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a b s t r a c t

Settling velocity is a crucial parameter in granular sludge technology. In this study the

effects of temperature and salt concentrations on settling velocities of granular sludge

particles were evaluated. A two-fold slower settling velocity for the same granules where

observed when the temperature of water decreases from 40 �C to 5 �C. Settling velocities

also decreased with increasing salt concentrations. Experiments showed that when

granules were not pre-incubated in a solution with increased salt concentration, they

initially floated. The time dependent increase in mass and hence in settling speed of

a granule due to salt diffusion into the granule was dependent on the granule diameter.

The time needed for full salt equilibrium with the bulk liquid took 1 min for small particles

from the top of the sludge bed and up to 30 min for big granules from the bottom of the

sludge bed. These results suggest that temperature and salt concentration are important

parameters to consider in the design, start-up and operation of granular sludge reactors

and monitoring of these parameters will aid in a better control of the sludge management

in anaerobic and aerobic granular sludge technology. The observations also give an

explanation for previous reports which were suggesting that a start-up of granular sludge

reactors is more difficult at low temperatures.

ª 2012 Elsevier Ltd. All rights reserved.
1. Introduction granular sludge bed technology (EGSB) (Beun et al., 1999;
In activated sludge wastewater treatment processes the

sludge-liquid separation in secondary clarifiers is an impor-

tant step to assure the effluent quality. Activated biosolids

however frequently shows poor settling properties, which in

turn can potentially harm the process efficiency (De Los Reyes

Ill and Raskin, 2002). Recently, interesting alternatives for the

conventional activated sludge systems were developed

relying on compact and self-immobilized granulated biomass.

Examples are for instance Aerobic Granular Sludge (AGS),

Upflow Anaerobic Sludge Bed (UASB), as well as expanded
.
delft.nl (M.C.M. van Loos
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Lettinga and Hulshoff Pol, 1991; Morgenroth et al., 1997;

Rinzema et al., 1993). One of themost important parameters to

select for granular sludge is the settling velocity. By applying

short settling times in reactors operated as sequencing batch

process, only big and fast settling biomass aggregates are

selected, while flocculent sludge is washed out (Beun et al.,

2000). As a result, granular sludge technology has a small

area requirement due to the absence of large clarifiers and

increased sludge content in the bioreactors (De Bruin et al.,

2004). The parameters determining the settling velocity of

particles and in turn biomass washout are of crucial
drecht).
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importance to granular sludge technology. The balances of

forces for the sedimentation of a spherical particle are

depending on the buoyancy, gravity and drag force (Giancoli,

1995). From this relation, the settling velocity is influenced

by the viscosity of water, particle size and shape, and the

difference between the density of the water and the particles.

The density and viscosity of the medium depends on the

temperature and solutes present in water. With increasing

temperature, the viscosity and density of the water decreases

even though the density is not as much influenced as the

viscosity. At high temperature, water molecules are more

mobile than at low temperature decreasing its viscosity from

e.g. 10e40 �C by a factor two (Podolsky, 1994). Salts are dis-

solved as ions, which enhance the water structure and

increase the density of the fluid. The density of oceanwater at

the sea surface is 1028 kg/m3, which is much higher than the

density of freshwater (998 kg/m3 at 20 �C). Since the density of

granules is only slightly different from water (reported values

vary between 1005 and 1070 kg/m3) (Bassin et al., 2011;

Batstone and Keller, 2001; Etterer andWilderer, 2001) changes

in the density of the water will have a significant impact on

the settling behavior of granules.Many researchersmeasured,

calculated, and compared the settling properties of granular

sludge and activated sludge under different process condi-

tions (de Kreuk et al., 2005; Grant and Lin, 1995; Lew et al.,

2003; Liu et al., 2008; Nor Anuar et al., 2007). However, no

study focussed on the influence of the viscosity and density

changes of water due to changes in temperature and ionic

strength on the granular sludge settling. This is of special

importance during operation of full-scale operation plants,

which are susceptible to changes in temperature and in salt

content. We measured in this study the settling velocity of

laboratory grown aerobic granules under different tempera-

tures and NaCl concentrations. The relevance of considering

the physical properties of water for the design and operation

of aerobic granular sludge reactors is discussed.
2. Material and methods

2.1. Density and size distribution measurements

Granules from a lab-scale aerobic granular sludge reactor

were sampled for measurement of particle size distribution,

dry mass, ash content and granule density. Specific biomass

density was measured with a pycnometer and size distribu-

tion measurements were conducted by the means of an

image-analyzer using the averaged projected surface area of

the granules.

2.2. Experimental determination of settling velocities at
different temperatures and salt concentrations

The settling velocity of granules at different temperatures

(5e40 �C) and salt concentrations (0e40 g/L NaCl) was deter-

mined in a 3 m long column. The experimental column

comprised a double wall for temperature control. Tempera-

ture was controlled online by a water bath based on the

measurement of the temperature in the column. Laboratory

grown granules were collected from a settled sludge bed.
During the settling phase of the sequencing-batch AGS

reactor, bigger and denser granules settle faster and occupy

the bottom of the sludge bed, whereas small and lighter

granules form the top layer of the sludge bed (Winkler et al.,

2011a). Granules from top and bottom of the reactor sludge

bed were collected and their diameter and density was

measured as described in Section 2.1. Henceforth the granules

from the top were called small and granules derived from the

bottom were called big granules. For the measurement of

settling velocities at different temperatures, the column was

filled with tap water and temperature was adjusted between

5 �C and 40 �C. For the settling experiments at different salt

concentrations (0e40 g/L NaCl), the temperature of the water

was kept constant at 20 �C. Moreover, settling experiments for

different salt concentrations were conducted a) without pre-

incubation b) after 15 min pre-incubation and c) after a day

of incubation of the granules in the same salt concentration as

used in the experimental setup. For salt and temperature

experiments, 5 g of wet granules were placed on a spoon and

were released for every experiment in the same manner into

the reactor column. Thewater columnheightwas always kept

constant for all experiments. The time necessary to reach half

of the column height (1.5m) was recordedwith a chronometer

and the settling velocity of granules was determined. Each

experiment was carried out 5 times and graphs are based on

average values.

2.3. Calculation settling velocity

The measured average density and diameter of granules

obtained in the settling experiments were used to calculate

theoretical settling behavior. For particle Reynolds numbers

smaller or equal to 1, Stokes’ law was used to calculate the

settling velocity of a particle ys ¼ g

18
,
rp � rw

rw
,
d2p
vw

. For particle

Reynolds numbers in the range 1 < Rep < 103, the sedimen-

tation velocity was calculated by iteratively solving the coef-

ficient of resistance cwðRepÞ ¼ 24
Rep

þ 4ffiffiffiffiffiffiffiffi
Rep

p þ 0:34 and hence

solving the equations of the stationary sedimentation velocity

of a single spherical particle: ys ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
3
dp$

rp � rw

rw
$g$

1
cwðRepÞ

s
.

Changes in density and viscosity of water were adjusted

according to the temperature and salt conditions as applied in

the experimental setup. It was further assumed that inside the

granules the same salinity occurred as in the liquid; the

granular density was corrected for the increase in density of

water at different temperature or salt concentrations. For the

theoretical settling behavior at different salt concentrations

a density increase due to a granular shrinking of 0.5% per 10 g

NaCl was assumed to fit the model.

2.4. Calculation salt penetration

The penetration time of a known salt concentration (CL ¼ 41 g/

L NaCl, density 1030 kg/m3) into a granule and the resulting

specific mass increase and settling velocities over time were

calculated. In these calculations, spherical granules were

assumed to have equal diameter and composition. Further,

http://dx.doi.org/10.1016/j.watres.2012.04.034
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Fig. 1 e Measured settling velocities and standard

deviations at different temperatures for small (C) and big

(-) granular sludge particles and the corresponding

theoretical settling velocities (lines) based on themeasured

values in Table 1.
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granules were assumed to not influence each other while

settling. The chosen diffusion coefficient of salt in solution

(DL) was 9� 10�10 m2/s and the diffusion coefficient of salt into

the granules (DG) was assumed to be 0.8 DL. For calculations,

an initial particle density of 1010 kg/m3 and a diameter (d ) of

1 mm or 3 mm were assumed. Absorption of salt into the

particle can be simulated using the diffusion equation, but

here the simple standard solution was used. First absorption

follows penetration theory, but after a critical time the mass

transfer coefficient becomes constant, given by Sh ¼ 2
3
p2. This

period we call permeation. The salt penetration depth

d ¼ ffiffiffiffiffiffiffiffiffiffiffi
pDLs

p
at the critical time s between penetration and

permeation was calculated using s ¼ Fo d2/DG assuming

a critical Fourier (Fo) of 0.02. The overall mass transfer coef-

ficient KL ¼
�
1
ko

þ 1
mki

��1

was derived using an external mass

transfer coefficient ko ¼ Sh
DL

d
(with Sh ¼ 2) and an internal

(average) mass transfer coefficient ki ¼ 2
DG

d
. The relative

concentration of salt in the granule compared to the salt

solution (m) was arbitrarily assumed to be 0.8. This assumes

that cells and EPS molecules in the granule take up volume

leading to a lower volumetric salt concentration in the gran-

ules. Themass entering the granule during this period follows

from DM ¼ KLACLs. After the penetration period (Fo > 0.02),

during permeation, the internal mass transfer coefficient ki ¼

Sh
DG

d
was used with a Sherwood of Sh ¼ 2

3
p2. Now the change

in mass follows from a mass bal-

ance:
dM
dt

¼ dVCG

dt
¼ KLA

�
CL � CG

m

�
. Combining, the density of

the granule follows from

rG ¼ rGi þmCL �
�
mCL � 6

KLp

d
CLs

�
exp

�
� KL

dm
ðt� sÞ

�
, with

subscript p referring to the penetration period.
3. Results

3.1. Settling velocity at different temperatures

Top (small) and bottom (big) granules with known density,

diameter and ash content (Table 1) were used to determine the

settling velocity at different temperatures and salt concen-

trations. The results presented in this work are in alignment

with general physical mass and heat transfer theorems. Heat

transfer was very quick and results of settling velocities at

different temperatures showed a good fit with the calculated

settling velocities which were based on the average measured
Table 1 e Physical properties of small and big granules
from settling velocities test.

Parameter Small Large

Ash content % 15 34

Density g/L 1020 1037

Average diameter (mm) 1.5 2.3
diameter and density of the granules used in the experiment.

Smaller and lighter granules settled slower than bigger and

denser granules. Results revealed a two-fold difference in

settling velocity for the same granule at 5 �C and 40 �C with

values increasing from 84 to 145m/h for big granules and from

35 to 63 m/h for smaller granules (Fig. 1).
3.2. Settling velocity at different salt concentrations

Opposed to heat transfer, mass transfer of e.g. salt is much

slower. For the salt measurements settling tests without

a pre-incubation of the granules in the salt concentration in

which the experiment was conducted in, most of the granules

floated making a measurement of the settling velocity

impossible. In order to experimentally show the effect of salt

penetration on the density and hence the settling velocity of

granules a pre-incubation of 15 min and of one day was

chosen. Results showed that the longer the incubation was

chosen the faster the granules settled. Theoretical settling

behavior of granules at different salt concentrations gave

a good fit (Fig. 2).
Fig. 2 e Measured settling velocities and standard

deviations at different salt concentrations for small (C) and

big (-) granular sludge particles after incubation in

corresponding salt solution for 15 min (grey) and 24 h day

(black).
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3.3. Time dependant salt penetration

The time dependent increase in density and settling velocity

of small and big granules was calculated during incubation in

a 40 g/L NaCl solution. Settling velocity of granules increase

due to the increase of density caused by the penetration of salt

into the granule. Settling velocity of smaller granules is

accelerated whereas for bigger granules no settling occurs

until 11min. Only after this time the settling increases linearly

due to full salt penetration (Fig. 3A). Fig. 3B shows the time

needed for a particle to get as dense as the solution. For large

particles this time become in the order of 5e30 min, a relative

long time compared to other process times in the operation of

granular sludge reactors.
4. Discussion

In this study the effects of temperature and salt concen-

trations on settling velocities of granules were evaluated.

Results revealed a two-fold faster settling velocity for the

same granules when temperature of water was increased

from 5 �C to 40 �C. Measured and calculated settling veloc-

ities within this study gave a good fit for fresh water (Fig. 1).

Other researchers who measured and calculated settling

velocities of aerobic granular aggregates in fresh water also

found a good fit of measured and theoretical values (Xiao

et al., 2008). In addition, settling velocities were measured

at different salt concentration and results revealed as

expected in a decrease in settling velocity with increasing

salt concentrations. This decrease was however lower than

expected from a calculation based on the originally

measured density (Table 1). The density of a granule is very

sensitive in the calculation of the settling velocity. The first

factor to correct for is the salt water inside the granule

which also leads to an increased density of the particles. It is

simply assumed that the density of the liquid inside and

outside of the granule is the same. This correction gave

a reasonable fit between theory and data although the slope

of the curve in Fig. 2 was too strong leading in an unac-

ceptable fit for salt concentrations higher than 15 g/L. Earlier

studies reported a shrinking of alginate gels at increasing

salt concentration which could potentially lead to higher

granular densities (Moe et al., 1993; Tierney et al., 2010).

Since granules are reported to consist of alginate this effect
Fig. 3 e A) calculated time dependent increase in density (black

and big (3 mm, solid line) granule during incubation in a 40 g/L

a granule as a function of particle diameter.
is likely to have played a role in our experiments as well (Lin

et al., 2010). For our theoretical settling velocities we

observed that an extra density increase of 0.5% per 10 g/l

NaCl yielded a good fit of measured and calculated settling

velocities (Fig. 2). The corresponding shrinking of the

particle was too small to be measurable with an image

analyzer.

In case of the temperature, the main factor influencing

the settling velocity is the change in viscosity of the water

whereas for salt water the major factor influencing settling

velocity is the water density. Temperature and salt have

a significant effect on granular sludge settling rate. This is

due to the fact that at higher temperature the viscosity of

water is decreased hence decreasing resistance while at

higher salt concentrations resistance is increased due to the

water density increase (Judd, 1970; Thomas and Stevenson,

1973). Certainly when temperature and salt content rapidly

vary, like in industrial wastewaters or e.g. due to melt water

or storm water in municipal wastewater treatment plants,

the effect of these parameters should be considered and

appropriate measures need to be taken to prevent process

instabilities due to biomass washout. For municipal waste-

water during cold winter periods also salt peaks from deic-

ing road salts might influence the settling rate. The

concentrations of salts in runoff water can be up to 4 g

chloride per liter (Bubeck et al., 1971) and can lead in

extreme cases to flotation and washout of the sludge since

the diffusion of salt into the granule can take up to 30 min

(Fig. 3A, B). Salt events will therefore decrease system

functioning not only by toxification of microorganisms

(increase in osmotic pressure) (Uygur and Kargi, 2004) but

also by washout events due to biomass floating (Fig. 2). For

a continuous operation of granular sludge reactors at high

salt concentrations of up to 30 g NaCl/L floating has not be

reported to be problematic (Figueroa et al., 2008). However,

when granular sludge reactors are run in sequencing batch

mode, with e.g. 3e4 parallel reactors fed sequentially, the

wastewater characteristic can significantly vary in between

two influent additions. A strong change in temperature or

salt might disturb an even upflow of the influent through

the settled sludge bed.

The formation of granular sludge at lower temperatures

is hindered by many factors. Earlier research on aerobic

granular sludge reactor has experimentally shown that

a start-up process at cold temperatures is troublesome (de
) and settling velocity (grey) of a small (1 mm, dashed line)

NaCl solution. B) Penetration time of NaCl (40 g/L) into

http://dx.doi.org/10.1016/j.watres.2012.04.034
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Kreuk et al., 2005). All microbial processes run slower at

lower temperatures (Brdjanovic et al., 1997; Kettunen and

Rintala, 1997; Lettinga et al., 2001) which could have

limited the granulation at a lower temperature. This

research shows that not only microbial factors are hindered

at lower temperatures but also that settling velocity is much

reduced at lower temperatures (Fig. 1). During a start-up

process of a granular sludge system, granular biomass has

to be separated from flocculent sludge in order to have

selective washout of the latter. Initially granular sludge

particles are only small (0.2 mm), which implies that the

settling velocity differences between flocculent and gran-

ular biomass is small. At lower temperature, this difference

is even decreased. The settling velocity of a granule with

a diameter of 200 mm and a density of 1010 kg/m3 will not be

higher than 1 m/h regardless of the temperature. At these

low temperatures the separation of initial granules and flocs

becomes therefore troublesome explaining the reported

problematic start-up under cold conditions.

Recently we demonstrated that in aerobic granular sludge

vertical segregation of granules occurs based on small differ-

ences insettlingvelocityof thegranulesandthatdifferent types

of bacteria grow either in bigger or smaller granules due to

physiochemical reasons (Winkler et al., 2011a, 2011b). Granules

with a higher density accumulate at the bottom of the sludge

blanket. Since the feeding is from the bottom of the reactor,

these granules get a higher substrate load and therefore

a higher radius, which enhances the segregation effect. Segre-

gation of biomass has been reported earlier and is hence

a common occurrence in wastewater treatment based on

granular sludge or biofilms (DiFelice et al., 1997; Ro and

Neethling, 1994). Selective sludge withdrawal from either top

orbottomof thesludgebedcanthereforebeusedasapossibility

to control the microbial community structure granular sludge

technology. Sincewehave shown that salt eventsmainly cause

biggergranules tofloat (Fig. 3A,B) andourprevious studieshave

shown that polyphosphate accumulation organism aremainly

located in bigger granules (Bassin et al., 2011; Winkler et al.,

2011a), salt events might lead to a significant washout of this

functional groupandhence to a loss in P removal efficiency.We

canconclude that inorder tooptimizebiomassretentionwithin

granular sludge reactors amonitoring of a variation in physical

waterproperties like temperatureandconductivity (tomeasure

salts)areof importance tounderstandpotentialdisturbancesof

the reactor system.
5. Conclusion

In this study we showed that the temperature and ionic

strength dependent density and viscosity changes of water

have great impact on settling velocity of granular sludge.

The corresponding slow settling of small granules at

decreased water viscosities and increased water densities as

caused by a lower temperature can be an important reason

for the reported troublesome start-up of granular sludge

reactors. Conductivity and temperature measurements can

therefore be used as an additional operational factor to

stabilize and improve biomass retention in granular sludge

technology.
Symbol list

d ¼ salt penetration depth, d ¼ ffiffiffiffiffiffiffiffiffiffiffi
pDLs

p ½mm�
d ¼ diameter particle [mm]

DL ¼ diffusion coefficient (Liquid or Granule) [m2/s]

Fo ¼ Fourier group (dimensionless time) [-]

ki ¼ internal mass transfer coefficient in penetration period,

ki ¼ 2
DG

d
½m=s�

ki ¼ internal mass transfer coefficient after penetration

period, ki ¼ Sh
DG

d
½m=s�

ko ¼ external mass transfer coefficient, ko ¼ Sh
DL

d
½m=s�

KL ¼ overall mass transfer coefficient, KL ¼
�
1
ko

þ 1
mki

��1

½��
m ¼ distribution coefficient (solubility salt in granule versus

salt solution) [-]

Sh ¼ Sherwood group (dimensionless mass transfer coeffi-

cient) [-]

s ¼ penetration time (during which penetration theory holds)

[sec]

Calculation of settling velocity

ys ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
3
dp$

rp � rw

rw
$g$

1
cwðRepÞ

s
for 1 < Rep < 103

cwðRepÞ ¼ 24
Rep

þ 4ffiffiffiffiffiffiffiffi
Rep

p þ 0:34

ys ¼ g
18

$
rp � rw

rw
$
d2p
vw

forRep � 1

vs ¼ sedimentation velocity of a single particle ½m=s�
dp ¼ particle diameter [m]

rp ¼ density of particle ½kg=m3�
rw ¼ density of the fluid ½kg=m3�
g ¼ gravitational constant 9.81 ½m=s2�
nw ¼ kinematic viscosity water ½m2=s�
cw(Rep) ¼ coefficient of resistivity [�]

Rep ¼ particle Reynolds number [�]
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