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Filters made of cellulose fiber and perlite particles were prepared using a wet laying

papermaking technique. Polyamide-amine-epichlorohydrin (PAE) was added to provide

wet strength. Filters were prepared at two different total basis weights of 200 and 400

grams per square meter (gsm). Single and multi-layered filters were structured for each

total basis weights. The effect of total basis weights and multi-layered structure on

methylene blue adsorption and silicon dioxide (SiO2) particle filtration was investigated.

Methylene blue adsorption was performed in two modes: constant pressure and

constant flow rate. In both operation modes, the adsorption capacity of multi-layered

filters was significantly higher (16–100%) than for single-layer filters at the same overall

weight. The effect of layer separation was also characterized using polypropylene

separators and tested under constant flow rate operation. Separators provided more

effective methylene blue adsorption by generating a well-distributed flow. Filtration

performance was quantified with 0.5µmsilicon dioxide particles under constant pressure

conditions; this is to mimic bacteria rejection. Filtration capability of SiO2 particles was

reduced slightly (12%) with decreasing individual filter layer thickness regardless of the

multi-layered structure. Filtering polyethylene glycol (PEG) molecules with two different

molecular weights was performed; however, no rejection was recorded. The filter internal

pore structure was visualized by 3D-X ray computed tomography and the void fraction

was quantified. 400 gsm single layer presented areas of low fiber density forming pores,

while the pore volume decreased for thinner filter layers.

Keywords: composite, multi-layer, adsorption, filtration, cellulose fiber, channeling

INTRODUCTION

Depth filters (Sutherland, 2011) are porous filtering mediums composed of cellulose fibers and
inorganic absorbents. Unlike surface filtration, they can retain contaminants through the thickness
as well as on the surface during liquid filtration. These composite structures combine two different
separation principles and technologies in a single medium. Filtration by particle rejection is
provided by forming an intricate mesh, where selective adsorption is achieved by a functional
inorganic particle. Separation can further be improved by combining other additives, such as
charged polyelectrolytes in the network (Dizge et al., 2011). The medium can be modified with
a cationic polymer adsorbing the common negatively charged dissolved contaminants significantly
smaller than the average pore size. However, depth filtration analysis reported in literature has
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FIGURE 7 | 3D X-ray images of (A) 400 gsm sample (B) 200 gsm sample and

(C) 100 gsm sample presented with some of layers with intersection of three

different planes.

are given in Table 2. Besides, 100 gsm-4x filter also shows higher
variation in rejection results. This variance potentially shows
that multi-layered filters formed by low gsm layers cannot be
relied upon for rejecting particles. However, further studies on
filtration are needed to fully characterize the mechanism behind
the rejection capability of multi-layered filters.

DISCUSSION

Effect of Operation Modes: Constant
Pressure or Constant Flow
Under constant flow, pressure drop builds up across the filter
to maintain the flow as fouling occurs over time (Goldrick

et al., 2017). However, during constant pressure operations, flux
decreases gradually as the filter fouls (Goldrick et al., 2017) and
initial high flux in constant pressure mode can result in severe
fouling in processes with suspended particles. High flux at the
beginning of filtration causes much faster deposition of particles
on the membrane surface than are back transported, resulting in
faster particle deposition than in constant flow rate mode (Yoon,
2016). This reduces the overall capacity of the filter. Therefore,
industrial processes are mainly operated under constant flow
mode to maximize the available filter area by avoiding sudden
fouling. However, filtering solute molecules can be different
with constant pressure as there is no particle involved; our
experiments are conducted with solute dye molecules and the
main mechanism for separation is by electrostatic adsorption.

During our constant pressure adsorption experiments with
multilayer filters, flow rate decreased compared to single layer as a
result of the resistance created by the slightly increased thickness
of multi-layers. Decreased flow rate results in an increased
residence time for liquid, which provides more time for dye
molecules to adsorb. In contrast, residence time does not change
for multi-layers under constant flow as flow rate is constant.
This explains why adsorption capacities at a given basis weight is
so dependent upon layer configuration under constant pressure
mode.

Effect of Multi-Layered Filter Structure
Heterogeneous composite filters combining fibers and adsorbent
particles can develop heterogeneity at small length scales,
creating channels. This is accentuated by the agglomeration
of adsorbent particles and poor fiber distribution (formation).
Liquid flows through such channels with little resistance and
saturates the surrounding filter medium of this preferential flow
path; this reduces the effectiveness of filters substantially.

By introducing multi-layers, tortuosity is increased and
channeling mostly avoided as multi-layers offsets the channel
alignment between consecutive layers. This prevents preferential
flow through continuous channels across the entire filter
medium. Multi-layers have also increased external surface area
maximizing filter-liquid contact (Figure 9).

Figure 9 shows liquid streams following the tortuous path
of least resistance in a single layer structure (A). This pattern
is distorted between two stacked layers as liquid contacts the
filteringmedium of the next layer (B). This explains the improved
breakthrough curves as a result of operating multi-layered filters
for the same basis weight.

Analysis of 3D X-ray tomography images and animations
(SI) reveals that a single thick layer of filter (400 gsm-1x) is
more likely to contain macro voids than thinner filters; these
massive gaps are absent at lower basis weights. Macro voids are
defects reported in literature mainly for membranes prepared
by phase-inversion methods. The presence of such macro voids
results in compaction or collapse of the membranes that reduces
flux (Paulsen et al., 1994; Kosma and Beltsios, 2012). In our
case, these defects cause preferential liquid flow through these
gaps in single layer that results in a poor adsorption capacity.
However, the filtering efficiency decreases with multiple layers
of thinner filter layers (100 gsm-4x and 100 gsm-2x). Thicker
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FIGURE 8 | Void fraction distribution through the thickness of an individual layer (200 gsm). The composite mesh side is at the high number (88) and the air side is at

the origin.

TABLE 2 | 0.5µm SiO2 particle rejection of 400 gsm-1x, 200 gsm-1x,

100 gsm-2x, and 100 gsm-4x filters.

Filters SiO2 rejection (%)

100 gsm-4x 87 ± 11

100 gsm-2x 87 ± 3

200 gsm-1x 98 ± 0.9

400 gsm-1x 99 ± 0.2

depth filters can better hold particles and prevent any particle
escape; filter density gradient across the thickness can be an
explanation. Usually, cellulosic fiber composites are formed by
wet papermaking laying technique with a density gradient across
the thickness. The density increases from top to bottom. The
decreasing void fraction through the thickness can be seen in
Figure 8. This is due to the preferential distribution of fines away
from the mesh and their varying degrees of compaction through
the sheet thickness (Rosenthal et al., 1977). Thick single layer
filters are expected to have a higher density variance through
thickness than smaller basis weights. Also, thick samples are
expected to have higher densities than low basis weight samples
(the density and porosity calculations based on thickness of
the samples are given in the Supplementary section). Another
explanation could be the denser structure of thick samples better
trapping particles.

Effect of Separators
The improved adsorption capacity with separators under
constant flow operation is attributed to a uniformly distributed
flow between the layers. Well-distributed flow increases the

probability of liquid to follow through the entire filter medium
instead of following some preferential pathway and saturating
local areas. The operations schematic is illustrated with and
without separators in Figure 10.

Perspective
A thermal process, pasteurization is usually used for food
preservation in the food industry. Treatment temperature
ranges from less than one minute up to several minutes at
temperatures varying from 100 to 150◦C, based on products
(Lopes et al., 2016). However, this process can alter the
organoleptic characteristics and degrade the quality of food,
specifically in heat-sensitive foods such as juices and wine (Lopes
et al., 2016). Removal of microbial spoilage from liquid foods
at low temperatures through filtration is a promising method
for food and beverage industry (Papafotopoulou-Patrinou et al.,
2016). In this work, we developed food grade filters made
from cellulose, a naturally abundant, biocompatible and low-
cost material. These filters can remove spoilage as small as
0.5µm [in the size range of bacteria (Microbiological hazes and
deposits2)] by up to 98% with 200 gsm two layers and 400 gsm
single layer and at least by 87% rejection rate with 100 gsm
two and four layers. Filtration can also serve as a preliminary
step before any further treatment—including pasteurization
(Tomasula et al., 2011; Wray, 2015). The contaminants
smaller than the pore size also retained through adsorption
combining electrostatic interactions; these interactions are
further improved via multi-layer filter configurations. Depth

2Microbiological hazes and deposits. Available online at: https://www.
awri.com.au/industry_support/winemaking_resources/fining-stabilities/
hazes_and_deposits/microbiological/.)]
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FIGURE 9 | Schematic illustration of flow through a single layer (A) and two layers (B) filters.

FIGURE 10 | Schematic illustration of flow of liquid through filters with (A) and without (B) separators.

filters can provide a good alternative for “cold” pasteurization
process.

CONCLUSION

The effect of multi-ply and inter-ply spacing of novel
inorganic-cellulosic depth filters was investigated in terms

of adsorption capacity and filtration efficiency. Cellulose
fiber-perlite composite layers were prepared at three different
thicknesses (basis weights) using a papermaking technique.
Perlite and fiber content was maintained at 70 and 30 wt.%,
respectively. Polyamide-amine-epichlorohydrin (PAE) was used
for wet strength, filler retention and charge control. Filters were
constructed as single-layer and multi-layers for different total
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basis weights. Methylene blue (MB) was selected as a cationic
solute molecule to characterize adsorption under constant
pressure and constant flow rate modes for the different filter
configurations. Filtration efficiency was measured with PEG
molecules of two molecular weights (600 and 5,000 kDa) and
0.5µm silicon dioxide (SiO2) particles. The filter structure was
quantified by 3D X-ray tomography.

MB adsorption capacity increased by multi- layered filter
structures at a given basis weight for both operation modes
(constant pressure/flowrate). The constant pressure mode is a
better option for multi-layer filters as it maximizes adsorption
capacity. The adsorption capacity of multi-layered filters (over
single layer) increased by preventing flow channeling by off-
setting macro voids-channels through the thickness of the filter;
these local heterogeneities are often inherent to papermaking.
The probability of forming continuous macro voids-channels
through the full thickness of paper sharply decreases as the
number of layers increases. Distorted channel alignment by
multi-layered structure results in an increase in contact surface
area that provides a more efficient adsorption. The presence
of separators between layers increased adsorption capacity
thanks to a well-distributed liquid flow in constant flow
mode. Filters had no rejection capability for PEG molecules.
The thickest (400 gsm-1x) and half thickness (200 gsm-1x)
filter structures filtered 0.5µm particles at a very high
rejection rate (98%). The rejection rate however decreased
with multi-layer structures. Multi-layered composites provide
better adsorption performances while filtration is best with
single thick layers. This work highlights how engineering

materials and operation can improve and change filtration and
adsorption performance in filters. A novel generation of multi-
layer depth inorganic-cellulose filters can provide new avenues
for purification of temperature sensitive suspensions such as
food and pharmaceutical streams. However, further studies are
still required to fully characterize the filtration mechanisms of
multi-layered filters.
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