may only be a good estin@ftthe maximum dry matter content achievable by
394  dewatering if the capillary pressure at the moefwint is comparable to the structural pressutaidd

395  during mechanical dewatering.

396
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Highlights

Thermogravimetric analysis and vapor sorption measurements was done for digested sludge
Blahovec and Yanniotis sorption isotherm fit vapor sorption curves well up to water activities of 0.95
Above water activities of 0.95 capillary condensations dominates

Cake compression and capillary pressure determined the critical moisture point

The capillary pressure was estimated to be 4-6 bars at the critical moisture point



