Use of filter aids to improve the filterability of enzymatically hydrolyzed
biomass suspensions

Kinnarinen Teemu, Golmaei Mohammad, Häkkinen Antti

This is a Final draft

version of a publication

published by American Chemical Society
in Industrial & Engineering Chemistry Research

DOI:

10.1021/ie4021057

Copyright of the original publication: © 2013 American Chemical Society

Please cite the publication as follows:
Kinnarinen, T., Golmaei, M., Häkkinen, A. Use of filter aids to improve the filterability of
enzymatically hydrolyzed biomass suspensions, Industrial & Engineering Chemistry Research,
2013, 52:14955 - 14964. DOI: 10.1021/ie4021057

This is a parallel published version of an original publication.
This version can differ from the original published article.

Use of Filter Aids to Improve the Filterability of
Enzymatically Hydrolyzed Biomass Suspensions
Teemu Kinnarinen*, Mohammad Golmaei, Antti Häkkinen
Laboratory of Separation Technology, LUT Chemistry, Lappeenranta University of
Technology, P.O. Box 20, FIN-53851 Lappeenranta, Finland
*
Corresponding author: E-mail: teemu.kinnarinen@lut.fi; Tel.: +358 405621398
Keywords: Cardboard waste, Filtration, Enzymatic hydrolysis, Bioethanol, Filter aids

ABSTRACT
Filter aids are used in challenging filtration applications, such as the deliquoring of biomass
suspensions and separation of fine particles from liquids. Organic filter aids, typically
composed of cellulose, may be the preferred option in the case of bioprocesses, because their
energy content can be recovered together with the primary filter cake. In this study, a
laboratory scale pressure filter was used in order to investigate the effect of various filter aids
on the filtration of an enzymatically hydrolyzed biomass suspension. Various organic and
inorganic filter aids were used in two modes: as a body feed and as a precoat. According to
the results, the average specific resistance of the cakes could be best reduced using the body
feed mode. Filter aids also helped to reduce the moisture content of the cakes and to increase
the corresponding filtration capacities. Additionally, a process scheme enabling utilization of
the solids was proposed.
1.

INTRODUCTION

Efficient separation operations are one of the prerequisites for the industrial production of
liquid biofuels. Separations are typically necessary at several process steps and they are a
major contributor to the capital and operating cost, as well as the environmental impact. In
the case of bioethanol production, enzymatic hydrolysis of lignocellulosic materials to
fermentable sugars is regarded as a potential technology for utilizing the energy content of
plant biomass.1 Industrial production of lignocellulosic bioethanol is close to successful
implementation 2, although a number of limitations 3 still remain. Depending upon the
selected process layout, the number and type of physical separation stages may vary. Forms
of separation include screening, filtration, centrifugation, and membrane separation.
Different processing alternatives have been introduced and studied by, among others, Balat
4
, Cardona and Sanchez 5, Hamelinck et al. 6, Huang 7, and Kochergin and Miller 8. The nature
of the biomass suspension, either after hydrolysis, fermentation, or a combination, makes
efficient separation difficult. Solid-liquid separation, and filtration in particular, has been
observed to be challenging. This is usually caused by fine particles, lignin and partially
hydrolyzed, but highly compactible, cellulose that do not settle easily in centrifuges but also

form a relatively impermeable cake in a filter. In cake filtration, the average specific
resistance of a filter cake is influenced by several factors, including the particle size and
shape, porosity, tortuosity of the flow channels, and chemical phenomena taking place
between the phases.9 In the present study, the solid content of the biomass suspension is high
enough to rapidly form a filter cake on a filter cloth in a pressure filter. It is, therefore,
important to distinguish between depth filtration, which is typically used for adsorptive
removal of trace amounts of solids, and cake filtration which is investigated in this paper.
Filter aids can be used to improve the performance of challenging cake filtration operations
if other techniques, such as the proper selection of a filter cloth, an increased driving force,
pretreatments and pre-classifications, are not enough to provide a sufficient filtration rate. In
some cases, polymeric flocculants may also facilitate the separation.10 The most important
objective of application of filter aids is to make the cake more permeable, by increasing the
porosity and reducing the compressibility of the cake,11-13 which together help to obtain a
higher filtration capacity. In many cases, these improvements in the cake properties also have
a positive effect on the residual moisture content of the cakes. The clarity of filtrate can also
be enhanced along with the filtration capacity, compared to the situation without filter aids.
Because of the factors listed above, which relate to the cake properties and interactions
between the filter aid and the original suspension, the selection of a filter aid usually requires
experimental work.
Filter aids have been traditionally used in order to improve filtration of beer and food
products,14-17 and other suspensions where fine or compactible particles are present.18 The
type and dosage of a filter aid is determined by the aim of the filtration process; the ideal
product can be, for instance, a clear liquid or a dry solid fraction. Additionally, simultaneous
removal of impurities, e.g. heavy metals, from the liquid by adsorption can also be
considered.19 For cake filtration, several materials have been recognized to be suitable as
filter aids. Forms of diatomaceous earth (diatomite), together with perlite, are the most
applied inorganic filter aids in the chemical and process industries. Organic filter aids,
suitable for the filtration of bulk products, are mainly composed of cellulose. The inorganic
waste fractions, ashes, which are produced when organic materials are burnt, can also be
utilized as filter aids.20 In addition to these established filter aids, coal preparations, talc,
plastics, and synthetic silicates may also be considered.11
The objective of this study was to improve the filterability of a cardboard waste suspension
after enzymatic hydrolysis performed for bioethanol production. Enzymatic hydrolysis of
recycled paper and residual cardboard to produce monomeric sugars have previously been
studied by Nazhad et al.21, Wang et al.22, and Yanez et al.23. In this study, a laboratory-scale
pressure filter was used in order to investigate the effect of filter aid type, dosage and method
of use on the filtration rate and characteristics of the filter cakes. Both organic and inorganic
filter aids were used as either precoat or body feed. The filter aid dosage was varied from 10
to 20 wt.%, relative to the corresponding mass of solids present in the hydrolyzed suspension.

2.

MATERIALS AND METHODS

2.1. Enzymatic hydrolysis of cardboard waste
The enzymatic hydrolysis of shredded cardboard was performed in an agitated vessel with a
volume of 300 dm3. The cardboard sample mainly consisted of old corrugated cardboard,
collected from Finland. An approximate composition of the cardboard was determined, as
described by Kinnarinen et al.24. The cellulose, hemicellulose, lignin and ash contents were
63, 14, 12, and 11 wt.%, respectively. Only one large batch of hydrolysate (170 dm3) was
produced in order to provide the best possible comparability for the subsequent filtration
experiments.
The following materials were used for the batch preparation: 1) shredded cardboard, 2) water,
3) sulfuric acid, 4) cellulase preparation, and 5) hemicellulase preparation. The cardboard
was first mixed with water to form a suspension with a total solid (TS) content of 8 wt.%.
Two types of commercially-available enzyme preparations were used for converting the solid
cellulose and hemicellulose to soluble sugars, at a constant temperature of 46 °C. Both of
these products, Cellic CTec2 and Cellic HTec, were manufactured by Novozymes, Denmark.
There was a need for pH adjustment, because a pH of 5 was optimal for the enzymes. Sulfuric
acid (2 mol/L) was slowly added into the mixture to lower the pH from greater than 7 to 5.0.
The volumes of the cellulase and hemicellulase products added were 1.92 dm3 and 0.80 dm3,
respectively. These volumes correspond to 137 and 57 mLenzyme / kgsolids.
During hydrolysis, the mixing rate was relatively slow, 35 rpm, because the aim was to avoid
deactivation of enzymes and mixing of air bubbles into the suspension. The dimensions of
the vessel and the mixing element are shown in Figure 1 a. Initially, the suspension was
difficult to mix. However, during the first hour after the enzyme addition, its viscosity was
significantly reduced and mixing became easier. The final suspension (Figure 1 b) after the
hydrolysis was very easy to mix and pump, with the exception of the largest impurities. These
impurities, comprising mainly metals and plastics, were removed from the suspension by
screening, using a sieve with a mesh size of 4 mm.

Figure 1.

Dimensions (mm) of the hydrolysis vessel and the mixing element (a). The
suspension after 70 hours of enzymatic hydrolysis (b).

After screening, the suspension was again mixed well and divided into several small vessels
of 10 dm3 that were then stored in a freezer. Prior to each series of experiments, a sufficient
amount of slurry was slowly brought to 20-22 °C.
2.2. Filter aids
Seven different types of filter aids were investigated. These materials, listed below, varied
from cellulosic to inorganic and from traditional to novel.
1. Cellulose EFC-900
2. Diatomaceous earth / diatomite
3. Milled cardboard waste / the hydrolyzed material itself
4. Kenaf fibers
5. Rice hull ash (Standard)
6. Rice hull ash (X+100)
7. Rice hull ash (Grade 4)
An Olympus SZX9 optical microscope (50 x magnification) equipped with a Leica DFC 450
camera was used for physical characterization of the filter aids.Stereomicroscope images of
all filter aids are shown in Figure 2 a-g.
The organic filter aids, including cellulose, milled cardboard waste and kenaf, were mainly
composed of (broken and intact) cellulosic fibers, while diatomite and the rice hull ashes
(RHA) represented particulate inorganic solids of irregular particle shape. The approximate
volumetric particle size distributions of all filter aids, measured using a Beckman Coulter LS

13320 particle size analyzer, are presented in Table 1. A detailed description of the particle
size measurement is presented in Section 2.4.

Figure 2.

Stereomicroscope images of the filter aids: cellulose (a), diatomite (b), milled
cardboard (c), kenaf fibers (d), three grades of rice hull ash; Standard (e),
X+100 (f), and Grade 4 (g).

Diatomite, produced by Dicalite/Dicaperl Minerals (Bala Cynwyd, PA, USA), contained the
smallest particles, while the rice hull ashes consisted of larger particles, which were of
relatively equal size in all three grades used. The particle size of the milled cardboard and,
especially, the kenaf fibers were significantly larger than in the case of cellulose. It is
important to note that the size distribution determined for fibers is not directly comparable
with particulate solids, due to the needle-like shape and totally different structure of the
fibers. The analysis technique used for the particle size analysis was based on laser diffraction
and the device used assumes the particles to be spherical.
Table 1.

Approximate particle size distributions of the filter aids
Filter aid

Particle diameter (µm)
D10

D25

D50

D75

D90

Diatomite

2.8

8.3

18.1

32.3

49.5

Cellulose

18.4

51.9

118.5

207.6

325.7

Cardboard

29.4

74.1

220.3

654.5

1222.0

Kenaf

104.7

167.1

385.6

951.7

1503.0

RHA (Standard)

9.3

24.7

52.7

91.4

144.4

RHA (X+100)

10.7

30.5

69.1

132.8

188.2

RHA (Grade 4)

9.0

22.9

46.7

77.7

114.4

In this case, shredded cardboard was milled in order to further reduce the particle size. After
milling, the maximum particle size of the material was 1.5 mm. The EFC-900 cellulose, a
commercial extract-free, non-bleached product, was manufactured by J. Rettenmaier &
Söhne Gmbh (Rosenberg, Germany). The kenaf (Hibiscus cannabinus) sample was supplied
by Kenaf USA, LLC (St. Augustine, FL, USA). The kenaf sample was sieved using a pack
of several sieves, with mesh sizes between 50 and 355 µm. From this, one of the most
abundant fractions, 100-180 µm, was selected as a filter aid for the experiments. Filter aids
consisting of cellulosic fibers have some special benefits, such as low density, favorable
structure with rough surfaces and high porosity, easy cleaning of filter cloth and good
possibilities for disposal or energy production by combustion.25
Among the investigated materials, diatomaceous earth (diatomite) is perhaps the most used
in the chemical and processing industries. The high porosity and low compressibility of
diatomite make it an excellent filter aid for several applications, including related processes,
such as beer filtration.14 However, there are also some major challenges associated to
diatomite, including health hazards, long-distance transportation, regeneration after use, and
final disposal. The other inorganic filter aids, different types of rice hull ash, were provided
by Agrielectric Research (Lake Charles, LA, USA). The ash grades were obtained from size
classification of the same original RHA. Besides particle size, there were variations in
particle shape and pH. The largest RHA particles typically had the highest pH and zeta
potential. The smallest particles, on the other hand, had a more irregular shape, which
increased the permeability. Rice hull ash is the final waste produced when rice hulls, the nonfood part covering rice grains, are burned. It is high in silica content and provides a high
porosity when used as a filter aid. Rice hull ash, as with many other types of ashes, could
also be used for concrete and brick manufacture, soil amelioration or as an adsorbent, to
mention just a few potential applications.26 There are several factors that affect the
performance of rice hull ash in filtration applications, including the chemical composition,
physical structure and properties, and characteristics related to the particle size and shape.20
2.3. Filtration experiments
In the filtration experiments, a laboratory scale pressure filter was used. The filter unit, Labox
100, was designed by Outotec Oy, Finland. The main parts of the filter are shown in Figure
3. The pump attached to the equipment can be seen behind the pressure gauge next to the
slurry inlet. Based on preliminary tests, AINO T70 cloth, also supplied by Outotec Oy, was
selected as the filter cloth. The cloth material was polypropylene and the air permeability of
the cloth was 15 m3 m-2 min-1. The height of the filter chamber was adjustable, but was kept
constant (at 33 mm) throughout the study. In the top of the filter chamber, there was an elastic
diaphragm that was inflated with compressed air to perform cake squeezing. Additionally,
the experimental arrangement included a mixing tank (V = 20 dm3) for the slurry and a small
(3 dm3) mixing tank for mixing the suspensions consisting of water and the precoat filter
aids. The small mixing tank was also used when the pre-determined amount of slurry was
mixed with a certain mass of filter aids for the body feed tests. The filtration parameters were
selected based on the results of a preliminary series of experiments. A simple filtration cycle

was selected, comprising only pumping at 4 bar for 10 min and cake pressing at 10 bar for 4
min, in order to produce completely saturated filter cakes. All filtration experiments were
carried out at room temperature (22 °C).

Figure 3.

Labox 100 filter press. Feed pump (a), slurry inlet (b), filter chamber (c), filtrate
outlet (d), and the pressure control unit (e).

The experimental study consisted of two parts, where the selected filter aids were used for
improving the filterability of the biomass hydrolysate, using (i) precoat and (ii) body feed
modes. In addition to the method of using filter aids, the relative amount of the filter aids was
varied. Concentrations of 10 and 20 wt.%, relative to the amount of total solids (TS) in the
slurry, were used. When the filter aids were applied using the precoat mode, the filter aid was
first slurried with water and this suspension was then filtered at low pressure (1 bar) to form
the precoat cake on the filter cloth. In this case, excess water was removed from the cake by
pressing it, at 2 bar, for 2 minutes.
2.4. Measurements and calculations
The final concentrations of the main sugars, glucose and xylose, were determined by highperformance liquid chromatography (HPLC). An HP Agilent 1100 was used, equipped with
a Varian Metacarb 87H column that was kept at 60.0 °C. The eluent was 0.005 M sulfuric
acid. The pumping rate and the injection volume were 0.6 mL/min and 10 µL, respectively.
Determination of total solids (TS) in the slurry and filtrate was performed by drying in a
heating chamber at 105 °C until a constant weight was reached. The moisture content of the
filter cakes was determined using the same procedure.

Particle size distributions (PSD) of the filter aids were measured using a Beckman Coulter
LS 13320 laser diffraction analyzer with the Fraunhofer optical model and an aqueous liquid
module. After careful sampling, a small amount of each filter aid was suspended in water and
a small sample from this suspension taken for the PSD analysis. Each sample was analyzed
6 times and provided none of the PSDs significantly differed from the others, the distributions
were averaged. If significant differences were observed, another sample of the same filter aid
was analyzed 6 times and then averaged.
The filtration capacities (kg/(m2h)), with respect to dry solids, were calculated as gross
capacities, omitting the technical time that is associated with opening, closing, cake
discharge, cloth washing, and other such necessary operations in a full-scale filter.
Calculation of the average specific cake resistance (m/kg) is presented in Section 3.
3.

THEORY

The theory of cake filtration is derived from Darcy’s law, which deals with flow of fluid
through a porous medium. The driving force in cake filtration is the pressure drop Δp (Pa)
through the medium, which in this case includes both the cake and the filter cloth. As a result
of the driving force, the liquid is forced to flow in the direction of the decreasing hydraulic
pressure gradient. Regarding the packing of solid particles in the cake, the minimum porosity
(the volume ratio of the non-solid to the total) is found at the filter medium and the maximum
on the top of the cake.27 For constant pressure filtration, the filtrate flow rate Q (m3/s) through
the cake and the filter medium can be calculated from Eq. (1).
𝐴∆𝑝

𝑄 = 𝜇(𝑅+𝑅

(1)

𝐶)

Where A (m2) is the filtration area, µ (Pa s) is the viscosity of the filtrate, and the resistances
of the medium and the cake are R and Rc (1/m), respectively. Usually the medium resistance,
caused by the filter medium and the solid particles that interact with it, is assumed to be
constant, whereas the cake resistance increases with cake growth. Therefore, the amount of
cake formed per filtration area from slurry with a solid concentration c (kgsolids/m3filtrate), when
a filtrate volume V (m3) is collected, must be taken into account. Then Eq. (1) becomes:
𝑄=

𝐴∆𝑝

(2)

𝑉
𝐴

𝛼𝜇𝑐 +𝜇𝑅

Where α (m/kg) is the specific cake resistance.
The reciprocal form of Eq. (2) presents the separate terms for the specific cake resistance and
the resistance of the filter medium:
𝑑𝑡

𝛼𝜇𝑐

𝜇𝑅

= 𝐴2 ∆𝑝 𝑉 + 𝐴∆𝑝
𝑑𝑉

(3)

After integration, starting from the beginning of the constant pressure period (ts, Vs), Eq. (3)
finally becomes:
𝑡−𝑡𝑠
𝑉−𝑉𝑠

=

𝛼𝜇𝑐
2

2𝐴 ∆𝑝

(𝑉 + 𝑉𝑠 ) +

𝜇𝑅
𝐴∆𝑝

(4)

In experimental filtration studies, the average specific cake resistance αav (m/kg) and the
medium resistance R can be calculated from the collected data of constant pressure filtration
using the slopes a (s/m6) and b (s/m) obtained from t/V against V plots24. These plots are
created based on the filtrate volume collected in time t. The final equations for constant
pressure filtration are then
𝛼𝑎𝑣 =
𝑅=

𝑎2𝐴2 ∆𝑝
𝜇𝑐

𝐴∆𝑝𝑏
𝜇

(5)
(6)

The equations presented above can be used to evaluate cake filtration in applications, where
local differences in the cake structure are not considered. The above equations and a precise
introduction on the theory of constant pressure filtration have been presented, among others,
by Svarovsky 28 and Gösele 29. The motion of solids in the cake is assumed to be negligible
and the specific cake resistance for certain slurry is assumed to depend only on the
compressive stress.30 In practice, determination of average specific cake resistance can be
very time-consuming. Therefore, methods to simplify the determination of αav have been
proposed, for instance, by Teoh et al.,31 who used instantaneous filtration rates for the
calculation of αav. The main drawback of this method is that accurate estimation of the
instantaneous filtration velocities is difficult and may lead to poor repeatability. In this study,
all moments of filtration were considered when the average specific cake resistances were
calculated.
An important measure of the success of separation, the liquid recovery as filtrate, Rl, was
calculated from Eq. (7):
𝑅𝑙 =

4.

𝑚𝑙𝑖𝑞𝑢𝑖𝑑,𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒
𝑚𝑙𝑖𝑞𝑢𝑖𝑑,𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒 +𝑚𝑙𝑖𝑞𝑢𝑖𝑑,𝑐𝑎𝑘𝑒

(7)

RESULTS AND DISCUSSION

The results obtained using filter aids were compared with the case without filter aids. The
filterability was evaluated with the help of filtrate accumulation curves and the average
specific cake resistances obtained.
4.1. Filtration curves

The body feed experiments were performed using all available filter aids. Because of
technical problems with pumping the long and high-frictional kenaf fibers, these were
excluded from the precoat experiments.
The performance of the filter aids in body feed and precoat filtration of the biomass
hydrolysate can be evaluated based on Figures 4 and 5. As illustrated in Figure 4, all filter
aids helped to enhance filterability when the body feed mode was used. In this case, organic
filter aids (Figure 4 a) were observed to be less effective than diatomite, which increased the
average filtration rate during the pumping stage by 75 % compared to the case without filter
aid. However, the milled cardboard waste would possibly be the most economical option for
the studied process, because it is always available from the raw material. The superior
performance of diatomite at 20 wt.% concentration could partially result from the higher
compressibility of the organic filter aid materials. Moreover, the dosing of the filter aids was
mass-based, so the volume of organic filter aids pumped into the filter was significantly
larger. This may have caused an excessively dense structure of the filter cake already during
the filtration stage.

Figure 4.

Accumulation of filtrate during pressure filtration at 4 bar: Body feed mode
using cellulose, diatomite, cardboard and kenaf (a); body feed mode using
various types of rice hull ash (b).

The differences in the performance of the rice hull ashes (Figure 4 b) were smaller. During
the filtration time of 600 s, the amount of filtrate collected was increased by 57 % in the best
case (RHA Grade 4). As shown above in Table 1, the particle size distribution implies that
this RHA is composed of the finest particles, in comparison with the other RHA products.
Irrespective of the filter aid, the increase in the accumulation rate of filtrate was clear when
the filter aid consumption was increased from 10 to 20 wt.%.
There was only a slight improvement in the filterability as a result of precoat addition (Figure
5 a-b). The maximum increase in the quantity of filtrate collected was only 10 % for cellulose
and diatomite, and 10-21 % for the different grades of RHAs. It can be assumed that the
precoat layer forms an independent filter medium, on which the filter cake is formed. The
liquid permeability of the precoat layer varies depending on the type of filter aid and the

precoating conditions. These factors may also affect the ability of the precoat layer to retain
solid particles. It is apparent that the filter aid dosage should not be too high, because, after
a certain point, the resistance caused by the increasing cake thickness surpasses the benefits.

Figure 5.

Accumulation of filtrate during pressure filtration at 4 bar: precoat mode using
cellulose, diatomite and cardboard (a); precoat mode using various types of rice
hull ash (b).

The differences between the precoat results vere smaller than in the case of body feed.
Further, the filter aid dosage did not have a clear influence on the filtrate flow rate. These
results are most likely due to the high filtration resistance of the biomass suspension, which
is, in all cases, clearly higher than the resistance caused by any of the filter aids. Based on
observations made during the experiments, flocculation of solids did not occur during the
process.
With respect to the retention of suspended solids, precoat was excellent in all cases. The
average total solid (TS) contents in the body feed and precoat filtrates were 4.9 and 4.6 wt.%,
respectively. The precoat filtrates were practically free of suspended solids, whereas the body
feed filtrates were turbid, containing both colloidal and settleable matter. The clarity of
filtrate did not depend on the type of filter aid used.
However, it may be possible to improve the separation performance by selecting a filter aid
that has an opposite surface charge to the particles present in the hydrolysate under process
conditions, in order to reduce the electrical repulsion between particles and fibers. The
surface charge of cellulose fibers and most inorganic minerals, including the silica-based
diatomite and rice hull ash, is net negative at the pH of the process. When the surface charge
of the solids is low enough, attractive van der Waals forces dominate the particle-particle
interactions and flocculation can take place. Flocculation of solids, and in particular colloids,
occurring as a result of reduced electrical repulsion can be assumed to improve the separation
process. This is not only with respect to enhanced clarity of the filtrate, but also cake
production capacity.

Varghese and Cleveland 32 used kenaf as a body feed filter aid. They compared the
performance of kenaf with commercial filter aids (diatomite, perlite, Solkafloc) by filtering
a dilute (1 %) kaolin suspension and obtained a significant improvement in the filtration rate
in all cases. They concluded that the filter area requirement using kenaf was about 25-30 %
larger than that required when commercial filter aids were used. In the case of kenaf, the
filtrate turbidities were also at a high level, compared to diatomite and perlite. In addition to
kenaf fibers, kenaf core has also been successfully used as a filter aid.33 Carman13
investigated the suitability of diatomite as a filter aid for fine metal hydroxides. He concluded
that the mechanical action of the filter aid was mainly responsible for the improved
permeability of the filter cakes. Li et al.17 observed that filtration rate of wastewater sludge
could be greatly increased by the addition of rice hull ash (RHA). Depending on the origin
of the sludge, the relative increase in the dewatering rate varied from 7 to 45 % with a 50 %
RHA dosage and from 2 to 14 % with a 10 % RHA dosage. The filtrate quality (color) and
the cake dryness were also significantly improved. With respect to diatomite, Carman13
concluded that the positive influence of diatomite addition is not only due to the increased
porosity: the rigid structure of the cake and the surface properties of diatomite particles
contribute to the filtration rate and the quality of the filtrate. The benefits of organic filter
aids, such as refined cellulose products, have been earlier discussed by Gerdes.25 Regarding
the disposal, combustion or reuse in certain situations, organic filter aids may have an
advantage, as discussed later in Section 4.4.
It is possible that the filter aid dosages used in this study were higher or lower than the
optimum dosage of the filter aids. Therefore, the performance of a single type of filter aid
should not be generalized. Further, the results are process specific, which means that small
changes in the pH, temperature, solid contents, etc. may either improve or decrease the
performance of a filter aid.
4.2. Specific cake resistance, cake moisture and filtration capacity
The average specific cake resistances for the slurry without filter aid and for all precoat
experiments are illustrated in Figure 6 a. In most cases, the reduction in αav is quite poor. It
is apparent that precoat is not the most favorable feeding strategy for a pressure filter, since
none of the filter aids worked especially well.

Figure 6.

The average specific cake resistance αav obtained using the precoat (a) and body
feed (b) modes. Moisture contents of the filter cakes plotted against filtration
capacities obtained using the precoat and body feed modes (c).

As Figure 6 b shows, the same amounts of filter aids that were used in the precoat experiments
are enough to produce a significantly reduced αav when the body feed mode is applied. Unlike

in the case of the precoat mode, the amount of the filter aid had a clear influence on αav. This
influence was of different magnitude for each filter aid, but αav was, without exception,
reduced as the filter aid concentration was increased. There are a number of reasons for the
good performance of the body feed mode: 1) open cake structure that reduced the flow
resistance, 2) rigid cake structure that reduced the compressibility, and 3) the inclusion of all
filter aid particles in the cake, not below the cake or in the pores of the filter cloth. After all,
considering the aspect of the complete filtration cycle, body feed clearly seems to be the
recommended feeding strategy for pressure filters. This filter aid feeding strategy reduces the
total cycle time and simplifies the process.
The repeatability of the filtration experiments was evaluated by performing two parallel trials
for selected body feed and precoat experiments. Cardboard and Maxflo Standard were used,
at a concentration of 20 wt.%. The mass of filtrate collected during the pumping stage did
not vary dramatically: the minimum variation from the average was ± 0.5 % in the case of
cardboard / body feed and the maximum was ± 2.2 % in the case of Maxflo Standard / precoat.
In the case of cardboard / precoat and Maxflo Standard / body feed, the variations were ± 1.0
and ± 1.2 %, respectively. Because the pressure control was performed manually, it is
apparent that the inaccuracy of pressure control in the pumping stage was the most important
source of this variation.
These results also imply that the performance of the filter medium was successfully restored
by washing the filter medium with water after each experiment. In other words, there was no
serious pore blockage. The relatively open pore structure of the filter medium apparently
facilitated the effectiveness of the cloth washing.
Figure 6 c presents the obtained filtration capacities and the corresponding moisture contents
of the cakes after the filtration and cake pressing stages. It can be observed in Figure 6 c that
the successful use of filter aids, irrespective of the mode of addition, helps to increase the
filtration capacity and to reduce the cake moisture content. The moisture content was reduced
in all cases, while the capacity could not be improved in a few precoat experiments. The
recovery of liquid within the filtrate (Eq. 7) varied from 91.4 to 94.7 %, in the case of body
feed, and from 91.0 to 94.0 in the case of precoat (Table 2).
Table 2.

Liquid recovery within the filtrate.

Filtration mode
Body feed (n = 14)
Precoat (n = 12)

Liquid recovery (%)
Aver.
Min. Max.
93.2
91.4 94.7
92.6
91.0 94.0

Standard deviation
Absolute (%-units)
1.0
0.9

Relative (%)
1.1
1.0

Modeling of the average specific cake resistance for a binary mixture containing filter aids
and the material to be filtered has been carried out by Abe et al.34 They used KozenyCarman’s equation as a basis for two models, which in turn were based on the assumption of
complete mixing and segregation of particles. The assumption of complete mixing was

shown to be valid for non-spherical particles, whereas segregation phenomena had an
important role in the case of spherical particles of significantly different sizes.
The compressibility of filter cakes under pressure can also be reduced using filter aids. In the
case of compressible cakes, specific cake resistance increases with filtration pressure. The
compressibility index n (not determined in this study) can be determined using an empirical
relationship α = α0Δpn, as presented by Svarovsky28. During the pressing stage, consolidation
of the filter cake is sometimes divided into two different types: 1) primary, which involves
removal of liquid from the pores and the resulting reduction in the height of the cake and 2)
secondary, which stands for rearrangement of particles and creep of the solid structure. In the
present study, both types of consolidation probably occurred, although precise evaluation of
the consolidation was not possible, due to the configuration of the filter unit. Li et al.35 mixed
rice hull ash with super-compactible wastewater sludge and obtained a significant reduction
in the cake compressibility. The compressibility index n was reduced from the supercompactible 1.13 to a moderately compactible 0.4. The filtration rates and the solid contents
of the cakes were consequently increased.
In the case of very compressible cakes that have exceptionally high average specific
resistances, it is possible that the addition of filter aids alone cannot reduce the resistance to
filtration sufficiently to enable feasible operation. Moreover, the specific filter aid
requirement can have a significant effect on the process economy. There are, fortunately,
other methods that can be used together with filter aids. Polymeric flocculation, preconcentration of the feed suspension, and filtration at elevated temperature, for instance,
could help to increase the productivity.
4.3. Effect of filter cloth on the quality of filtrate
The filter cloth is usually regarded as the most important component of a filter. The purpose
of the filter cloth is to capture the suspended particles, to provide a support layer for cake
growth and to permit a high flow of filtrate. In this study, three polypropylene filter cloths
(AINO K10, T32 and T70) were evaluated with respect to the filtration resistance and the
turbidity of filtrates, as shown in Figure 7. The main difference between the selected filter
cloths was the pore size distribution and, consequently, permeability.

Figure 7.

Turbidity of filtrate obtained using three different polypropylene filter cloths,
having air permeabilities of 0.2, 3 and 15 m3m-2min-1, according to the
manufacturer (Outotec Oy, Finland). The experimentally determined
resistances of the filter media (Eq. 6) are also shown.

As illustrated in Figure 7, the filter cloth has a significant influence on the turbidity of the
filtrate. However, the resistance of the least permeable filter cloth is relatively high. It is,
therefore, important to select a filter cloth, which is able to fulfill the requirements regarding
both permeability and the degree of filtrate turbidity. It is also clear from Figure 7 that the
filtrate turbidity cannot be substantially reduced using body feed mode. The difference
between the average total solid concentrations of the body feed and precoat filtrates, 4.9 and
4.6 wt.% (Section 4.1), represent the amount of fine solids that cause this increase in the
turbidity.
4.4. Alternatives for filter aid reuse and utilization
The material efficiency of a filtration process can be improved by recycling the digestible
fiber back to the enzymatic hydrolysis and by reusing the non-digestible inorganic matter as
a filter aid. The process sketch presented in Figure 8 is quite simplified and may require some
additional process units to be effective in practice. In Figure 8, the hydrolysate is filtered
using a pressure filter and the filtrate (a) is recovered for subsequent processing, to be
converted to bioethanol. A suggestion for the utilization of the cake, in the case of organic
(cellulosic) filter aids, is presented on the left in Figure 8. On the other hand, the reuse of
inorganic filter aids is illustrated on the right. The incoming fresh materials in the former

case include the materials required in the hydrolysis stage and the fresh filter aid. In the latter
case, the addition of fresh water, as well as the above-mentioned materials, is necessary for
the filter aid reuse in the same process.
It is clear to see from Figure 8 that organic filter aids can be more readily reused. However,
it is probable that the non-digestible constituents of lignocellulosic biomass, i.e. lignin and
minerals, will concentrate in the process over time and have a negative effect on the
hydrolysis and the subsequent filtration. Therefore, these constituents should be either
separated or removed (b) from the circuit with the associated digestible fiber. The fiber-rich
fraction, or part of the cake, can then be recirculated (e) to the process.
Biomass
Water
Enzymes
Chemicals

(e)

ENZYMATIC
HYDROLYSIS

ORGANIC
FILTER AIDS

(b)

(f)

INORGANIC
FILTER AIDS

(g)

Pressure filter

Hydrocyclone

Filter aid

(d)

(a)

Figure 8.

(c)

Alternatives for the recycling and utilization of organic and inorganic filter
aids: (a) filtrate to the next process stage, (b) cake fraction to combustion, (c)
spent inorganic filter aids to landfill, (d) fresh water, (e) filter cake recirculated
to hydrolysis, (f) cake and water recirculated to hydrolysis, and (g) inorganic
filter aids recirculated to the filter.

The reuse of inorganic filter aids requires at least one separation stage. This separation stage
requires a certain amount of fresh water (d), but is likely to be easy to perform due to the

large density difference between the biomass residue (ρ < 1100 kg/m3) and the filter aid (ρ >
2000 kg/m3). Hydrocyclones, centrifuges, and perhaps also sedimentation tanks could be
applied. However, a prerequisite for successful separation is that the cakes can be readily
dispersed in water. The filter aids should be returned to the filter at a relatively low moisture
content, which means that water should be removed from stream (g). This could be
accomplished by a gravity thickener, the water overflow of which could be utilized in the
hydrolysis stage, together with stream (f). Part of the used filter aid (c) can also be removed
from the process and sent to landfill. If the reuse of filter aid is not of interest, then the filter
cake, including the inorganic filter aid, can be landfilled or considered for combustion,
although the high mineral content may impair the combustibility in practice.
5.

CONCLUSIONS

The purpose of this study was to improve the filtration of enzymatically hydrolyzed biomass
suspensions using inorganic and organic filter aids. It was shown that various filter aids can
be successfully applied to improve the filterability of a hydrolyzed lignocellulosic biomass
suspension using a pressure filter. However, further research is needed to optimize the filter
aid dosage. The use of the body feed strategy simplifies the process and should be used with
pressure filtration when some turbidity in the filtrate can be accepted. Based on the findings,
the precoat strategy is not recommended, because the poorly permeable structure of the
biomass cake remains unchanged. It is clear that filter aids not only increase the production
rate, but also help to reduce the cake moisture. These effects are closely related to the
increased porosity and rigidity of the filter cake. The selection between organic and inorganic
filter aids depends upon the reuse and utilization of the filter aids and the cake. In order to
minimize unnecessary waste disposal, future studies could investigate the utilization of these
solids from technical and economical points of view.
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