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Abstract

Secondary sludges from two different wastewateatinent plants are conditioned and dewatered irséimee
way before drying in a lab-scale convective righet same operating conditions. Several technigueesised to
characterize the texture of the dried materialsr avevide range of scales from nm up to mm. Textand
porosity of the dried products are studied by SEMGing, nitrogen absorption isotherms (0.8,<< 50nm),
mercury porosimetry (7.5nma,< 150pum) and X-ray microtomography (spatial resolutio41l um). The image
analysis of cross-sections reconstructed by mionoggraphy also allows following shrinkage and teatur
evolution during drying.

Keywords. Wastewater sludges; Convective drying; SEMijsbtherms; Hg porosimetry; X-ray
microtomography.

INTRODUCTION

The directive of the Council of European Commusiti®ncerning urban wastewater treatdewnill cause the
multiplication of the number of wastewater treatinplants across Europe, and in turn will lead tdramatic
increase in the production of sludges. This praduds expected to double in the EU during the riéxiears.
At the same time, the directive on waste landfiling the progressive reduction of sludge dispasalump
sites’? Two major issues will remain for sludge dispodatineration and landspreading. In both cases, a
thermal drying step is often needed after mechadmaatering by centrifugation or nitration. Dryingn reduce
the water content below 5% DS, which offers sevadaantages. The reduction of mass and volume keads
cost reduction in transport, handling, and storagd to an increase in concentration of fertilizeatter.
Moreover, the dried sludge is stabilized and i® fof pathogen germs due to the high temperatusgntent.
Finally, the removal of water to such a low levedgtically increases the lower calorific valuens@rming the
sludge into an acceptable combustible.

Despite obvious economic, industrial, and environtaleinterests, rather few studies have been ddvtiie
wastewater sludge drying till lately. Researchhis ffield is however progressively growing, as caded by
recent publication$: ™Y One reason for this lack of literature may bedbmplexity of activated sludges, which
are heterogeneous mixtures of microorganisms, mingarticles, colloids, organic polymers, and aasit?
whose composition varies considerably dependingaonple origin and sampling dél(é).Their drying behavior

as well as their final properties may strongly vdigm one sludge sample to another. Actually, thare
probably as many sludges as there are different \W®/TThere is a need for a comprehensive textural
characterization covering a wide range of scalesifnrm to mm. This textural characterization mayegiome
interesting data to better elucidate drying mectrasi and to identify final sludge properties adapted
landspreading or burning. The aim of this artidetd apply some independent characterization tgclesi to
illustrate the differences that may exist betweérge samples from two distinct WWTPs. Laser beam
diffraction granulometer allows determining gramuktric distribution of sludges before dewateringxtlire
and porosity of the dried product are studied bgnsing electronic microscopy imaging (SEM), nitroge
absorption isotherms0( <d,< 50nm), mercury porosimetry (7.5 nm &, < 150 pm) and X-ray
microtomography (spatial resolution = 41 um). Imagelysis of cross-sections obtained by microtoplgy
also allows following shrinkage and textural evntduring drying.
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MATERIALSAND METHODS
Sludge Samples

Sludge samples are collected in two domestic WWafRs secondary settling and thickening. Sludgepdasn
of 400 mL in 1 L beaker are flocculated in a bemscile jar-test by adding 0.006 kg/kg DS of a cation
polyelectrolyte (Zetag 7587 from Ciba). Samplesraheed at 120 rpm for | min. Agitation is then sledvdown
to 40 rpm for 3 min. Dewatering is realized in amalized filtration-expression cEfll under a differential
pressure of 300 kPa. Filtration is stopped aftér The recovered cake is extruded through a ciraitaof 12
mm diameter, producing cylindrical extrudates samtb those used in several industrial belt dryEsdrudates
are cut at a height of 15 mm, yielding samples withume and mass of approximately 1.73camd 2g,
respectively.

The different WWTPs are called A and B. They diffey their capacity, i.e., their number of equivalen
inhabitants (see Table 1). Another essential diffee is the type of treatment. WWTP A has no nutttiemoval
stage, whereas WWTP B has an intermittent nittiiicadenitrification stage. Table 1 also shows some
characteristics of the two types of sludges, betord after mechanical dewatering. Dry solid cont®8%8) is
measured by desiccating sludge sample at 105°@Qgi@4 h and volatile solids are determined by ocaling
dried sludge at 550°C during 2h. The sludge meaticfm sizes (size range between 1.2 and 600 um) ar
measured with a Malvern Mastersizer laser beamadifibn granulometer. They are approximately thaeséor
sludge A and B. Before dewatering, the total sobdtent of sludge B is smaller than in sludge Adge B is
more diluted. An opposite situation prevails afteechanical dewatering, sludge B reaching a higbéd s
content. These different dewatering performancesilshbe due to the different nature of both sludgédike
usually, in our case, the more mineral sludge tem®easier to dewater.

Table 1. Characteristics of the two types of sludges, leeford after mechanical dewatering.

WWTP A WWTP B

Number of equivalent inhabitants 9,000 27,000
Sludge mean patrticle size (um) 55+ 47 62 +44
Sludge total solid content before dewatering (%) 4.67 £0.01 2.99+0.02
Sludge total solid content after dewatering (%) 14.2+0.3 19.3+0.5
Sludge volatile solids (% of DS) 44.8+0.5 63.5+1.2

Convective Micro-Dryer

The microdryer used in this study is a classicalveative rig controlled in relative humidity, temp&ure, and
air velocity. It has already been described in itlétaa previous articlé® Drying conditions reported in this
article correspond to air at ambient humidity (€0.(kg water/kg dry air) and at a temperature of° 060 he
superficial air velocity is kept at 3 m/s.

Characterization Devices
SEM (Scanning Electron Microscope)

Small fragments of dried sludges are mounted ocal@minum stub with a carbon adhesive and then doaiih
platinum (120 s, Argon atmosphere) before obsarmatiith a "Jeol JSM-840A SEM" (Jeol, USA) operatitg
an accelerating voltage of 20 kV.

X-Ray Microtomograph and Image Analysis

Microtomography is used to monitor the evolutiontioé volume, the external surface and the textdirthe
sludge samples. Indeed, sludges are soft, pastgrialatthat undergo large deformations and devestupe
cracks during drying. The X-ray tomographic devieged in this study is a "Skyscan-1074 X-ray scdnner
(Skyscan, Belgium). The X-ray source operates &\4@nd 1 mA. The detector is a 2D, 768 x 576 [@x8lbit
X-ray camera with a spatial resolution of 41 pme Bample can be either rotated in a horizontalegptarmoved
vertically in order to get scans at different veatipositions. The minimum vertical distance betwago scans
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equals 41 um. Once the sample is placed in theomitiograph, four projections are recorded in order
determine the height of the sample. A zone cove@pgroximately a height of 10 mm is selected for
tomographic investigation: around 20 transversatices separated by 0.41 mm are then recorded. This
operation is repeated several times during onengrgiin. 2D cross-sections and projections are gsazkand
analyzed using basic tools of mathematical morpfyknd signal processing>® as explained elsewhefd.
Appropriated programs are implemented in Matlakveafe, with image analysis toolbox version 3.1 from
Matworks.

Nitrogen Adsor ption I sotherms

Nitrogen adsorption isotherms measurements areompeefl at 77 K on a "Micrometrics ASAP 2010M"
(Micrometrics Inst. Co., USA) and on a "Fisons Sompatic 1990" (Fisons Instruments, UK). Each isothe
point is acquired when the pressure variation, iwighfixed time, is lower than a fixed pressureidgon.

Mercury Porosimetry

Mercury porosimetry measurements are performedguaimorosi-meter Carlo Erba 2000 (CE Instruments,
formerly Carlo Erba, UK). They are made betweerl @0d 200 MPa. The measurement of the largestgiree

is carried out under atmospheric pressure usinguauai porosimeter. The Washburn equation (Eq™{1ig
used to calculate the pore diametgy, in relation to the external pressui, applied to force mercury, a
nonwetting liquid, into the pores, is the surface tension of mercury (0.48 §randé is the contact angle of
mercury onto the pore walls (140°). The range eSpure investigated allows us to study pores wémeters
between 7.5 nm and 150 pum. Visual observationshefrecovered samples after measurement indicate tha
sludge is intruded without any collapse.

docos @
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RESULTS

Two extrudate samples of each sludge are usechéoditying experiments: the first one is dried withany
interruption, while the second one is removed s#vénes from the dryer for tomographic investigatiFor the
first extrudate sample, only tomographic imagefirsf (wetted) and last (completely dried) statess i@corded.
Initial and final mass of sludges A and B as wsltlaeir water content (on a dry basis) are liste@able 2.

Although extrudates 1 and 2 are sampled in the d#tnadion cake, their water contents slightlyfdif, as it can
be seen in Table 2. This can be explained eithevdniical moisture gradient within the cake, rasgltfrom
pressure profiles that develop during filtraffSror by the heterogeneity of the investigated produc

SEM Images

SEM micrographs of the external surface of driech@as of sludges A and B at magnifications of 50 a
5000x are shown in Figs. la-d. At higher magnifared, image focusing is hard to achieve. At high
magnification, the structure of sludge A (Fig. l8ems denser and more compact than that of sludge B
(Fig. 1d). The structure of sludge A seems mada obmplex arrangement of aggregate-like elemerftdew
sludge B presents a kind of smooth branched-netw@iiservations at low resolution allow examining th
whole structure. The surface of sample A (Figskgms rather smooth and crossed by large crackssurface

of sample B (Fig. Ib) presents a more open and texrgiructure constituted by a hierarchy of poregavious
sizes and forms. In other words, sludge B exhiditougher surface than sludge A does. Such diffeeare
difficult to explain. They may result from differess in the type of biological process used in WWARmd B

(see materials and methods).

Nitrogen Adsor ption-Desor ption

N, adsorption-desorption measurements allow scarping diameters between 0.5 and 50 nm. Figure 2 show
the N, adsorption-desorption isotherms obtained for shsdd and B after drying. In both cases, the isather
corresponds to type IV in the BDDT classificatié®¥ The almost linear evolution observed at low pressu
indicates that the system does not display anyapamosity (pore diametet,<2 mn).However, the hysteresis
loop observed at high pressure shows that mesapo(@sim<d,< 50 nm) is present.
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The corresponding total porous volum¥s)(specific surfaces ggr), and BET constantsCger) are displayed in
Table 3. These values reveal that both samplepamis, but develop a weak specific surface. Naedss, the
comparison between isotherms obtained with the sludge samples indicates that sludge A exhibitsosem
porous structure: it presents higlser andV, than sludge Bt-Plots (Fig. 3) confirm this analysis. In each case
an upper deviation from the straight line is obsepwhich confirms that the structure is mainly opsous?
However, deviation is more important for sludgewkich indicates that mesoporosity is higher in #ligdge
than in sludge B.

Pore size distributions are calculated using theeBmoff-de Boer methd®! assuming that pores are open
cylinders. Figure 4 shows that for both samples tlase peaks are observed at about 3.5 and 5 nahsdt
seems that both curves present a flatter peak bat@® and 30 nm. This last observation is furtilenmented
by analyzing mercury porosimetry experiments.

Table2. Initial mass, final mass, and water contenéxtfuded samples of sludges A and B.

Sludge A Sludge B

Extrudate 1 Extrudate 2 Extrudate 1 Extrudate 2

Initial mass (g) 1.953 1.959 1.978 1.899
Initial water content (kg/kg) 6.18 5.87 4.44 455
Final mass (g) 0.272 0.285 0.364 0.342

Table 3. Total porous volumes {) specific surfaces £gr), and BET constants ¢gy) for sludges A and B
determined from Nadsorption-desorption isotherms.

VP (Cmslg) SBET (mzlg) CBET
Sludge A 0.149 19 9.4
Sludge B 0.039 3.6 3.4

Figurel. SEM images of external surface of sludge A (a: 50%000x) and sludge B (b: 50x, d: 5000x).
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Figure2. Nitrogen adsorption and desorption curves ahpkes of sludges A and B.
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Figure3. t-Plots for samples of sludges A and B, basethsorption results.
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Mercury Porosimetry

Mercury porosimetry allows the investigation of @atiameter distribution in the range 7.5 nm-150 e,
overlapping the Bsorption range (0.5-50 nm). Figure 5 presents étfggimetry intrusion and extrusion curves.
For sludge A mercury intrusion remains weak at jongssure R < 1 MPa:Vy, ~ 0.05 cni/g). For higher
pressuresK > 13 MPa), the sample is abruptly intruded by merc®n the contrary, sludge B is gradually
intruded by the mercury in the whole pressure rafge same behavior is observed for extrusionhénciase of
sludge B, measurements between 90 and 200 MPahivetered because of mechanical failure.

As samples are intruded without any collapse, tlesMgurn theory can be applied to determine the etiamof
intruded pores (Eq. (1%

Figure 6 displays the evolution of cumulative peodume vs. pore diameter in a semi-logarithmic plihis
graph shows different behaviors for sludges A andAEKind of plateau is observed for sludge A, whife
cumulative volume continuously increases with dasireg pore diameter for sludge B. As indicated abl€ 4,
the total porous volum#,, determined by mercury porosimetry in the range b8n6<d, < 95 um is higher for
sludge B than for sludge A. In the case of sludg®@®46 ofv,, is formed by macroporesi{> 50 nm) against
56% for sludge A. Table 4 also indicates that Igpgees investigated under atmospheric pressurgufl3:d,
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<95um) clearly contribute to the measured porousme (35% ofV, for sludge A and 58% of,, for sludge
B).

Figure 7 shows the two pore volume distributiona ithouble-log plot. For both samples a small psaletected
around 16 um, corresponding to pores investigatetbiuatmospheric pressure. For sludge A, anothak pe
about 23 nm is clearly observed. This has to batedlto the flat peak detected by Bbrption isotherms
between 25 and 30 um. Because of the mechanidatefahat occurred during measurement on sludgnd,
distribution is truncated on the left and no cosida can be made.

As indicated by N sorption curves and Hg porosimetry, sludges A &8ngresent both mesopores and
macropores. All pore diameters between 3 nm angif@5are represented with some predominant diameters:
3.5-5 nm and 25-30 nm in the mesoporous range &ndriin the macroporous range. Few data are alailab
the literature with which to compare our resultoutrier et al®” use mercury porosimetry (only above
atmospheric pressure) and find that most of thegor an activated sludge have a diameter inféeoidd0 nm
after drying. This result is close to those preséfitere, according to the diameter range investigat

Figure4. Broekhoff-de Boer pore volume distribution $amples of sludges A and B, assuming that pores are
open cylinders.
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Figure5. Mercury intrusion and extrusion curves for séesmf sludges A and B.
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Figure6. Evolution of cumulated pore volume vs. poremditer for sludges A and B.

0.25

—a— Bludge A
—o— Sludge B

[
= <
wn [\%]
;
. .

Curruilated volume (cmzfg}
>

0.05r y

0 1 Lt aaasl 1 42 1 1l L 12 s syl A L1 1yl 1 L1 111
10 10 10° 107 10 10
Dote diametar (nm)

Table4. Analysis of cumulative pore volume curves deiteed by mercury porosimetry.

Total Viyq V; (cnv/g) V, (cnT/g)
16.6 nm<d,<95 pum(cnv/g)
Sludge A 0.153 0.084 0.054
(56% of totalVyyg) (35% of totalVyyg)
Sludge B 0.217 0.206 0.126
(95% of totalVyyg) (58% of totalVyyg)

Note: V; is the volume corresponding to macropores, i.egdfe 50 nm;V, is the volume corresponding to pores investigateteu
atmospheric pressure, i.e., for pore diametersémange 13 pmd<95 pm.

Figure7. Pore volume distribution from mercury porosimdbr samples of sludges A and B, in a double-log
plot.
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Microtomography

Microtomography allows the analysis of the matetdatture at a higher scale than SEM, idbtherms analysis
or mercury porosimetry: between the device spagisblution of 41 pm and the maximal object sizalmjut 20

mm. Table 5 displays initial (before drying) anddi (after drying) equivalent diameters (Eq. (2))l deights of

the samples obtained by image analysis of tomogdgaptages. It can be observed that all samples hatral
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equivalent diameters greater than the die dian{f@mm). This is an illustration of the swellinggsfomenon
that occurs during extrusion of viscoelastic maisff® Comparing the final dimensions of the two sampbe®
can observe that shrinkage is more important fadgg A than for sludge B. This is illustrated irgFB
(shrinkage curves), which represents the evolutibthe normalized sample volum&\, vs. the normalized
water contenWW/Wg. As explained in the material and methods sectiberet are two experimental points for
each sludge at initial and final valuesWwfW, i.e., 0 and 1. Sludge A exhibits a higher shrinkdmgm sludge B,
with a volume reduction of 80% against 60%. Theuwwé decrease of both samples follows approximalely
same trends till a normalized water contéfii\} of approx. 0.5. Below this value, the two trend$edislightly.
The volume decrease of sludge A remains linearlevgtirinkage of sludge B slows down. Previous vwait@ws
that shrinkage of sludge A stops for water conteatr 0.2 kg/k&® This is not observed on this figure, probably
because the number of tomograms is not sufficiettieé range of small water contents.

J—2x /section area )
T

Figure 9 present cross-section images of the twupkes at totally wet (a and b) and dry levels (d diy i.e.,
respectively folW/W, equals to 1 and 0. Cross-sections of completelysagtples are rather similar, although
sludge B (Fig. 9b) contains more voids and seentsat@ an initial diameter slightly larger than gjadA (as
indicated by Table 5). When samples are complede}y clear differences appear in the configuratdrthe
cracks that developed during drying. Sludge A showmerous cracks which are radially oriented, wasifer
sludge B all solids are concentrated in an externadt delimiting a big internal void.

Table 5. Initial and final equivalent diameters, initial drfinal heights for extruded samples of sludgesd B
obtained from microtomographic investigation.

Sludge A Sludge B

Extrudate 1 Extrudate 2 Extrudate 1 Extrudate 2

Initial equivalent diameter (mn 12.74 £+ 0.18 12.64+0.08 13.00+0.32 13.11+0.12

Final equivalent diameter (mn 7.40 £ 0.44  7.48 £+ 0.39 10.09+0.23 9.35+0.90

Initial height (mm) 15.98+0.34 15.91+0.33 16.29+0.29 16.36 + 0.28
Final height (mm) 9.20+0.20 9.04+0.40 12.67+0.10 12.67%0.07

Figure8. Shrinkage curves. The points at \W#tand W/W = 0 are slightly shifted to avoid superposition.
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Figure 10 displays the development and extentadks at different drying levels: the "crack ratis'defined as
the area of cracks divided by the total area ofciioss-section (including cracks and solid). Theaasf cracks
and the total area of the section are obtained ftmemreconstructed 2D X-ray images. Discriminaténong
solid and void (cracks) regions within a cross isects achieved by binarization following Otsu's thuel
Nonsignificant tiny objects (smallest than 3 byiSefs or, approximately, 0.015 nfjrare removed by erosion.
The final binary image is obtained by reconstrutid the thresholded image using the eroded imagaaker.
The crack area is calculated directly on the baeattiimage by multiplying the number of pixels cdosing the
cracks by a calibration constant. A closing operais applied to reconstitute the external perimate to fill
the image before calculating its total area. It barseen on Fig. 10 that the crack ratio remaim®sti constant
and quite low at high normalized water contaM8\}, i.e., above 0.6 for sludge B and 0.4 to 0.3 fodgluA.
Below these values, it starts to strongly incréadecating the onset of crack development. Thelftmack ratio
is higher for sludge B than for sludge A, i.e., 60%6 40%. This difference is clearly illustrated Bigs. 9c and
d. In a previous work, we showed that the expansioaracks may be related to the development arival
transfer limitation&?®?% The development of moisture gradients during tberse of drying was clearly
visualized by a grey level analysis of X-ray mionoibgrams. These moisture gradients, induced by the
development of internal diffusional limitations us& mechanical stresses leading to crack form&fidH.

It would be interesting to compare microtomografdyy> 41 pm) results with those obtained with mercury

porosimetry under atmospheric pressure (13 dgg @5 um). However the narrow overlapping range betw
these two techniques (41-95 pm) could induce largas.

Figure9. Tomographic images of cross sections of slid¢ge wet, c: dry) and sludge B (b: wet, d: dry).
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Figure 10. Evolution of crack ratio measured by microtomagay with normalized water content.
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CONCLUDING REMARKS

In this work, two different wastewater sludges, ditioned, dewa-tered, and dried with the same dipgya
conditions are characterized at several scales witlependent techniques.,Nsotherms and mercury
porosimetry reveal a mesoporous and macroporoustgte and indicate that the two sludges have lpecific
surfaces. These measurements also show that thagpeolume and specific surface area are higheslémige
A. X-ray microtomography reveals different shrinkdmehaviors of the two sludges, with a volume rédnoof
80% for sludge A and 60% for sludge B. Microtomquma appears to be an efficient technique to stingy t
"ultramacroporosity" of the sludge samples and attarize their development during drying. Voidgyarthan
41 pm up to 2 cm can be detected and charactefz=iilts show that some cracks appear during dryingir
extent depends on the sludge: final crack rati$é086 and 60% are reached respectively for sludgadistudge
B.

This work shows that each sludge has its own drielgavior. To our knowledge, this is the first tithat the
combination of these methods has been used toatbarz this kind of material.

An interesting perspective would be to classifydgless on the basis of their composition and/or WpTdtess
characteristics in order to determine relationshwiteir drying behavior. This is a big job, whichilwequire
confrontation of data acquired by different reshars involved in sludge drying, sludge dewateriagd
wastewater treatment.

Nomenclature

Caet BET constant (—)

d Equivalent diameter (mm)

d, Pore diameter (nm)

P Pressure (MPa)

Seer BET specific surface area {g1)
\Y Volume ()

Vo Initial volume (n?)

V, Volume determined by mercury porosimetry corresfiantb macroporeg, > 50 nm) (m)
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2 The volume determined by mercury porosimetry cueasling to pore investigated under
atmospheric pressure (13 x{d,<95 pm) ()

Vhg Intruded mercury volume by mass unit fgif)

A Porous volume determined at saturation pressubddsotherm analysis (ctg™)
W Dry basis water content (kgekg'Ds)

Wo Initial dry basis water content (kger kg*DS)
Greek Symbols

o Surface tension of mercury (N

0 Contact angle of mercury onto the pore walls (°)
Acronyms

DS Dry solid content

EU European union

WWTP Wastewater treatment plant
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