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ARTICLE INFO ABSTRACT

Article history: Granular activated carbon (GAC) filtration is an important unit operation in drinking water treatment.
Rece}ved 1 Apr{l 2021 GAC filtration is widely used for its filtration and adsorption capabilities as a barrier for undesired organic
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Available online 27 July 2021 capturing the impurities from the water in conjunction with a backwash procedure in which the sus-

pended particles are flushed out of the system. Available literature predominantly focusses on adsorp-
tion. A less frequently discussed but nevertheless equally crucial aspect of this operation is the
backwash procedure of GAC beds. To prevent accumulation of suspended particles and to avoid addi-
tional operation costs, optimal backwashing is required. Another factor is sustainability: water utilities
are showing increasing interest in exploring new sustainable GAC media. As these have different bed
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Green-based materials expansion tendencies due to different GAC characteristics with varying geometries, operational develop-
Expansion characteristics ments are needed for prediction models to estimate the expansion degree during backwashing. The pre-
Porosity prediction modelling diction of the bed expansion of GAC is complex as the particles are non-spherical, porous and

polydisperse. Through a combination of advanced particle laboratory and fluidisation experiments, we
demonstrate a new approach which leads to an improved expansion prediction model for the backwash-
ing of GAC filters.

© 2021 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Subscripts, superscripts and abbreviations can be found in the Netherlands to integrate activated carbon technologies in their
Supplementary material (Section 8) drinking water treatment plants [4]. GAC is regenerated every 1-
3 years to destroy the adsorbed components contained on its sur-
face. The GAC filtration process consists of two successive phases.
During the filtration and adsorption phase, suspended solids and
dissolved organics are removed from the water through filtration
and adsorption, respectively. Accumulation of suspended solids
increases the head loss. When a head loss setpoint is exceeded,
the accumulated particles are removed from the GAC filter during
the backwash phase through an up-flow water stream and addi-
tional air scouring. For reliable and safe drinking water production,
a precise specification of backwash rates for filter cleaning is
. N . needed. Therefore, robust and flexible treatment processes require

* Corresponding author at: Delft University of Technology, Faculty of Civil . . .
Engineering and Geosciences, Department of Water Management, PO Box 5048, thorOUgh de51gn spec1ﬁcat10ns and process control of backwash
2600 GA Delft, the Netherlands. rates for filter cleaning [5,6]. Regarding GAC filtration, the scientific

E-mail ~ addresses:  onno.kramer@waternet.nl,  o.j.i.kramer@tudelft.nl literature focusses mainly on the adsorption capacity of GAC
(0J.I. Kramer).

1. Introduction

Granular activated carbon (GAC) filtration is widely applied in
advanced drinking water treatment plants for its filtration and
adsorption capabilities as a barrier for undesired macro- and
micro-pollutants [1,2,3]. Increasing levels of organic micro-
pollutants (OMP) in surface water used as source for drinking
water production have led water supply companies in the
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Nomenclature

Symbols

D Inner column or cylinder vessel diameter [m]

dp Effective or average or particle equivalent diameter [m]

ds; Sieve mesh diameter [m]

di max Maximum diameter (minor axis of ellipse) [m]

di min Minimum diameter (minor axis of ellipse) [m]

E Bed expansion [%]

g Local gravitational field of earth equivalent to the free-
fall acceleration [m/s?]

L Fluid bed height [m]

Lo Fixed bed height [m]

Mmeas Submerged SSD particle mass weighed under water [kg]

Mg Mass of particles dried in oven [kg]

Mop Mass of internal open pores [kg]

Mgyp Submerged SSD particle mass [kg]

Mg Particle mass at saturated surface condition [kg]

OPV Open pore volume [L/kg]

APy Total maximum differential pressure over the bed [kPa]

Qy Water flow [m>/h]

Vs Linear superficial velocity or empty tube fluidisation
velocity [m/s]

v Volume [m?]

Vext Volume of the external voids (outside) between
particles [m?]

Viuik Bu131< volume, GAC particles including external voids
Vop [O[r[;e]n pore volume (entirely wetted) [m?]

vy Volgume of porous particles (solid and internal pores)
Vi {/rgl;lme of total pores (open and closed internal pores)
Vs [Sll?elletal carbon volume with closed pores [m?]

Greek symbols

€ External porosity (voidage) system [m3/m?]

& External fixed bed porosity [m?/m?]

Emf External porosity (voidage) at minimum fluidisation
[m?/m’]

n Dynamic fluid viscosity [kg/m/s]

vr Kinematic fluid viscosity [m?/s]

Poulk Bulk density [kg/m?]

Pr Fluid density [kg/m?]

Py Particle density [kg/m?]

0s Skeletal density [kg/m?]

Duet Wet density [kg/m’]

P Water density [kg/m?]

[7-12] and less on the backwashing insights and challenges posed
by filters.

Although significant progress has been made in recent decades
towards the accurate prediction of the expansion of uniform, non-
porous and spherical media [13], limited work has been published
on the fluidisation characteristics of polydisperse, non-spherical
and porous GAC grains in water. Due to the growing importance
of GAC filtration in the field of water treatment, a thorough under-
standing of the expansion behaviour of GAC facilitates the ability to
improve the accuracy of bed expansion predictions. Operational
constraints of the GAC filters, such as the degree of bed expansion
and particle bed stratification, are determined by the water tem-
perature, water flow, GAC particle size, density, shape and size dis-
tribution. Consequently, the accurate prediction of the expansion
degree of GAC beds is complex. To cope with fluctuations and vari-
ations, full-scale GAC filters are commonly over-designed [5]. To
meet sustainability goals [14-16], water companies are exploring
the use of more sustainable raw materials for drinking water treat-
ment. Traditionally, GAC is manufactured from coal, but the use of
sustainable materials [17] such as coconut shells and wood, is
gaining popularity. Due to the differences in raw materials and
manufacturing processes, different GAC granules also have differ-
ent particle properties. Therefore, the transition to alternative
GAC media also has implications for the process control of GAC fil-
ters, both in the filtration phase and in the backwashing phase.
Changing GAC media can lead to two main operational problems:
media washout and solids accumulation. If backwash velocities
are too high, media washout is likely to happen. This results in high
economic losses for water companies. If backwash velocities are
too low, solids accumulation or the formation of mud balls can
occur. This not only affects the filter performance, but it also leads
to increased backwashing operations such as a higher frequency,
again resulting in increased operational expenses. Another prob-
lem with fluidisation of GAC is that the particle size distribution
(PSD) might adversely affect the water quality. GAC filters need
to be stratified [3,18] to prevent the movement of
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contaminant-saturated GAC particles to lower parts of the bed,
which increases the risk of being desorbed and thus the risk of
compromising the effluent of this treatment process. Understand-
ing the fluidisation behaviour of porous media, and GAC in partic-
ular, can substantiate the decision of water companies to switch to
more sustainable materials. Therefore, the need for knowledge
about the GAC fluidisation behaviour is of major importance.
Scientific papers, with some dating back as far as to the 1920s
[19-22], were originally derived specifically for spherical particles
to describe the hydraulic behaviour of fluid flows through packed
or fluidised beds. These models were often used to describe the
hydraulic behaviour of non-spherical particles on the basis of par-
ticle shape correction factors intended to describe the particle’s
morphology through sphericity, surface area to volume ratios or
other types of correlations using spheres. De facto, the granular
media involved in water treatment processes, and especially GAC
media, are non-spherical. Several experimental investigations con-
cerning activated carbon fluidisation and particle size distributions
have been performed. Experimental data presented by van Lier
[23] revealed that the different models applied to describe the flu-
idisation behaviour of different GAC types performed well only for
specific carbon types and conditions. Similarly, findings reported
by Akkoyunlu [24] show that the proposed models, based on the
Richardson-Zaki model, seem to fit well but also had limitations
in terms of accuracy and application. Dabrowski [25] proposed
empirical models to predict the media expansion for specific GAC
types assuming that the fluidisation velocity is inversely propor-
tional to the water viscosity. The prediction accuracy increased
when the model was corrected for temperature, depending on
the type of commercial carbon that was analysed. Sholji [26]; Trus-
sell and Chang [27]; Clements and Haarhoff [28]; Ujhidy et al. [29]
studied the expansion of filter media with Carman-Kozeny or
Ergun-like equations using shape factors and model modifications
to fit the experimentally obtained data or to improve the predic-
tion accuracy. More recently, Nikam [30] used an Ergun-based
approach to study the fluidisation of GAC particles, albeit in a
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gas-solid fluidised bed. Hoyland [31] proposed a general model
applicable to granular fixed and fluidised beds based on fundamen-
tal hydrodynamics for porous beads, based on the hydraulic con-
ductivity approach of Carman-Kozeny. No detailed information
was provided about the voidages of the examined particles, so it
is unclear if this model is suitable for porous beads such as GAC.
Hunce et al. [32] and Hunce et al. [13] carried out accurate fluidi-
sation experiments with porous media and laboratory experiments
to obtain the particle and skeletal densities. For the expansion pre-
diction, they used a specific drag relation based on similar Ergun
and Carman-Kozeny principles. More recent research used compu-
tational fluid dynamics (CFD) modelling to study the behaviour of
non-spherical particles: Cornelissen et al. [33]; Zhang et al. [34];
Samstag et al. [35]; Blais and Bertrand [36]; Mema and Padding
[37]; Cahyadi et al. [38] applied CFD for GAC media. Despite the
academic insights reported in these works, neither effective voi-
dage prediction models were proposed, nor thorough information
was shared regarding scrutinised GAC particle properties. Still, this
information is crucial to be able to describe the fluidisation beha-
viour of GAC in filter backwashing for water treatment processes.

In general, there is no agreement which model is the most ade-
quate for describing the fluidisation characteristics, i.e. bed voi-
dage, of irregularly shaped, polydisperse and porous media in
liquid-solid fluidisation processes. It is common practice to use
shape factors to correct for particle diameters to improve numeri-
cal results. In addition, regarding GAC grains, there is no consistent
procedure detailing how to cope with the wide range of fixed bed
porosities at minimum or incipient fluidisation. The classical mod-
els are based on fixed bed and incipient porosities for rigid spher-
ical particles with porosity values around 0.4. The porosities for
GAC media at minimum or incipient fluidisation are in general con-
siderably higher, with values between 0.50-0.65 [2]. This is caused
by the irregular shape combined with large particle size distribu-
tion of GAC media. During fluidisation, the bed stratifies: the large
particles migrate to the bottom region of the bed and the smaller
particles to the top of the bed [39]. Since these large and small par-
ticles are then no longer mixed, the voidage will be determined by
packing of highly irregular particle shapes and therefore relatively
higher than for more spherical particles. The voidage, however, is
relatively unstable, i.e. it is the loosest possible configuration and
can decrease considerably under the influence of external factors
[40]. This voidage can be determined by fluidising the GAC filter
bed and then allowing the particles to settle gradually. The mini-
mum fluidisation point thus gives crucial information (starting
point) for determining the backwash operation [41]. The influence
of the backwash on voidage is crucial and needs to be considered
when measuring this variable, i.e. minimum fluidisation velocity
and voidage [39,3].

Regarding fixed bed and incipient voidage of porous GAC, there
is no agreement in the scientific literature either. Worch [42] men-
tioned bed fixed porosities between 0.35-0.40. Sholji [26]; Knezev
[43] found similar values between 0.38-0.42. Velten [10] and Cle-
ments [39] found slightly higher values for several GAC types
between 0.39-0.52 and van Lier [23] measured fixed bed porosities
for several GAC types between 0.58-0.62, which is in line with val-
ues reported in the standard work by Crittenden et al. [2], and
Chowdhury et al. [12] gave more general values between 0.5-0.8.
Regarding minimum fluidisation porosities, Nikam and Mandal
[30] presented incipient porosities between 0.40 and 0.45. Pushnov
[44] mentioned the dependency of the fixed bed voidage on the
ratios of the vessel to the grain diameter and the shape of the
grains. This had already been found by Ergun [21] for incipient
porosities. In many publications considering filter backwashing,
the degree of bed expansion as a function of the bed height:
E=L/Ly—1 is used instead of the voidage:
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L/Lys = (1 — &éme)/(1 —€). This is most likely because operational
GAC filters are typically expanded for 25%<E <30% for 20-
30 min with a main focus on bed heights and a smaller focus on
porosities [41]. To our knowledge, no model exists that accurately
describes the fluidisation behaviour of activated carbon grains that
differ in particle size, PSD, shape and morphology and that have
low particle-to-fluid density. The classical hydraulic models in
the reviewed literature provide limited applicability for irregularly
shaped media with high incipient porosities, which limits their
applicability. The present study seeks to close the knowledge gap
regarding the fluidisation behaviour of activated carbon grains
for drinking water production applications.

The aim of this research was to gain insight into the fluidisation
behaviour and the relation with characteristics of granular acti-
vated carbon grains applied in water treatment processes. This
was done by performing advanced laboratory measurements, con-
ducting hydraulic multiphase flow experiments and exploring the
possibility of modelling the voidage using classical models as well
as empirical data-driven models based on symbolic regression. The
following factors with regard to the expansion characteristics of
GAC were investigated:

- Particle size and shape: high degree of non-sphericity, large
polydispersity.

- Particle density: due to the porous character of GAC media,
multiple densities can be defined based on the packing and wet-
tability on the rate of imbibition and adsorption of constituents
from the water phase.

- Particle behaviour: particle orientation and re-arranging and
changing drag.

- Particle change: attrition due to abrasive character of the bed
during repetitive backwashing as well as particle growth due
to biological activity.

For an extensive exploration, nine different GAC types were
examined with a wide variety of grain size, particle shape, degree
of polydispersity and raw materials.

This work focuses on the liquid-solid fluidisation. Air scouring is
not taken into consideration.

2. Materials and methods
2.1. Particle selection - a wide variety in properties and sources

For this research, nine different GAC samples were selected and
analysed as presented in Table 1. The GAC types can be divided into
three different categories: spherical (balls), non-spherical (granular
or rock-like) and extruded (rod-like). An example of a granular GAC
particle is shown in Fig. 1. More photographic material of exam-
ined GAC media is provided in the Supplementary materials
(Section 1).

A Retsch (RT 6.5) sample splitter was used to obtain representa-
tive GAC samples for the reproducibility of the research analyses.
Samples were washed to remove dust and fine particulate material,
dried and stored for particle characterisation. GAC samples were
then kept in water for six months before performing fluidisation
experiments. Samples were periodically stirred to achieve the
highest possible wetting degree of the internal pores. Locally pro-
duced drinking water was used in all experiments.

2.2. Porous media - dry and wet conditions

In the literature, the terms ‘voidage’ and ‘porosity’ are often
used interchangeably. For this research, we use the term ‘voidage’
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Table 1

Examined GAC types.”
Grain material Supplier Source Shape dyp © dso doo
Aquasorb K-6300 Jacobi Fossil-based Granular 0.77 1.15 3.10
Aquasorb K-6300" Jacobi Fossil-based Granular n.a. n.a. n.a.
Aquasorb KGA Jacobi Green materials-based Granular 0.67 1.07 2.62
Filtrasorb 300C Calgon Chemviron Fossil-based Granular 0.66 0.90 2.24
Filtrasorb TL830 Calgon Chemviron Fossil-based Granular 0.99 1.31 2.77
Norit GAC 830 Supra Cabot Green materials-based Granular 0.64 1.01 2.73
Norit RB 4C Cabot Green materials-based Extruded 3.73 5.16 9.36
Norit ROW 0.8 Supra Cabot Green materials-based Extruded 0.81 1.19 2.72
Resorb HC Jacobi Fossil-based Granular 0.60 0.90 2.64
Saratech Spherical Bliicher Technologies Polymer-based Spherical 0.41 0.42 0.53

¢ Determined with a Camsizer [45].

b Long-term GAC from a full-scale filter with a retention time of approximately 2-3 years.
€ dyomin is the particle size for which 10% of the particles are smaller. Min refers to the width of the particles.

Fig. 1. Filtrasorb TL830 GAC.

in the same way as for rigid particles, defined as the fraction of the
total volume, which is open space available for the fluid to flow
around the particles; thus, the external porosity is similar to the
voidage. The internal porosity is defined as the ratio of the internal
pore volume to the whole nominal volume of a porous particle.
Unlike impermeable solid granular materials, porous GAC parti-
cles exhibit multiple densities and porosities based on different
volumetric definitions [23,46,42,13]. Inclusion of closed and/or
open pores and absorption of water can significantly influence
the density [32]. For dry activated carbon, the mass and volume
of pure coal without internal pores yields the absolute density
p.- The skeletal density p, includes the closed pores as well. Includ-
ing the (dry) open pores yields the particle (or envelope) density
p,- Taking the interparticle void space, or ‘external porosity’, into
account yields the bulk density p,,, which is usually the density
provided by suppliers. A schematic overview is presented in
Fig. 3. Prolonged submersion of GAC causes the open pores to
absorb water, increasing the mass of the particles. The volume of
water absorbed per mass of dry GAC is defined as the open pore
volume or OPV, usually expressed in litres per gram. Complete fill-
ing of the open pores can usually only be achieved under vacuum
[47]. As a vacuum is not applied in practice during the backwash of
the investigated GAC particles, this is outside the scope of the cur-
rent research. Therefore, in this research, open pores [48]| were
defined as the internal voids penetrated by water upon prolonged
immersion for at least six months. The particles used in the exper-
iments were wetted before and submerged during the fluidisation
experiments. A main emphasis is therefore placed on the ‘wetted’
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state of activated carbon. Three states of wetting can be defined:
oven dry (OD), saturated surface dry (SSD) and wet surface (WS)
conditions, as respectively shown in Fig. 2.

The saturated surface dry mass (SSD mass) is defined as the
oven dry mass (OD mass) added to the mass of water inside the
open pores, excluding water on the surface of the particles, as visu-
alised in Fig. 2. In practice, a porous sample retrieved from immer-
sion liquid is covered with a surface film that contributes non-
negligibly to its mass [49]. This state is addressed as wet surface
condition (WS condition), as seen in Fig. 2. The difficulty in differ-
entiating between mass contribution of water on surface and water
in pores complicates determining the SSD condition, which was
emphasised most recently by Hunce et al. [13] and Cummins
et al. [50]. To determine the SSD wet mass and wet density, infor-
mation about the water permeable portion of the pores is required.
Multiple experiments were used to acquire this information, rang-
ing from immediate experiments to time-consuming experiments,
the latter being eventually chosen to determine definitive values.
According [51] and [32], a reproducible SSD condition is difficult
to achieve and requires a certain level of experience and skill to
perform.

For this research, a schematic overview of a single GAC particle
was used, presented in Fig. 3, to distinguish external and internal
parts of the particle. To differentiate the voids in the particle, open
and closed pores are included as well as the rigid part, which is
called absolute carbon. Closed pores are defined as pores that are
inaccessible to water. The open pores can be partially or entirely
filled with water to indicate the wetting state of a particle. All nec-
essary equations are based on the schematic representation of a
single GAC particle (Fig. 2) for OD, SSD and WS conditions, as dis-
cussed by Hunce et al. [32]. The model in Fig. 3 was used accord-
ingly to derive the equations regarding bulk, particle, skeletal,
wet density and open pore volume.

The relation between the bulk density p,,,, (internally dry) par-
ticle density p, and the external porosity & (voidage) is given by
van Keulen [52]; Sereno et al. [46]; Worch [42]; Hunce et al. [32]:

(1)

g =1 — Pouik

Py
Next, the wet density p,,., (open pores filled with water) can be
calculated as a function of the particle density, water density p,,
and the open pore volume OPV [42] as:

Pwet = Pp(PwOPV +1). (2)
The wet density p,,,. as a function of the OPV and skeletal den-
sity p, was derived accordingly as Eq. (3).

1+ p, 0PV

Pwet = Psw 3)
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Oven dry

Saturated surface dry

Wet surface

Fig. 2. Illustrations of oven dry, saturated surface dry and wet surface granular activated carbon pore structure [48].

GAC particles bulk

g, (Y : :
;‘é‘i{ {."' X 3'.* i External air or w.
b AT ey
P o4 o Vext

Y

ater

Air or water

Absolute P 7777777777
ores
carbon
Vop
Open mop
Closed ‘/Cp
Vs Vep

Fig. 3. Schematic model representation of a GAC particle. Vj is the bulk volume or GAC particles including external voids, V. is the external volume of the external voids,
V, is particle volume including internal pores, m,q is the oven dry particle mass, V,, and m,, are the open pore volume and mass, V, the close por volume, m,, represents the
open pore mass which can by dry or wet, V; is the skeletal volume and V, is the total pore volume.

Detailed information about GAC modelling, nomenclature and
derivations can be found in the Supplementary materials
(Section 7).

2.3. Laboratory measurements — particle characterisation

2.3.1. Particle size and shape determination

A number of methods were used to define the size and mor-
phology of particles. First, classical sieving, a frequently applied
method, was used to physically separate particles using a mesh.
Particles smaller than the mesh size can pass through to the
next mesh and larger particles will be retained in the mesh. Sec-
ond, static image analysis was used, where a referenced picture
or scan of a GAC sample was analysed using specialised software
such as Image] [53] to analyse pixels and a microscope with
internal software [54]. The software computes the size and dif-
ferent morph parameters of each particle in the picture. This
method generates different dimensions of irregularly shaped par-
ticles and many other morphological parameters. Third, dynamic
Camsizer image analysis was used [45] to analyse a large num-
ber of falling particles with high-speed cameras coupled with
specialised software. Detailed information about particle charac-
terisation, applied methods and morphological properties of
examined GAC media is provided in the Supplementary materi-
als (Section 2). Experimentally obtained data is also shared in
[55].
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2.3.2. Particle density and wetting degree determination

Oven dry mass and bulk density

The GAC samples were dried in an oven at 150 °C for two days,
to guarantee optimal drying and at the same time prevent possible
loss of material due to the heating. The weight m,; was measured
on scale (type Kern FKB). The bulk density p,,;, was determined
according to Eq. (4) by measuring the bulk volume in a graduated
cylinder [39].

Mg
Poue = Vo

4

Note that the bulk volume V,,;, and thus the external porosity is
dependent on the arrangement of the particles. Variations can be
observed once the bulk collapses when vibrations are applied
and when particles are stratified, such as during the expansion
experiments.

Skeletal density

Two methods were employed to determine the skeletal density.

Helium pycnometry

First, helium pycnometry (type using an AccuPyc 1330) [56,57]
was applied. Helium was added under pressure in the specialised
apparatus, entering all accessible pores in a dry GAC sample. Based
on the pressure increase and added helium, the helium impenetra-
ble volume was determined which, combined with the dry mass of
the sample, yields the skeletal density p, = m,q/Vs. More detailed
information is elucidated by Sereno (2007) [46].
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Hydrostatic weighing

Subsequently, hydrostatic weighing took place. This is an estab-
lished technique for density determination [52,49] which applies
the Archimedes principle [58] to determine the volume of a sample
by measuring the weight loss upon submersion caused by the
buoyant force. The skeletal or ‘in-accessible by water’ density
was determined using:

Pw

1-— Msup
Myq

ps = (3)
where m,q is the oven dry mass and my,;, the submerged SSD parti-
cle mass.

Detailed information about the helium pycnometry and hydro-
static weighing techniques can be found in the Supplementary
materials (Section 3) and in [59] and [55].

Wet density and SSD mass

Three methods were employed to determine the water penetra-
ble portion of the activated carbon samples.

Wet bulk

Wet bulk GAC samples were placed in a calibrated graduated
cylinder. Water was removed until slightly above the sample and
excess water was removed with a paper towel. Any air pockets
were removed. The measured total particle volume in the gradu-
ated cylindrical column is indicated by V. The mixture was
weighed mpyeas, and the SSD mass of the GAC sample was defined
as:

(6)

To find myy, the external porosity & obtained from the fluidi-
sation experiments (Sections 2.4 and 3.3) was used.

Drained sieve

The wet samples were placed on a sieve and drained; excess
water was wiped away with a paper towel until the samples
appeared visually dry. This technique is commonly used
[56,60,32] but the inability to determine exactly when SSD condi-
tions are reached makes the results of this method rudimentary at
best. The tendency to retain water on the surface differs between
carbon types, and it was estimated that excess water was still pre-
sent even after repeatedly wiping away the water, especially for
the smaller grains such as Saratech Spherical and Norit ROW 0.8
Supra.

Drying log

To identify the SSD condition, or rather the more explicit (Eq.
(7)), a total of 42 drying logs were measured. Representative sam-
ples of 5-25 [g] of each GAC-type were administered in wet surface
condition (Fig. 2) in a thin layer on a non-absorbent surface. The
weight of these samples was measured on a scale connected to a
data logger for three to six days at room temperature in a closed
fume hood with no ventilation. Initially, a linear, constant drying
rate was expected, characterised by an excess of liquid in the sur-
face pores of the porous particles [61]. The weight decrease during
this period is assumed to be predominantly caused by the evapora-
tion of the adhesion layer (water on the surface) [49]. The initial
drying rate was expected to decrease significantly, or drop to zero,
when surface dry conditions are met [62]. During this period, dry-
ing is controlled by mass transport mechanisms within the porous
material [63], which will not be discussed in this research. SSD
mass, or msy, was identified by extrapolating the last part of the
drying log to t=0, as seen in Section 3, Fig. 5. The water content
at any point of the measurement could be determined after the
oven dried mass m,; was acquired by placing the partially dried
samples in an oven at 100 °C until the change in weight was neg-
ligible (=8 h). This resulted in Eq. (7) for the OPV and Eq. (3) for the
wet density:

Mssg = Mmeas — Py (Viv—Viuik(1 — €ext))
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Mssd
OPV = Mot

w

7)

More detailed information and visual displays concerning the
drying log method can be found in the Supplementary materials
(Section 3).

Particle density

The particle density was determined indirectly by using the
open pore volume and the skeletal density using the following:

Mass balance equation

Based on the GAC model (Fig. 3), the particle density can be cal-
culated when the OPV and skeleton density are known:

1

Pr= X+ 0PV ®

Image analysis

The particle envelope density could also be determined using
the embedded image analysis software in a VHX microscope. This
workflow consisted of obtaining a 3D model of the particles with
the image processing software. This model helped determine the
average height of several particles in the sample. After the average
height of particles is determined, the area can also be easily calcu-
lated to obtain the volume of the particles in the sample. When this
envelope volume is known, it suffices to know the mass of the
analysed particles to determine the particle density. Detailed infor-
mation about the particle density determination and GAC mod-
elling can be found in the Supplementary materials (Sections 3
and 7).

2.4. Fluidisation measurements — expansion characteristics

Expansion experiments for GAC grains were carried out at three
locations: in Waternet’s Weesperkarspel drinking water pilot plant
located in Amsterdam, the Netherlands; at the University of
Applied Sciences Utrecht, the Netherlands; and at Queen Mary
University of London, United Kingdom. In the experiments, locally
produced drinking water was used. The set-up (Fig. 4) consisted of
a 4-meter transparent PVC pipe with an inner diameter of 57 mm.
Water temperature was regulated with a boiler, a cooler and a
thermostat by recirculating water through a buffer vessel con-
nected to a water reservoir. An overflow at the top of the reactor
returned water to the buffer vessel. From the buffer vessel, water
was pumped through the reservoir connected to the thermostat
which was set to a programmed water temperature. A frequency
modulated gear pump was used to enable a fluidisation velocity
range suitable for the selected samples and prevent flow fluctua-
tion. Differential pressure, superficial velocity, bed height and tem-
perature were measured for 20-40 velocities, corresponding to a
total of 53 fluidisation experiments for calibration and 30 for vali-
dation purposes. Water temperatures ranged from 4 to 40 °C. The
velocity and temperature ranges were selected to cover the tem-
peratures and velocities that are applied for the backwash proce-
dure at Waternet throughout the year (5 to 20 °C).

Detailed information about expansion experiments, technical
details about used equipment, standard operational procedures,
photographic material, videos and applied methods is included in
the Supplementary materials (Sections 1, 4, 5 and 10). Experimen-
tally obtained expansion data is shared at [55].

2.5. Modelling aspects - voidage and incipient fluidisation
To predict the fluidisation behaviour, ie. voidage (external

porosity), of GAC, several important input parameters are required
for the modelling exercise. The inputs consist of several particle
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Fig. 4. Schematic representation of the experimental set-up. The expansion columns have two main circuits in which water flows: the expansion circuit and the temperature
conditioning circuit. In the expansion circuit, a pump takes water from a reservoir and feeds it to the expansion column with an adjustable water flow. The flow rate entering
the system can be controlled by opening and closing a valve in combination with an installed flow meter. The pressure drop was measured with a differential pressure sensor.
The temperature conditioning circuit was used to deliver a desired temperature to the expansion circuit to perform expansion experiments at different temperatures. The
circuit consists of a pump that feeds water into an integrated heating or cooling unit. Granular activated carbon particles are fluidised in a cylindrical transparent tube.

characteristics (size, density, morphological properties), which
were determined using various methods. For solid spherical
monodisperse particles, the voidage can be predicted accurately
as a function of fluid properties (velocity and viscosity) and particle
properties (size and density) [64-67]. For non-spherical, polydis-
perse and porous GAC particles, the voidage prediction is consider-
ably more complex. For the sake of convenience, the spherical
particle size is commonly used in prediction models. Few models
use morphological particle properties. Ergun [21], however,
included the particle shape factor. In the scientific literature, sub-
stantial knowledge is available regarding particle morphology:
[68-71,64,72-77]. One of the most frequently used morphological
properties is the sphericity proposed by Wadell [78]. However, in
fixed beds, shape factors are more commonly used to match the
predicted with experimentally obtained voidages [40], or they
are omitted. Voidage prediction models are only valid for a flu-
idised state. For this reason, it is important to determine the incip-
ient fluidisation point to check the prevailing state. The onset of
fluidisation from fixed to fluidised state occurs when the drag force
is equal to the weight of the particles. Although numerous predic-
tion models are proposed in the literature, such as [79,21,80,64,81]
there is no general agreement about the best approach. The degree
of irregularity and polydispersity of particles as well as influences
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caused by the packing factor, surface forces and wall effects
increase the complexity of accurate prediction.

The focus in this research lay on gaining insight into fluidisation
characteristics and to a lesser extent on proposing accurate voi-
dage prediction models. Nevertheless, the experimentally obtained
expansion characteristics were compared to the most popular voi-
dage prediction models proposed by Carman [20]; Ergun [21] and
Richardson and Zaki [22]. Accordingly, a data-driven model was
used to predict the effective voidage proposed by Kramer et al.
[66] based on dimensionless numbers (Rep1Frp model). In addi-
tion, a model based on symbolic regression was considered [82].
Minimum fluidisation prediction, fluidisation modelling details
and graphs are given in the Supplementary materials (Section 6).

3. Results and discussion
3.1. Porous media - dry and wet conditions

Wetted GAC grains were analysed to obtain the open pore vol-
ume and wet density via the wet sieve method and drying log

curve method. The results are presented in Fig. 6. For most of the
eight GAC types, the OPV values provided by manufacturers (or-
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Fig. 6. Open pore volumes, experimentally determined and provided by the suppliers.

ange bars) were slightly higher (=~14%) than our experimentally
determined drying log values (blue bars). The more commonly
used sieve drying method [32] values (grey bars) are considerably
higher (=77%), even with longer drying times.

3.1.1. Drying log

In the drying logs (example in Fig. 5), we observe an initial lin-
ear decrease due to evaporation of external water. While it is pos-
sible that water from the largest pores might be transported to the
surface through capillary forces during the initial constant rate
period, the drying logs do in fact consistently show a sharp
decrease of drying rate after a certain time depending on the
GAC type used. The variations of the 42 measurements, caused a
standard deviation of ~7% for the open pore volume, with a max-
imum of 20% for Aquasorb K-6300. The effect of the deviation or
data spread in OPV on the error of the wet density was ~1% using
Eq. (3). An example of a drying log graph is shown in Fig. 5. The
drying methodology can be improved by using conditioned lab cir-
cumstances (taking the temperature and relative humidity into
account) to increase the validity of this approach.

A large data set consisting of more than one million individual
drying log measured data points is shared in [55], and additional
methodology information about methylene blue adsorption can
be found in the Supplementary materials (Section 3).
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3.1.2. Wet sieve

Draining and wiping excess liquid seemed to remove the exter-
nal bulk water only partially, as the wet mass found using this
technique was substantially higher than the wet mass found using
the other two techniques. Similar results were found by Hunce
et al. [32], who used a similar approach. Especially for the smaller
particles such as Saratech Spherical and Norit ROW 0.8 Supra, in
which water could not escape as easily, an increased mass was
found.

3.2. Laboratory measurements — particle characterisation

3.2.1. Particle size and shape determination

Four methods were employed to determine the particle size of
each sample, starting with the classical sieve analysis, microscope
static image analysis, Image] static image analysis and accordingly
a Camsizer dynamic image analysis, represented in Table 2. All
other particle size and morphological GAC properties determined
are provided in the Supplementary materials (Section 2).

Regarding spherical GAC particles, such as Saratech, the d;o for
all four methods was, as expected, more or less the same
0.42 +0.02 mm. The granular GAC grains gave different results
for the applied methods. Compared to the sieve analysis, the
microscope dqo was approximately ~15% smaller but with a con-
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Table 2
Sieve analysis, microscope, ImageJ and Camsizer effective sizes."
Shape GAC type Sieve Microscope Image] Camsizer
Note min max min max min max
Variable le.sv dSO,su le.min.MlC dl().mux‘MIC le.min.l] le,max,l] d]O‘min‘CS dl(),mux‘CS
Unit [mm)] [mm] [mm)] [mm] [mm)] [mm)] [mm] [mm]
Granular Aquasorb K-6300 1.27 1.67 1.33 1.96 1.41 2.02 0.77 1.15
Granular Aquasorb KGA 0.89 1.38 0.95 1.41 1.08 1.42 0.67 1.07
Granular Filtrasorb 300C 0.93 1.51 0.75 1.03 1.08 1.42 0.66 0.90
Granular Filtrasorb TL830 1.27 1.56 0.86 1.26 1.35 1.92 0.99 1.31
Granular Norit GAC 830 Supra 1.07 1.64 0.97 1.45 0.95 1.45 0.64 1.01
Granular Norit RB 4C 3.15 4.55 3.79 6.05 4.05 5.29 3.73 5.16
Extruded Norit ROW 0.8 Supra 0.81 0.86 0.82 1.64 0.85 1.57 0.81 1.19
Extruded Resorb HC 0.94 1.48 0.84 1.22 1.26 1.82 0.60 0.90
Granular Saratech Spherical 0.43 0.47 0.41 0.44 0.39 0.42 0.41 0.42

n dyo,min Of minimum diameter (minor axis of ellipse) and dyo max 0f maximum diameter (major axis of ellipse).

siderable standard deviation (~15%), possibly due to the fact that
only a few grains were analysed compared to Image] where 10 or
100 times more grains were analysed per run. Image] measure-
ments were approximately ~10% larger compared to the sieve
analysis (with a slightly lower standard deviation ~10%) due to
the particle orientation. Elongated particles pass the sieve in a ver-
tical orientation in contrast to the horizontally oriented grains on
the scanner. The Camsizer measured considerably lower (~30%)
dqo values compared with the sieve results. The djomaecs instead
of the diomincs agreed reasonably well with the djgs,.

GAC grains in general have a wide particle size distribution PSD.
When these mixtures with a large PSD, i.e. with a wide range in
particle sizes, are fluidised, the smallest particles have the ten-
dency to expand the most. For that straightforward reason, the
dio (the particle size which corresponds to 10 percent finer on
the cumulative PSD curve) or effective size is often used [13] to
represent the input variable d, in hydraulic models. The sieve anal-
ysis only provides 1D information. The microscope reveals more
3D information about GAC, but only a small number of grains
can be investigated. The Camsizer analysis covers a larger number
of grains, but the particle orientation is less clear compared with
the Image]J method. This latter method is more cost effective and
a sufficient number of grains can be analysed, which is imperative
when samples with a wide PSD are concerned. Detailed informa-
tion about particle characterisation, applied methods and morpho-
logical properties of examined GAC media are provided in the
Supplementary materials (Section 2). Experimentally obtained
data is shared at [55].

3.2.2. Density determination
The bulk, skeletal, particle and wet density (Egs. (4), (5), (8) and
(3)) were determined for the nine GAC types. The results are

presented in Fig. 7. The absolute density of activated carbon [83]
and water were added as a reference for comparison.

The error for the bulk density (orange bars) determined with
the gradient cylinder compared with the manufacturer’s value
was ~7% and is in agreement with Chowdhury et al. [12]. The
determined dry particle density (grey bars) fluctuated around the
water density observed visually as some dry GAC particles floated
and some slowly settled to the bottom of the jar. The skeletal den-
sity (dark grey bars) for all GACs was lower than the absolute den-
sity of activated carbon [83,7,9]. The most relevant density for this
research is the wet density (blue bars), which is used in the
hydraulic models. For all nine GAC types, the average wet density
was 1,450 £ 50 (~4%). Graphical results of densities, porosities and
particle mass for each GAC type can be found in the Supplementary
materials (Section 3). The wet density was also determined with
the differential pressure sensor of the expansion experimental
set-up for validation purposes (Section 3.3).

3.2.3. Voidage determination

The voidage of non-stratified GAC (Fig. 8) was determined with
a graduated cylinder/pycnometer and with Eq. (1) based on the
particle density and bulk density or wet density (blue bars). The
voidage of stratified GAC was also determined using the fixed
bed in the expansion experiments (Section 3.3). The voidage at
minimum fluidisation conditions is, as expected, slightly higher
than the (stratified) fixed bed voidage but considerably higher than
the non-stratified values. This is caused by the large PSD where
smaller grains can fill the voids between the larger grains, thus
decreasing the voidage. The common fixed bed voidage for rigid
spherical particles was added in Fig. 8 as a reference. The voidage
for granular GAC was found to be 0.57 + 0.05, considerably higher
than some values obtained from the literature (Section 1), which
is in line with the water standard works by Crittenden et al. [2]

2,500 M bulk density particle density
H wet density W skeletal density

2,000 |= === === m e e e e e e e — e
- Carbon
£
5 1,500
=
>
2 1000 --= - ---B -- B o - - S - ______
2 Water
(1]
) B I I I I I I I

0
Filtrasorb
TL830

Filtrasorb
300C

Aquasorb K- Aquasorb
6300 KGA

Norit GAC Norit RB4C Norit ROW Resorb HC
830 Supra

Saratech

0.8 Supra Spherical

Fig. 7. Experimentally determined densities. The absolute density of activated carbon [83] and water were added as a reference [84].
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and by van Lier [23]. Rod-like GAC had a slightly higher voidage
0.63 + 0.02, which is most likely caused by the elongated particle
shape and degree of packing. Spherical GAC, in contrast, had a voi-
dage of 0.47, which is lower than the other GAC types. The values
determined by the expansion experiments (Section 3.3) were as
follows: granular: 0.60 £ 0.05, rod-like: 0.64 + 0.02 and spherical
0.55, respectively.

3.3. Fluidisation measurements — expansion characteristics

A total of 48 liquid-solid fluidisation experiments were carried
out to gain insight into the expansion characteristics of GAC grains.
The obtained data was used to compare the experimentally

obtained voidage with the prediction models. In addition, some
models were calibrated with these expansion data. Thirty fluidisa-
tion experiments were used for model validation purposes. Five
additional experiments were performed with long-term GAC
obtained from a full-scale GAC filter. Fig. 9 shows typical expansion
curves for voidage (external porosity) and differential pressure as a
function of superficial fluid velocity for temperatures between 4 °C
and 31 °C.

The experimental dataset acquired consisted of a matrix with
varying temperatures, grain sizes and flow rates.

In the fixed bed state, the voidage is ~0.6 (Table 3), which
increases in the fluidised state for further elevated superficial fluid
flows. The temperature (viscosity) effect is clearly visible and fol-
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Fig. 9. Experimental expansion characteristics of Norit GAC 830 Supra.
Table 3
Experimentally determined and estimated fixed bed and incipient fluidisation voidages and average relative errors for individual GAC types.
Grain material Shape & Emf Emf .k ARE
Aquasorb K-6300 Rocks 0.63 0.66 0.45 —31%
Aquasorb K-6300" Rocks 0.62 0.65 0.54 —18%
Aquasorb KGA Rocks 0.57 0.60 0.50 —-18%
Filtrasorb 300C Rocks 0.53 0.58 0.50 —13%
Filtrasorb TL830 Rocks 0.60 0.62 0.47 —24%
Norit GAC 830 Supra Rods 0.60 0.63 0.54 —-15%
Norit RB 4C Rods 0.62 0.63 0.38 —40%
Norit ROW 0.8 Supra Rocks 0.65 0.66 0.42 -36%
Resorb HC Rocks 0.48 0.51 0.47 -7%
Saratech Spherical Balls 0.47 0.55 0.69 27%

1 Long-term GAC from a full-scale filter with a retention time of approximately 2-3 years.
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Fig. 10. GAC conundrum scheme. Bold lines indicate the route followed in this work. For the meaning of colours, we refer to the main text.

lows the same characteristics compared to rigid particles. The only
difference is the incipient fluidisation point, which is significantly
larger (=~0.6) compared to spherical particles (~0.4) [64,85,65].
The differential pressure shows a transition trajectory from fixed
to fully fluidised state. Due to the large PSD, the smallest grains
(~0.64 mm) start to fluidise in an earlier state compared to the lar-
ger grains (~2.73 mm). This confirms the complexity regarding the
prediction of the incipient fluidisation of polydisperse GAC. Expan-
sion curves for all GAC types are provided in the Supplementary
materials (Section 5).
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3.4. Modelling aspects — voidage, morphology and incipient
fluidisation

In the scientific literature, many models have been proposed to
estimate the minimum fluidisation velocity as a function of the
particle properties. The Wen-Yu model [79] is one of the most
commonly used models. The average relative error between the
predicted and measured minimum fluidisation velocity model
was ~38% for granular grains, ~14% for rod-like grains and a con-
siderable ~78% for spherical particles. In fact, the minimum fluidi-
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sation velocity is relevant for effective backwashing but can hardly
be predicted accurately. Applying discretisation modelling, i.e.
dividing the bed in separate layers with a distinct particle diameter
related to this particular layer, could provide a solution for the par-
ticle size as input parameter in the prediction model. This
approach does not, however, solve the other mentioned GAC-
related challenges.

The well-known Carman-Kozeny model was used to estimate
the incipient voidage under minimum fluidisation conditions.
Table 3 presents the accurately measured fixed and incipient voi-
dages as well as the estimated incipient voidage as determined
with the Carman-Kozeny model. The average relative error
between the predicted and measured incipient voidage was
~19% for granular grains, ~38% for rod-like grains and ~27% for
spherical particles. Although the Carman-Kozeny model is a
well-established and often used model for solid and relatively
spherical particles, it is less suitable for GAC grains. More detailed
information is given in the Supplementary materials (Section 6).

The prediction of the voidage of GAC is complex as the particles
are non-spherical, porous and polydisperse. Varying raw materials,
manufacturing processes and pore structures further complicate
the characterisation of the particles. Particularly the wet density,
wet mass and the point of incipient fluidisation are difficult to
determine. To be able to predict the voidage, these values must
be known. In the literature, there is no general agreement regard-
ing effective bed-voidage model prediction and employed spheri-
cal particles.

In this work, we combined advanced particle laboratory exper-
iments and accurate liquid-solid fluidisation experiments. This led
to the input parameters for the voidage prediction model. A sche-
matic flowchart is given in Fig. 10. The GAC scheme consists of
ovals (dark red) representing laboratory experiments. Squares
(black) indicate the particle properties that are needed in the
whole system. Input data from suppliers and assumed values are
coloured grey. Green stands for morphological particle properties.
The squares in blue represent hydraulic fluidisation experiment
data. Yellow arrows are the input values for the model that leads
to a voidage prediction. Finally, the prediction error can be calcu-
lated based on the model output and measured voidage. The GAC
scheme in Fig. 10 shows the relationship between all the variables.
Multiple routes are possible. We decided to choose the route with,
at least to our knowledge, the highest reproducibility and trans-
parency. This route is indicated by bold arrows.

The starting point of the solution to the GAC conundrum, shown
in Fig. 11, is the SSD GAC particle (Fig. 2). The oven dry particle
mass m,q can be measured directly. The skeletal density p, was
determined using the hydrostatic weighing technique (Eq. (5))
and accordingly the open pore volume using Eq. (7). From the
SSD conditions, the wet particle mass ms; and wet density p,,.,
can be calculated (Eq. (3)). Regarding the particle size and shape,
we chose the d;o. Various modelling results using symbolic regres-
sion can be found in the Supplementary materials (Section 6). Voi-
dage prediction including morphological properties and symbolic
regression including morphological properties, however, were
not the focus of this work. By using morphological properties such
as ellipsoid sizes, the particle orientation could be taken into
account for a more accurate understanding of fluidisation beha-
viour and characteristics. With the fluidisation experiments, the
differential pressure AP, could be used to validate the wet den-
sity p,,.; or the SSD particle mass during fluidised bed state condi-
tions (Eq. (9)):

Pk
_ APpax i 2
1 Mgsqg 4 b

Pwet = 9)
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Fig. 11. GAC conundrum solution scheme.

Vice versa, the differential pressure or the external porosity
could be checked with:

APjgx _

L

The differential pressure gauge is a sensitive and rather accu-
rate measurement device, but it only works well if the occurrence
of trapped air is prevented. Especially for grains with a small
particle-to-fluid density ratio p,,,/p,, such as GAC, an initial non-
zero off-set adversely affects the accuracy of AP Or &g:. Initial
off-set ranging from 0.75-3.25 mbar was found, which was
accounted for by subtracting the AP, with the initial off-set.
For this reason, the differential pressure was only used for valida-
tion purposes.

The fluidisation experiments could be used to determine the
incipient voidage (Fig. 8) reasonably well, using the differential
pressure transition from an increasing to a constant value. Based
on the bed height, SSD mass and the wet density p,,,, the voidage
of the system could be calculated. The SSD mass and wet density
are crucial model variables. Their validity is not ensured entirely
but may be improved upon improving the reliability of the GAC
conundrum scheme. Graphical results of densities, porosities and
particle mass can be found in the Supplementary materials
(Section 3).

The SSD particle mass m together with the wet density p,,,,
combined with the fluid properties (superficial fluid velocity and
viscosity) and the Image] djo enabled average voidage prediction
of the GAC beds. The most common hydraulic models were used to
compare the estimated and experimental voidages. The voidages
found experimentally were significantly higher compared to the
classical predicted voidages estimated with the classical models.
Finding fitting parameters for each of these models is fairly
straightforward, but the usefulness of applying these fitted models
is questionable (see Table 4).

The classical sieve analysis is still often used but provides only
one-dimensional information about particles. It is also cumber-
some. When the models must be improved, the sieve analysis is
the least suitable method for further exploration. Other methods
such as Image] analysis might be more suitable. The dqo can be

(10)

(Puec = P )8(1 = ) (€ > €4p)
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Table 4

Voidage (external porosity) model prediction accuracy."
Model Reference MAE ARE NRMSE LRMSE R?
Carman-Kozeny [20] 0.1279 16.8% 17.3% 19.6% 0.99
Ergun [21] 0.1431 16.5% 19.5% 22.4% 0.99
Richardson-Zaki [22] 0.2012 26.5% 26.7% 32.1% 0.99
Rep1Frp (fitted) [66] 0.0337 4.5% 5.0% 5.0% 0.99

1) Mean average error (MAE), Average relative error (ARE), Normalised root mean square error (NRMSE), Logarithmic root mean squared error (LRMSE), correlation

coefficient (R?).
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Fig. 12. Experimental expansion behaviour of Aquasorb K-6300 virgin GAC (circles) and long-term Aquasorb K-6300 GAC (squares) from a full-scale filter with a retention

time of approximately 2-3 years.

used as an input parameter to deal with a large PSD. Discretisation
modelling for GAC types with a large PSD could provide a more
suitable solution.

Besides being non-spherical, GAC grains are polydisperse, porous
and sensitive to attrition due to abrasive circumstances during back-
washing and transport [86,87,83,18,77,17]. In addition, in full-scale
filters, a biofilm layer may grow on GAC grains, affecting the drag and
consequently the behaviour of the particles during fluidisation.
Therefore, we compared one GAC type on its expansion characteris-
tics. Aquasorb K-6300 virgin and Aquasorb K-6300 with a long-term
retention of approximately three years in a full-scale drinking water
filter were compared (Fig. 12). The expansion degree of the virgin
GAC was approximately 10% larger compared to the bio GAC. This
is most likely caused by the reduction of fines which were flushed
out of the system, a slightly increased density caused by intake of
OMPs and the growing biofilm. The graphs can be found in the Sup-
plementary materials (Section 5).

4. Conclusions

- Scientific conclusions

In this research we developed a new approach leading to new
insight into the expansion characteristics of granular activated car-
bon grains used in water fluidisation processes. The scientific liter-
ature is not in agreement about how - and especially how
accurately - the fluidisation characteristics of granular activated
carbon (GAC) grains can be predicted. Some researchers propose
empirical models and mention low prediction errors, but it is
unclear how accurate these models will remain when GAC is used
for a long period of time. We demonstrated that it is possible to
combine GAC particle laboratory experiments with hydraulic
experiments and mass balance-based equations. The incipient voi-
dage, the saturated surface dry mass and wet density can be
derived from both fluidisation and laboratory experiments. Conse-
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quently, it is possible to improve the validity of the variables which
can be used to predict the voidage more accurately.

- Effect on design

In this work, we showed that fluidisation behaviour of GAC is
very complex due to polydispersity, its porous character and
non-spherical properties of the grains. Therefore, traditionally,
full-scale GAC filters are commonly over-designed to cope with
fluctuations and variations. For reliable and safe drinking water
production however, a precise specification of backwash rates for
filter cleaning is needed to prevent mudball, short circuiting and
fixed bed formation, as well as flush out of fine particulate material
with increased risk for pathogen and organic micro-pollutant
breakthrough. In addition, optimal expanded bed discharges deb-
ris, suspended solids and dirt and allows the individual GAC grains
to collide and scrub each other, resulting in an increased filter life
and performance capacity. Therefore, robust and flexible treatment
processes require thorough design specifications and process con-
trol of backwash rates for filter cleaning. Since the GAC grains
remain not constant, due to attrition, abrasive circumstances dur-
ing backwashing and transport and due to biofilm layer growth on
GAC grains, the fluidisation behaviour will change slowly but con-
tinuously. Engineers should be aware that prediction models have
to be adjusted over time to cope with the process changes.

- Effect on operations

While it is possible to find a reasonably accurate voidage pre-
diction model as a function of the fluid and particle properties,
especially for individual GAC types, GAC is subject to change, and
therefore it is most likely that the prediction accuracy will deteri-
orate rapidly. It is possible to fit a model for individual types of
GAG, such as rock-like, rod-like and spherical particles with a con-
siderably lower prediction error. Using advanced laboratory mea-
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surements, accurate morphological properties of GAC can be
obtained. Including these morphs into hydraulic models increases
the prediction accuracy, but it also increases the complexity of the
models. Finally, it can be concluded that the incipient voidage of
GAC is significantly higher (0.50-0.65) than the commonly used
voidage for solid granular materials (0.40).

5. Recommendations

To improve the GAC modelling and prediction accuracy, the fol-
lowing topics should be addressed:

- In full-scale filters, GAC must be re-activated and partly
replaced by virgin GAC. Mixing of different types of GAC must
be investigated on their overall expansion (and filtration)
characteristics.

A model needs to be developed that considers biofilm growth
for applied GAC filtration.

Highly spherical nylon balls have a similar density to wetted
GAC. The expansion degree is very well known. This can be used
to improve current knowledge about the fluidisation behaviour
of GAC.

When the expansion behaviour must be known, for instance
when new sustainable GAC types are introduced, it is recom-
mended to perform pilot plant experiments. If this is not an
option, a considered prediction model can be used, but it is
important to take a high degree of spread into account.

This research focused on voidage and showed that the determi-
nation of the incipient voidage is rather complex. In many arti-
cles, the voidage is avoided by applying the degree of expansion.
An alternative and more effective approach should be devel-
oped that makes it possible to predict the overall bed expansion
for establishing optimal backwashing protocols.
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