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The recovery of cellulose in toilet paper from municipal wastewater is one of the most innovative actions
in the circular economy context. In fact, fibres could address possible new uses in the building sector as
reinforcing components in binder-based materials. In this paper, rotating belt filters were tested to
enhance the recovery of sludge rich in cellulose fibres for possible valorisation in construction applica-
tions. Recovered cellulosic material reached value up to 26.6 gm~> with maximum solids removal of
74%. Content of cellulose, hemicellulose and lignin was found averagely equal to 87% of the total compo-
sition. Predictive equation of cellulosic material was further obtained. The addition of recovered cellulose
fibres in mortars bring benefits in terms of lightness, microstructure and moisture buffering value
(0.17 g/m2%UR). Concerning mechanical properties, flexural strength was improved with the addition
of 20% of recovered cellulose fibres. In addition, a simplified economic assessment was reported for
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two possible pre-mixed blends with 5% and 20% of recovered fibres content.
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1. Introduction

In recent years, circular economy approach has been developing
in different industrial sectors to achieve sustainable production
processes and to reduce consumption of resources. Similarly, the
technologies in the water cycle treatment and management have
been evolving towards this direction that focus more on the valori-
sation of the final wastes (Schreck and Wagner, 2017; Silva et al.,
2017; Crutchik et al., 2018; Akyol et al., 2019). Cellulosic material
in the toilet paper, which is the major organic component in the
urban influent that enters the municipal treatment plants
(Ruiken et al., 2013), holds a great potential as one of the most
recoverable products from wastewater flows.

In general, the potential recovery of cellulose is closely linked to
the daily use of toilet paper. This consumption is extremely vari-
able, heterogeneous and closely related to the degrees of urbaniza-
tion, sanitation, sewage infrastructures and waste transport. For
these reasons, the potential recovery has to be referred to specific

* Corresponding authors.
E-mail addresses: g.cipolletta@univpm.it (G. Cipolletta), a.l.eusebi@univpm.it
(A.L. Eusebi).

https://doi.org/10.1016/j.wasman.2019.09.015
0956-053X/© 2019 Elsevier Ltd. All rights reserved.

territorial scale. In fact, variable ranges of data are reported in the
scientific literature, equal to 49 + 23 g toilet paper p~'d~! in Amer-
ica, to 31 £21 g toilet paper p~'d~! in Europe, to 5 g toilet paper
p'd~! in Asia and to 1 toilet paper gp 'd' in Africa (Toilet
Paper History, 2018; Matter of Scale, 2018; Southeast Green,
2018). Assuming that toilet paper contains approximately 85% of
cellulosic compounds (Industrial Shredders, 2018), the maximum
potential recovery of cellulose varies from 42 g toilet paper p~'d ",
in the most industrialized countries, to 1 g toilet paper p~'d~! in
developing countries.

In this scenario, several research activities and European pro-
jects have focused on the recovery of resources from wastewaters
(Pioneer_STP, SMART-Plant (smart-plant.eu), INCOVER (incover.
eu), Res Urbis (resurbis.eu), Screencap (screencap.eu)). Specifically,
projects such as Screencap, Pioneer and SMART-Plant, have imple-
mented the recovery of cellulosic fraction in wastewater treatment
plants (WWTPs) through the integration of the dynamic separation
technology into conventional treatment flow schemes. This unit
easily allows to separate a greater fraction of solids and to retain
the cellulose fibres more efficiently while replacing the traditional
primary sedimentation (Ruiken et al., 2013). The separated mate-
rial; on the other hand, needs to be industrially washed and dried
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Nomenclature

Cycell Cellulosic Yield Coefficient
COD Chemical Oxygen Demand
CP Pure Cellulose Fibres
CREC Recovered Cellulose Fibres
CRIC Recycled Cellulose Fibres

E%TSS  Percentage of the Separation Efficiencies based on total
suspended solids removal
EDAX  Energy Dispersive X-ray

Hmin Minimum Hydraulic Level
Himax Maximum Hydraulic Level
HLR Hydraulic Loading Rate

R¢ Compressive Strength

R¢ Flexural Strength

REF Mortar Without Cellulose Fibres Addition
RH Relative Humidity

SEM Scanning Electron Microscope

SLR Solids Loading Rate
SSD Saturated Surface Dry
T Temperature

TS Total Solids

TVS Total Volatile Solids
TSS Total Suspended Solids

IAQ Indoor Air Quality Viotal Volume of Flask

ITZ Interfacial Transition Zone Vwater ~ Volume of Distilled Water

Mgpres  Quantity of SSD fibres WVP Water Vapour Permeability

MBC Moisture Buffering Capacity WWTP Wastewater Treatment Plant

MBV Moisture Buffering Value Yeenl Specific Cellulosic Material Production

MIP Mercury Intrusion Porosimetry p Density

PE Population Equivalent da Vapour Permeability of Stagnant Air

Q Flow rate 3p Vapour Permeability of the Material

RBF Rotating Belt Filtration u Water Vapour Diffusion Resistance Factor
to extract the recovered cellulose fibre. Therefore, the optimization 2. Methods

of the cellulose separation in the WWTPs could enable the
enhancement of the recovery of this product in the water sector
as well as in other industrial manufacturing fields (Jeihanipour
et al.,, 2010; Shi et al., 2018; Hietala et al., 2018; Zhang et al., 2018).

Cellulosic fibres have already been investigated in engineering
applications as a reinforcing component in binder-based materials
(Huber et al., 2011; Huber et al., 2014; Ardanuy et al., 2015). They
give beneficial properties to mortars/concretes in terms of
mechanical characteristics and the ability to improve indoor com-
fort with less environmental impact compared to metallic or plas-
tic fibres.

However, the building sector consumes about 40% of the global
energy mainly for the production of mortars and concretes
(Dittenber and Gangarao, 2012). Therefore, a significant increase
in sustainability of mortars/concretes production can be achieved
by replacing virgin raw materials with renewable and/or so-
called “waste ones” (Dittenber and Gangarao, 2012; Wei et al,,
2013; Giosué et al., 2017). Although recovered cellulose fibres from
other industrial activities are often used in the building engineer-
ing applications (Andrés et al., 2015), the cellulose recovered from
municipal wastewater have never been considered until now. In
particular, recycled cellulosic waste paper fibres are already com-
mercially available as insulation material and cement composites
reinforced with recycled cellulosic waste paper fibres have been
already investigated in the literature (Ashori et al, 2011;
Hospodarova et al., 2018). Differently, cellulose recovered from
real municipal wastewater treatment has not been considered yet.

Therefore, this paper aims to investigate the possibility of cellu-
lose recovery from municipal wastewater and its valorisation in
the building sector. Specifically, the recovery of cellulose fibres
was carried out by enhanced primary separation in demonstrative
pilot plants that were installed in two real municipal WWTPs. The
effect of the addition of recovered cellulosic fibres at different per-
centages on the properties of hydraulic lime-based mortars was
tested for non-structural applications. The properties of mortars
that were manufactured with the same dosages of pure cellulose
fibres and of recycled cellulose from newspaper were further com-
pared. Finally, technical feasibility and economic considerations
were discussed to promote the valorisation of recovered cellulose
and its economic assessment in the building sector.

2.1. Dynamic separation: Demonstrative scale applications

The potential recovery of cellulose was studied in 2 WWTPs
located in Falconara Marittima and Carbonera, Italy. The Falconara
WWTP treats wastewater from a combined sewer system for aver-
age capacity of 29,000 m>d~! with nominal size of 81,000 PE. The
Carbonera WWTP has nominal dimension of 40,000 PE and the
average flow rate in dry period, mainly from separated sewer sys-
tems, is equal to 14,400 m3d~".

In Falconara WWTP, a demonstrative system of dynamic filtra-
tion (Salsnes SF 1000 by Trojan Technologies) was installed and fed
by the effluent from the pre-treatment section (degritting and
desanding units) of the full-scale plant. The influent flow rate to
the filter was assured by one external pump (Pedrollo F4-
65/200AR) that works in the range of 15 m*h '-78 m*h~'. The
flow rate was regulated by manual valve and controlled by Krohne
NSF-61-G flowmeter. A mixing storage tank (MST1) of 1 m? of vol-
ume was placed before the dynamic filter. The cellulosic sludge
and the effluent flow were separated by the filter and collected
in two different tanks before being discharged to the main WWTP
(MST2 and MST3). Two online total solids (TS) probes (Lange P/n
LXG 423.99.00100) were installed in MST1 and MST3 for the con-
tinuous measurement of solids concentration during the separa-
tion tests.

In Carbonera WWTP, the effluent after the pre-treatment units
(degritting and oil removal) was sent to mixing storage tank
(1 m? of volume) and to the following rotating filter (Salsnes SF
1000 by Trojan Technologies) in the same configuration of Fal-
conara site. A centrifugal pump (Flygt N 3085.160) was installed
to feed the filter and controlled by an inverter to adjust the influent
flow rate. The flowmeter (NSF-61-4 Krohne) continuously mea-
sured the influent of the rotating unit. Water tanks were also pro-
vided in both pilot plants for the cleaning of rotating belt filter
(RBF). The cleaning operation was carried out before and after each
separation test, by volumetric water pump at minimum tempera-
ture of 70 °C.

The separated cellulosic sludge and effluent flow were stored in
different tanks to be sampled and characterized before the dis-
charge. The characterization of the influent and effluent in both
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sites was carried out according to Standard Methods for the Exam-
ination of Water and Wastewater (APHA/AWWA/WEF, 2012).
Moreover, the determination of the influent granulometric distri-
bution of the wastewater in the Falconara WWTP was conducted
in laboratory scale by the sieving method (Van Loosdrecht et al.,
2016).

Different sets of experiments were performed for the separation
of cellulosic sludge (21 in Falconara WWTP and 14 in Carbonera
WWTP). Accordingly, varying operating parameters were applied
to investigate their influence on the solids separation yields. The
duration of the tests was between 1 h and 14.5 h with an average
duration of 4 h in each test. Specifically, the influent flow rate
was set to 15m>h~! (in 2 tests-F1, F2), 30 m*h~! (in 21 tests -
F3-F10, F12, F13, F15, F16, F19, F20, C8-C14), 40 m>h~! (in 7 tests
C1-C7) and 50 m*h~! (in 5 tests F11, F14, F17, F18, F2). To study
the effect of the filtration surface increment during the 35 tests,
the minimum (Hp,jn) and maximum (H,ax) hydraulic levels in the
filtration chamber were ranged from 75 mm to 260 mm, as
reported in Table 2. In each test, the obtained performances in
terms of total suspended solids (TSS) removal were related to the
hydraulic loading rate (HLR) (m> h~'for m? of filtration area) and
to the solids loading rate (SLR) (kg TSS h~' for m? of filtration area).
Finally, different belts with porosities from 90 pm to 350 um were
used in the Falconara pilot plant, and only the mesh at 350 um was
installed in Carbonera pilot during the experimental period.

2.2. Cellulosic sludge recovery optimization and model prediction

The separated sludges were analyzed to determine the cellu-
losic material content. The matrices (tests F4-5, F8, F9, F11, F14-
16, F19-21) were first sieved at 63 um and washed with tap water
in laboratory scale for 30 min according to (Ruiken et al., 2013).
The procedure allowed to obtained sludge devoid of the finest
aggregates and more concentrated in cellulose fibres. These sam-
ples were then analysed to determine the percentages of proteins,
lipids, ashes, hemicellulose, pure cellulose, lignin and humic com-
pounds according to analytical method reported by (Di Bitonto
et al., 2016). Gas-chromatographic analyses were performed by
using a Varian 3800 (GC-FID) equipped with a MDN-5S capillary
column (30 m; 0.25 mm, 0.25Im film). Fatty acid methyl esters
were quantified by using methyl heptadecanoate as internal stan-
dard. Sugars were qualitatively and quantitatively determined by
using a GS50 chromatography system Dionex-Thermo Fisher
Scientific.

For the determination of the cellulosic material recovery yield,
the cellulosic yield coefficient Cyc; was expressed according to
Eq. (1):

Cor gTVSPost — Washing ()
Yeell = ~oTSPre — Washing

where:

g TVS = the amount of the total volatile solids in the sludge sep-
arated from the WWTP post-washing;

g TS = the amount of the total solids in the sludge separated
from the WWTP pre-washing.

With this coefficient the specific cellulosic material production
(Ycen) was calculated by Eq. (2):

Yo — gTSPre — Washing C (%cellulose + Yonemicelulose + %lignin)
cell = m3 *Lyeell ) - 100

(2)
where:

g TS m~ = the concentration of the total solids in the sludge
separated from the WWTP pre-washing;

3

%celluloser %hemicelluloses ‘4lignin = Percentages of cellulose, hemicel-
lulose and lignin analysed in the sludge separated from pilot plant.

In the literature, several models correlated the removal of TSS
with the influent solids for dynamic separation unit (Behera
et al., 2018). The solids removal efficiencies of this study were plot-
ted with the influent solids concentrations and compared to the
previous models to evaluate the fitting behaviour of the experi-
mental data. Moreover, predictive equation was found that links
the solid removal performances (E%TSS) in the rotating belt filtra-
tion with the potential cellulose recovery as expressed in Eq. (2)
(Ycell)-

2.3. Implementation of recovered cellulose in the building sector

The recovered cellulosic fibres from wastewater (CREC) was
added in hydraulic lime based mortars to investigate their possible
valorisation in the building sector. Different mortar mix designs
were compared both by adding increasing dosages of CREC fibres
and by using pure fibres (CP) and by recycled ones (CRIC) from
newspapers in the same proportions.

2.3.1. Fibres characterization

Considering the elevated amount of cellulosic material to be
used in the mortar’s tests, the CREC fibres were provided by CirTec
BV. CirTec BV is a partner of SMART-Plant Project (smart-plant.eu)
and its core business is the recovery of cellulosic fibres from
WWTPs using RBF units in industrial scale with the same configu-
ration of the demonstrative plants of Falconara and Carbonera.

CP (Arbocel B400) and CRIC (Arbocel ZZC900) fibres were pro-
vided by ]. RETTENMAIER & SOHNE (JRS). CP and CRIC fibres were
chosen specifically by length comparable to CREC ones.

The fibres were morphologically investigated by a Scanning
Electron Microscope (SEM-EDAX) (ZEISS 1530-Carl Zeiss, Oberko-
chen, Germany) equipped with a Schottky emitter.

The estimation of the amount of water absorbed by cellulose
fibres to reach the Saturated Surface Dry (SSD) to elaborate the
mix-design was obtained according to the procedure of (Gomez
Hoyos et al., 2013).

To measure apparent density, a certain quantity of SSD fibres
(Msipres) Was inserted into a flask in triplicates. The flask (Viotal
50 ml) was refilled with distilled water (Vyater) and weighted to
obtain the final density values.

2.3.2. Mortars mix design and characterization

Mortars were manufactured with a water/binder = 0.63 and an
aggregate/binder = 3 by weight using a commercial hydraulic lime
(NHL5), according to EN 459-1:2010, as binder (Ardanuy et al.,
2015; Valek et al., 2014; Lucas et al., 2013) and a calcareous sand
(98% of CaCOs, dmax=400pum and density of 2.65gcm >
(Triantafyllou et al., 2011) provided by “Cava Gola della Rossa”
(Ancona-IT) as aggregate.

Fibres were added in the mortar mix by 0% (REF), 5%, 10%, 15%
and 20% by mortar volume (Jongvisuttisun et al., 2013;
Hospodarova et al., 2018). NHL5 was initially mixed with sand
and cellulose to obtain a homogeneous matrix, and water was sub-
sequently added and the blend and mixed for 3 min. In all mixes,
aggregate and fibres were added in SSD conditions according to
UNI EN 1015-11:2007.

To investigate the effect of different fibres addition on the fresh
properties of mortars, the workability was evaluated by the slump
flow test using a truncated cone (100 mm base diameter, 70 mm
top diameter, and 60 mm height) according to UNI EN 1015-
3:2007.

The morphology of mortars was investigated by Scanning Elec-
tron Microscope (SEM) to compare macroscopic properties with
microstructure. Moreover, the total pore volume and the pore size
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distribution of different mixes were measured by Mercury Intru-
sion Porosimetry (MIP) (Thermo Fisher, Pascal series 240).

After 28 days of curing, the density (p, in gdm—) of hardened
mortars was calculated according to UNI EN1015-11:2007. Com-
pressive and flexural strength (R. and R¢) tests were carried out
on at least three prisms (40 mm x 40 mm x 160 mm) according
to the Italian standard UNI EN1015-11:2007.

2.3.3. Hygrometric behaviour: Water vapour permeability and
moisture buffering capacity

Water vapour permeability measurements were carried out
according to the UNI EN 1015-19:2007 to assess the water vapour
transfer and humidity storage capacities of mortars as reported
previously (Collet et al., 2008; Collet and Pretot, 2012; Maslinda
etal.,, 2017; Wang et al., 2000). The obtained data were further pro-
cessed according to UNI EN ISO 12572:2007. The average results of
the test are reported in terms of the water vapour diffusion resis-
tance factor, p. p is defined as the ratio between the vapour perme-
ability of stagnant air 8a (kg (Pams)~') and the vapour permeability
of the material 5p (kg (Pams)~!) at the same temperature and pres-
sure (Slanina and Silarova, 2009). Furthermore, if applied as ren-
ders in indoor applications, these mortars also have the potential
to improve indoor microclimate and consequently the comfort
and health of occupants (Khedari et al.,, 2001; Osanyintola and
Simonson, 2006, Tran Le et al., 2010). The mortars manufactured
in this study (based on cellulose fibres) could therefore influence
the Indoor Air Quality (IAQ) positively in terms of water vapour
permeability (Mazhoud et al., 2016) and moisture buffering capac-
ity (MBC) (Gongalves et al., 2014; Hospodarova et al., 2018). The
moisture buffering value (MBV) quantifies the capacity of a mate-
rial to absorb and release moisture from/to the environment where
it is placed (Rode et al., 2007). In this paper, the influence of cellu-
lose fibres on MBV of mortars was assessed by a simplified version
of the NORDTEST method (Abadie and Mendonca, 2009) where
specimens were cyclically exposed to different RHs (Relative
Humidity) for fixed periods.

The exposure to different RHs was carried out by placing the
specimens inside two boxes containing a saturated solution of
magnesium chloride (MgCl,, RH = 33%) and sodium chloride (NaCl,
RH = 75%), respectively. The boxes were kept inside a climatic
chamber to maintain the temperature constant at 20 + 2 °C. Four
cycles were carried out. The amount of water vapour absorbed or
released by the specimens during each step was determined by
measuring the weight of the specimens before changing boxes.
The practical MBV (g (m2% RH)™') was calculated as the amount
of moisture changed by the material per surface unit and RH gra-
dient (Giosue et al., 2017).

3. Results and discussion

3.1. Performances of dynamic separation and effects of the
implementation in the WWTP

The results on the influent flows of Falconara and Carbonera
WWTPs were analyzed to determine the optimal RBF conditions.
In Falconara WWTP, the average concentrations of TSS and COD
were detected as 112+82mg TSSL™! and to 192+ 140 mg
0, L', respectively. These values are typical for the plants located
near the coastal area and characterized by contributions of seawa-
ters intrusions (Conductivity 1432 + 96 uS cm™!) mainly during the
wet periods. Meanwhile, in Carbonera WWTP, the influent was
characterized by more elevated concentrations of solids and car-
bon loads with an average of 219+119mg TSSL™! and
444 + 191 mg 0, L™}, respectively.

An initial granulometric distribution test was carried out on the
influent of Falconara. The results showed that the percentage of the
influent TSS lower than 90 um was equal to 82% and only 6% of the
TSS had size between 90 and 250 um.

The obtained separation efficiencies from the dynamic filtra-
tions in the pilot plants of Falconara and Carbonera varied between
11% and 75%. The results of the separation tests revealed that dif-
ferent factors could influence the separation yields. Firstly,
improvements in separation yields were achievable using a lower
porosity of the RBF. In fact, efficiencies increased from 37 + 19%
for mesh at 350 pm to 74 + 2% for mesh at 90 pm.

However, mesh size is not the only parameter that influences
the separation yields positively. Therefore, the solids removals in
the pilot plants were related to the specific SLR (kg TSS m~2h~1)
(Fig. 1). In fact, even by using the same belt mesh, highest removal
efficiencies were achieved with respect to elevated SLRs. Specifi-
cally, the optimal operating SLR varied between 25 kg TSS m~2h~!
and 40 kg TSS m2h . For values higher than 40 kg TSS m 2h~! up
to 108 kg TSS m~2h~!, an increase of SLR did not origin the propor-
tional increment of solids removal (E%TSS).

The increase of SLR corresponded to water level and the influent
TSS variation in the filtration chamber that was related to the
increase of the cake over the belt. This mechanism paved the
way to remove even the fractions smaller than 90 pm (minimum
nominal size of produced belt for Salsnes SF 1000) and to obtain
removal efficiencies up to 70%. In fact, the formation of a particu-
late material layer on the belt surface caused a “fouling effect”
on the filtration area (Franchi and Santoro, 2015) and improved
the filtration efficiencies.

The separated effect of the flow rate and solids concentration
(TSSn) on the E%TSS values was further investigated. The experi-
mental tests showed that the influent TSS concentrations were
more influential on the separation efficiencies than the flow rate.
In fact, the filter ability of the system was automatically adjusted
by changing the belt speed when the influent flow rate increased
(Franchi and Santoro, 2015).

The solids removal trend of Falconara and Carbonera tests was
fitted on the basis of the influent TSS and further compared to the
literature models. The obtained separation efficiencies thoroughly
reflected the Behera model of 2018 (Behera et al., 2018). Moreover,
the hydraulic levels also influenced the solids removal efficiencies.
Particularly, the results of the separation tests (F9, F11, F12, F14,
F15, F17, F19, F21) with hydraulic depths (Hpax = Hmin) fixed at
260 mm (Hmax) and 240 mm (Hpin) showed a lower average
removal efficiency (48 +22%) compared to tests (F10, F13, F16,
F18, F20) at 220 mm of Hy,ax and 200 mm of Hy;, (E%TSS averagely
equal to 57 £ 17%). The results could be attributed to the thinner
layer of particles accumulated on the belt during the filtration
cycle when higher hydraulic levels were set. This phenomenon is
particularly enhanced when modest solids load is distributed on
the filtration surface area as in the case of Falconara (Franchi and
Santoro, 2015). This result identified the minimization of the water
level upstream the filter setting lower set-points values (Hpax —
Hmin) as possible control strategy to achieve an increment in TSS
removal efficiencies.

3.2. Separation yields and cellulose recovery

The average content of cellulosic material in the separated
solids was analysed in different experimental tests. The specific
partitions in the sludge samples showed that the separated frac-
tion by the RBF ranged between 6%-14% for lipids (on average
10%), 2%-28% for ashes (on average 15%), 6%-8% for hemicellulose
(on average of 7%), 17%-39% for pure cellulose (on average 28%)
and 23%-29% for lignin and humic compounds (on average 26%).
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Fig. 1. Solid Loading Rates and TSS Removal Efficiencies of Falconara and Carbonera Pilot Plants- with different influent flow rates of (a) F1, F2 =15 m*h~'; (b) F3, F4, F5, F8,
F9, F10, F12, F13, F15, F16, F19, F20, F21, C8, C9, C10, C12 =30 m*h"'; (¢) C1, C2, C5, C6 =40 m*h~'; (d) F11, F14, F17, F18 =50 m*h ..

Finally, approximately 12% of protein and 2% of other compounds
were detected in the samples.

Moreover, after the wash of cellulosic sludge, small portion of
lipids and fine inert solids as well as almost all the protein content
were removed. Therefore, the final cellulosic materials showed
more constant composition and were averagely characterized by
9% + 1% of lipids; 6 + 1% of ashes; 9 + 1% of hemicellulose; 38 + 6%
of pure cellulose; 40 + 3% of lignin and humic compounds; 0% of
protein and other compounds.

According to Eq. (1), the cellulosic yield coefficient (Cyce;) was
calculated for washed sludge samples. The average value of the
coefficient was equal to 0.83 £0.14 g cellulosic material (g TS)"".
Then, according to Eq. (2), with values of Cycey the specific cellulosic
material productions (Yce;) were determined for each test. Specific
cellulosic material productions increased with respect to the solids
removal efficiencies reaching up to 26.6 g ceiulosic material M
(average of 7.82 +6.87 & cellulosic material m_3)~

Fig. 2 illustrates the data of potential sum of cellulose, hemicel-
lulose and lignin recovery from the cellulosic sludge linked to TSS
removal efficiencies. The average concentrations of cellulosic
material were equal to 15.9+10.1gm> (with values up to
26.6 g m—3) with filtration on belt at 90 um, to 4.9+ 4.5 gm™> (up
to 8.1gm™3) with the 150 pm filter mesh, to 4.9+2.0gm™>
(up to 7.2 g m~>) with the mesh at 250 pm and to 5.9 +4.4gm™3
(up to 11.4 g m~3) with mesh of 350 pm. The yields obtained with
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Fig. 2. Cellulosic Material Recovery and TSS removals.

mesh of 90 um were averagely 3 times higher than those achieved
with other meshes as shown in Fig. 2. Moreover, belts with meshes
of 150 um, 250 pm and 350 um did not lead to significant differ-
ences of cellulosic materials recovery.

Although the length of the fibres did not change during trans-
port in the sewer network (Ruiken et al., 2013), the reason for
the higher recovery with 90 pm mesh could be attributed not only
to the concentration of organic volatile solids (TVS) (average of
15.9 g m~3) separated during filtration tests but also to the quality
of the organic solid component in the wastewater, such as the
presence of fibrous material. In fact, thanks to their shape, fibrous
structures (like cellulose) in the organic fraction can easily adhere
to the surface of the belt and thus enhance the formation of the
thick and porous filtration layer on top of the filtration area.
(Franchi and Santoro, 2015). This filter mat, together with a low
belt mesh, could consequently enhance the removal efficiencies
of TSS and organics.

The average percentages of cellulose, hemicellulose and lignin
were used to evaluate the recovery of cellulosic material,
expressed as Y, and to model a prediction equation of recovery.
The solid separation efficiencies were therefore compared to the
value of recovery of cellulosic material present in the organic frac-
tion of cellulosic sludge (Fig. 2).

The predictive equation of the potential recovery and the exper-
imental factors K; and K, were further reported (Eq. (3)) by linking
the innovative way the solids removal and the potential cellulosic
compounds to be valorized in the building sector.

k, |gcellulosicmaterial
m3

With K; =0.0041, K, = 1.8845 and R?=0.71

Yeer = K1 - (E%rss) 3)

3.3. Implementation of recovered cellulose in the building sector

3.3.1. Fibres characterization

The nominal lengths of CP and CRIC fibres (900 um) were cho-
sen similar to CREC one (1000 um). The length of CREC was mea-
sured according to the same methodology reported by (Abadie
and Mendonga, 2009). The similar lengths distributions were con-
firmed by microscope and statistical analysis (Fig. 3-g).

The morphological aspect and the diameters distribution
(Fig. 3) of the different types of fibres were observed by SEM. The
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surfaces of CRIC and CREC fibres appeared rougher than that of CP
fibres. CRIC showed ribbon form; whereas CP and CREC were char-
acterized by more tubular shape. In terms of diameters (Fig. 3-h),
CP (daverage = 11.6 pm) and CREC (daverage = 11.1 pm) appeared finer
than CRIC (daverage = 13.0 pm) (Fig. 3-e). Therefore, the aspect ratio
(length/diameter) of CREC fibres seemed higher than that of CP and
CRIC fibres. Moreover, the statistical distribution of CP and CREC
diameters was less broad compared to CRIC (Fig. 3-e).

To reach the SSD condition, the water absorption was higher in
CREC (119%) than in CP and CRIC (63% and 78%, respectively) fibres,
probably due to their lower wettability and micro-fibril aggrega-
tion induced by the previous submitted processes, as discussed
in Section 3.3.2. Apparent densities of 0.47 g cm—> and 0.46 g cm >
were measured for CP and CREC, respectively; whereas it was mea-
sured as 0.39 g cm~> for CRIC.

3.3.2. Mortars mix design
3.3.2.1. Characterization and functional test. The Mix Designs of dif-
ferent mortars and the corresponding slump values are reported in
Table 1.

The addition of fibres generally decreased the workability of
mortars (Kawashima and Shah, 2011), similar to this case.

Spot——— 500 ym
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200kv 40 CP
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However, despite small differences in fibres microstructure
(Fig. 3), all mortars remained to the same workability class equal
to stiff (according to UNI EN 1015-6:2007) (Table 1).

In mortars, agglomerates of fibres may form; however, SEM
observations of mortars showed a good dispersion of cellulose
fibres, regardless their origin (Table 2). Moreover, more particles
of binder paste were present on the surface of CREC fibres, than
in CP and CRIC fibres. More adhered paste particles suggested a
better adherence between fibres and matrix. This aspect deter-
mined a better Interfacial Transition Zone (ITZ) as shown in Table 2
where the limit between fibres and paste resulted less evident than
in other mortars.

The best adherence of CREC fibres to the binder paste could be
due to their rougher surface as observed in Fig. 3. Moreover, in
CRIC fibres the pulping method induced irreversible structural
changes by reducing the hemicellulose and lignin content
(Oksanen et al., 1997; Wistara and Young, 1999). Hemicellulose
consists of highly hydrophilic polysaccharide chains, which are
usually the main contributor to water absorption (Fan and Fu,
2016). Therefore, the wetting ability, plasticity, ductility, stiffness
and tensile strength of fibres also decrease by collapsing into rib-
bons and flocks (Howard and Bichard, 1992).
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CREC fibers and (h) Diameters distribution of CP, CRIC and CREC fibres.
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Table 1

Mix Design (g/L) and slump values of different mortars.

Water NHL5 CA400 CcP CRIC CREC Slump (cm)

Reference g 295 467 1402 0 0 0 118
CP 5% g 281 445 1335 22 0 0 118
CRIC 5% g 281 445 1335 0 19 0 117
CREC 5% g 281 445 1335 0 0 22 117
CP 10% g 268 425 1274 43 0 0 108
CRIC 10% g 268 425 1274 0 35 0 115
CREC 10% g 268 425 1274 0 0 42 115
CP 15% g 256 406 1219 61 0 0 108
CRIC 15% g 256 406 1219 0 51 0 107
CREC 15% g 256 406 1219 0 0 60 111
CP 20% g 246 389 1168 78 0 0 107
CRIC 20% g 246 389 1168 0 65 0 111
CREC 20% g 246 389 1168 0 0 77 109

Table 2

SEM observation of mortars with 20% addition of different fibers.
CP fibers CRIC fibers CREC fibers

Higher amount of cellulose fibres caused higher presence of
pores and an increase in their diameters in mortars. Specifically,
the total accessible porosity increased from 31% (REF) to 34% (CREC
20%), 36% (CP 20%) and 37% (CRIC 20%). Whereas the REF mortar
showed a unimodal pore size distribution, mortars with fibres
had a bi-modal pore size distribution with the second peak moving
to bigger pores, especially for CRIC, as reported in Fig. 4. This result
was due to the porous structure of added cellulosic fibers and the
additional porosity of the ITZ between fibers and binder paste
(Savastano and Agopyan, 1999). This is true especially for CRIC
mortars where the ITZ is more porous due to the bed adherence
of CRIC fibers to the binder paste (Table 2), caused by the pulping
method which decreases the fibers wetting ability, as reported
above.

As expected, an increased addition of fibres, the lightest ingre-
dient of the mortars, increased the porosity and reduced the binder
paste content, that further caused a reduction in density, as
reported in Fig. 5-a.

Consequently, an increased addition of fibres caused a reduc-
tion in the compressive strength of the composites. For 20% added
cellulose, the compressive strength of mortars decreased by 26%
(CP), 32% (CRIC) and 46% (CREC) compared to REF (Fig. 5b and c).
The addition of fibres, by inducing more voids, lightens and weak-
ens the material (Bentchikou et al.,, 2012). Anyway, at the 20%
fibres addition, the residual R. was most elevated in CREC mortar

probably due to the best adhesion of the binder paste on CREC
fibres as highlighted in the SEM observations (Table 2).

Usually fibres improve the flexural behaviour of mortars thanks
to the bridging effect that increases the resistance to crack propa-
gation of brittle matrices (Wang et al., 2000; Aly et al., 2008). How-
ever, in this study, the addition of cellulose fibres reduced the
binder content and also lightened and increased the porosity and
therefore caused weakening of the composite. For these reasons,
despite of the fibre type, a beneficial effect in terms of Rf was found
until 10% of fibres addition (Fig. 5-c) when the bridging effect over-
comes the weakening effect. At higher dosages of CP and CRIC, R¢
started to decrease and at 20% of cellulosic addition become com-
parable (CRIC) or even lower (CP) compared to REF.

Differently, despite the reduction in density and in R. values,
the flexural strength always increased with fibre additions up to
200% at 20% of cellulose addition for CREC mortars (Fig. 5-c). This
result was due to their higher aspect ratio and to better adherence
between the binder paste and CREC fibres compared to CRIC and CP
fibres, as already observed and discussed in Sections 3.3.1. and
3.3.2,, respectively. In fact, higher aspect ratio and higher adher-
ence of fibres usually enhance their bridging effect against cracks
propagation in mortars.

3.3.2.2. Hygrometric behaviour: Water vapor permeability and mois-
ture buffering capacity. Reduced water vapor permeability is a neg-
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Fig. 4. Pore size distribution of mortars with 0% and 20% addition of cellulose fibres.

ative factor in mortars since it does not allow proper drying of pen-
etrating water and impairs the elimination of water vapor that
occurs within buildings. In Table 3 water vapor resistance factor
(n) of all the mixes was presented: REF had the highest value of
w and the addition of cellulose fibres slightly decreased the p of
mortars. A low value of p indicates higher values of permeability.
The cellulose fibres addition in mortar implied an increase in crit-
ical pore size and in total open porosity. According to Poiseuille’s
law, permeability depends on open porosity and on connected
pores size (Mobili et al., 2016). For these reasons, the most perme-
able mix was CRIC 20%, that had the highest open porosity and
shifted to the highest diameters.

The higher transpiration of mortar implies a higher moisture
penetration depth (Latif et al., 2015) with higher MBV (Giosué
et al., 2016). The more elevated MBV improves the human health
in indoor applications. MBV of mortars increases with hygroscopic
materials as those cellulose based (Abadie and Mendonga, 2009;
Latif et al., 2015). Regardless the type of cellulose fibres considered
in this study, the MBV of mortars slightly increased upon their
addition. This aspect was verified especially for CREC mortars
(Table 3) probably due to their higher affinity to water compared
to CP and CRIC fibres characterized by lower wetting ability, as dis-
cussed in Section 3.3.2.

3.4. Sustainability and assessment of cellulose recovery

In the last years, the recovery and reuse of cellulosic material
interest new and emerging economic sectors. In general, 9 cate-
gories of cellulose-based products could be identified as textile,
non-woven, wood and timber, pulp/paper and board, cellulose dis-
solving pulp, cellulosic films, building materials, cellulosic fibre
composites and green chemicals (Keijsers et al. 2013). Considering
the characteristics of the cellulose in the wastewater and the mar-
ket possibilities, fine sieved fraction separated by dynamic filter
represents an innovative opportunity (Akyol et al., 2019). Several
international projects were developed in this direction highlight-
ing that the fine-screening of influent would provide specific oper-

ative cost of 53 W/m? with significant positive contribution to
WWTPs processes further along the treatment chain by making
wastewater treatment more efficient and result in a product (mainly
cellulose) that could be recovered and valorized (i.e. EU Screencap
(screencap.eu), H2020 SMART-Plant (smart-plant.eu)). The recov-
ered cellulose can be used as raw material for new paper products,
adhesion binders for asphalts or as fibrous reinforcement material
in bricks after properly separation and refining (Crutchik et al.,
2018; Kim et al., 2017; Keijsers et al., 2013). The use of natural fibres
as the adsorbent is another emerging trend in environmental engi-
neering (Carpenter et al., 2015). However, the choice of the specific
applications and the recovery market sectors request inlet materials
with diverse standards based on the available amounts and the final
productive application. Therefore, the sustainability of the recovery
needs to be supported both by global mass balance of the recovered
potentiality and by functional tests for the final reuse.

In this study, the experimental results showed that CP fibres can
be replaced by CREC fibres in mortars improving their lightweight,
flexural behavior and hygrometric properties. The sustainability of
the mass balance is demonstrated. In fact, The CREC fibres produc-
tion was experimentally determined and fitted in Eq. (3). In fact, con-
sidering 60% of TSS removal at the optimal SLR (Fig. 3), the Yce could
be predicted equal to 9.2 g of cellulosic material for m> of influent
wastewater. Indeed, in a territorial application with medium size
WWTP (50.000 PE) and large size WWTP (150.000 PE), the recover-
able theoretical material is estimated to be in the range from 110 kg
per day to 331 kg per day, respectively. To obtain 1 ton of mortar
with 5% of cellulose fibres by volume, 7.80 kg of CP, 6.18 kg of CRIC
and 5.82 kg of CREC are needed. From this point of view, a hypothet-
ical medium size WWTP (50.000 PE) plant could supply a daily pro-
duction from 102 to 356 sacks per day of pre-mixed mortar with
respectively 20% and 5% of REC fibres by volume; whereas a large
size WWTP (150.000 PE) plant from 305 to 1069 sacks per day,
respectively. Referring to a small-medium company producing
cementitious products, (i.e. Diasen srl, Sassoferrato, AN, Italy), 800
sacks per day of 25 kg pre-mixed mortar are produced, satisfying
the sustainability of the request compared to the recovery yield.
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Fig. 5. (a) Density, (b) Compressive strength (Rc) and (c) Flexural strength (Rf) of different mortars.

Table 3
Comparison of |t and MBV results of different mortars.

Specimen n MBV [g/m?-%UR]
REF 11.2 0.07
CP 5% 11.0 0.11
CP10% 109 0.13
CP 15% 10.0 0.13
CP20% 9.5 0.15
CRIC 5% 10.7 0.10
CRIC 10% 10.0 0.11
CRIC 15% 9.9 0.11
CRIC 20% 8.9 0.11
CREC 5% 10.2 0.12
CREC 10% 10.1 0.13
CREC 15% 10.0 0.15
CREC 20% 9.7 0.17

4. Conclusions

RBF is an innovative technology for the wastewater sector that
enables to enhance solids separation and cellulosic material recov-
ery. The experimental tests in Falconara and Carbonera WWTPs
highlighted TSS removal efficiencies between 11% and 74% at SLRs

ranging from 6 kgTS m2h~! to 108 kgTS m 2 h~'. These efficien-
cies allowed to obtain a cellulosic sludge with an average value
of Cycen of 0.83 £0.14 g cellulosic material per g TS. Analysis of
the cellulosic material in the sludge produced by the RBF led to
determine the specific cellulosic material production and showed
that this matrix is averagely composed of 9 +2% hemicellulose,
38 £ 6% pure cellulose and 40 * 3% lignin and humic compounds.

Ycen Was detected equal to 7.82 + 6.87 g cellulosic material m3,
reaching up to 26.6 g cellulosic material m~>. All the data collected
from experimental tests allowed to obtain a prediction equation
model that was used to estimate the recovery production of cellu-
losic material to support the economic assessment for building
sector.

To investigate the possibility of valorizing CREC coming from
RBF of municipal wastewater in the building sector, CREC fibres
were characterized and added in hydraulic lime-based mortars at
the amount of 0%-5%-10%-15%-20% by volume. Meanwhile, the
properties of mortars manufactured with the same dosages of CP
and CRIC fibers were compared. The results showed that the use
of CREC fibres in mortars not only allows to valorize a waste but
even limits the environmental impact of adding CP fibres.
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The obtained results further indicated that CREC fibres, as CP
and CRIC fibres, slightly increased the water vapor permeability
and the moisture buffering capacity of mortars. This implies an
improvement in the human comfort and health if these mortars
are applied as renders in indoor applications and a reduction in
the use of conventional active systems, as dehumidifiers or air-
conditioning systems, which consume energy. As expected, all cel-
lulose fibres, regardless their origin, lightened the mortars and
reduced their compressive strength. However, thanks to their
higher aspect ratio and better adherence to the binder paste, the
residual compressive strength was most elevated in mortars with
CREC fibres. Moreover, for the same reasons, the flexural strength
increased with the addition of fibres only in mortars with CREC
fibres.

Finally, a preliminary balance showed that a large size WWTP
(150.000 PE) plant can supply a daily production from 305 to
1069 sacks per day of pre-mixed mortar with 20% and 5% of REC
fibres by volume, respectively, that is the average production of a
small-medium company producing cementitious products.
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