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This paper presents an evaluation study of wastes from pulp and paper as well as construction and
demolition industries for application in cement-based materials. The alternative raw materials were used
as a source of calcium carbonate (CaCO,) and as pozzolanic material (water-reactive SiO,) in partial
replacement of Portland cement. In addition to the hydraulic binder, coating mortars were composed
by combining the pulp and paper fluidized bed sand residue with construction and demolition wastes,
both added as small aggregates. Rheological and mechanical characterization showed that the waste
additions changed the behavior of the cement materials, increasing both the viscosity of the pastes (at
constant shear stress or rate). The formation of agglomerates in the cement hydration process made the
mortars with additions of residues (lime and ash sludge) have an increase in the mechanical strength of
the hardened bodies when compared to the mortar (MOW) prepared only with the residues (fluidized

bed sand and C & D) as aggregates.
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1. Introduction

Brazil is the fourth highest cellulose producer, and the
ninth paper producer in the world. In 2014, 16.5 million tons
of cellulose were produced worldwide, which is an increase
of 8.8% when compared to 2013. The paper industry grew
1.8% in this same period, totalizing 10.6 million tons'.

The residues from these industries like: lime mud, fly
ash and fluidized beds sand are often employed as soil
acidity corrective material®?, fertilizer* and additive for road
paving’. Moreover, wastes from the pulp and paper industry
are excellent examples of materials with potential value as
alternative raw material to the cement industry. If we consider
the geographical proximity of the pulp and paper industries
with those of cement in Brazil, as shown in Figure 1, it is
possible to identify the possibility of interaction between
these activities, the cement industry as a possible consumer
of the by-products generated by the paper and cellulose.

The lime sludge consists predominantly of CaCO,*
calcium carbonate. The biomass ash is rich in quartz silica
with constant and homogeneous particle size, according
to the literature, which would be suitable for use as small
aggregates in building concrete, unidentified fact in the
study ash’.

*e-mail: kamila.almeidaoliveira@gmail.com

These industrials wastes can be a real alternative source
for sustainable development in the civil construction industry.
According to Brazilian Association of Public Cleaning and
Special Waste Companies (ABRELPE) (2014), Brazil collected
in 2014, 45 million tons of construction and demolition (C&D)
wastes!?. However, the wastes valorization should present
a holistic and systemic perspective in order to correlates
fundamental factors to enhance applicability and to ensure
sustainability. Other important aspect is waste management'!,
becauseit's estimated that 50% of solid wastes generated by
all human activities comes from industry of the construction'?.

Considered a composite material, mortar can be defined
by its main components: cement, small aggregate and water.
The use of residues as additions, in substitution of cement,
or as aggregates incorporated in traditional mixtures, bring
about several changes in the properties and performances
of this material.

On arheological viewpoint, the concrete can be understood
as a concentration of solid suspended particles (small aggregates,
which in the case of mortars) in a liquid (cement paste)®.
Therefore, to study the effect of the use of residues on this
rheological system, favors the knowledge of the alteration
resulting from the use of alternative raw materials.
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Figure 1. Geographical distribution of paper/pulp and cement
industries in Brazil. (Adaptation BRACELPA, 2014 e SNIC, 2013)%".

This study aims to evaluate the influence of pulp and paper
industry residues (ash and lime mud) as mineral additions to
Portland cement through on rheological behavior of cement
pastes. Aggregates of sand from fluidized beds, also from the
paper and cellulose industry and C&D waste, were added to
coating mortars to assess the mechanical properties.

2. Materials and Methods

The experimental mixtures were comprised of a type-V
Portland cement (CP V-ARI), a workability additive (TPF-Na,
NaP.0,)), normalized sand according to NBR 7214:1982'
and the residual additives biomass ash, lime mud, sand from
fluidized beds from a Brazilian pulp and paper industry, and
C&D waste from local origin.

The Portland cement was characterized in terms of
chemical composition by X-ray fluorescence (XRF, WDXRF
Axios Max Panalytical), particle size distribution by dynamic
laser scattering (DLS, Mastersizer 3000, Malvern), surface
area (BET, Quantachrome Instruments - Autosorb-1). The
wastes from the pulp and paper industry are classified
as hazardous according to ABNT NBR 10.004:2004".
The mineralogical composition was determined by X-ray
diffraction (XRD, XRD-6000, Shimadzu), the patterns were
scanned in the 20 range of 10-80°, 0.02°/s step and the
thermal behavior was evaluated by thermogravimetric and
differential thermal analysis, DTA/TG (TA Instruments, SDT
Q600 - Simultaneous TGA - DSC/DTA, USA) at a heating
rate of 10 °C/min with a flow of synthetic air (20% O, and
80% N,). The specific mass was determined by pycnometry
(Ultrapyc 1200e). The waste moisture was measured by mass
loss after a treatment in 110 °C for 24 h. The morphology was
observed by scanning electronic microscopy (SEM, - JSM-
6390LV, Jeol). The anhydrous sulfur content (SO,) was also
determined for ash and lime mud according to NM 50:1996

and NM 16:2004. The methodology proposed by Luxan
(1989)'¢!8 was applied to identify the pozzolanic activity
of the fly ash. According to this method, the pozzolanic
activity is classified as low (A <0.4 mS/cm), (ii) moderate
(0.4 <A <1.2) or (iii) high (A> mS/cm> 1.2)'"8. The C&D
residues used in this study come from a building materials
processing unit. The selection of the material was based on
the classification criteria of NBR 15116'"°, where a class A
material was obtained, according to Annex A of that standard.
The C&D wastes were prepared in order to replace normalized
sand (NBR 7214/1982) as aggregate, in compliance with the
requirements of CONAMA 307:2002%. Subsequently this
waste was ground in a hammer mill (Servitech) to achieve
the size specified in NBR 7215:1996%'. Afterwards, cement
pastes were prepared using the waste materials and evaluated
by rheological flow tests.

Cement pastes were prepared in a mechanical mixer
(QS20-5) at 300 rpm for 3 min. The rheological characterization
was performed in a rotational viscometer with concentric
cylinders geometry (VT 500, Thermo Haake), at 25.0 +
0.5°C, in 5 and 30 min after contact of the cement with
water. The flow behavior was assessed with variation of
shear rate from 0 to 600 s (upward curve) and 600 to 0 s™!
(downward curve), in 180 s.

Cement pastes were formulated and produced according
to the proportions in percentage mass shown in Table 1. The
mortars were prepared according to NBR 7215:1996, cement:
aggregate ratio (1:3) and water/cement ratio of 0.48. The
aggregate (standard sand) was replaced by wastes (sand from
the fluidized bed of pulp and paper industry corresponding
to the fraction of 0.6 mm, and C&D wastes in the other
standard particle size ranges).

Table 1. Formulations of cement pastes (mass percent).

Formulation Portland CPV  Biomass Ash Lime mud
PO 100 - -
P15 85 10 5
P20 80 10 10
P25 75 20 5

For compare the effect of the mineral additions (ash
and lime mud) on the mortar performance, two reference
formulations were prepared with cement paste without mineral
addition: MOS and MOW. The first containing cement, water
and standard sand; the second, cement, water and waste
(fluid bed sand and C&D waste), as presented in Table 2.

For each mortar formulation four samples were molded
with nominal dimensions of 30x30%30 mm. After molding,
the samples remained 7 days curing immersed in water
saturated with lime. Subsequently, a uniaxial compression
test was performed (DL 2000, EMIC) using a load cell of
20 kN, with loading speed of 1 mm/min.
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Table 2. Formulations of mortars (mass percent).

Formulation Cement Standard Fslz?ddizzfd C&D
Mortars Pastes Sand Waste
Bed
MOS PO X
MOW PO X X
M15% P15 X X
M20% P20 X X
M25% P25 X X

3. Results and Discussion

The residues of biomass ash, lime mud and fluidized bed
sand did not present any leached compound according to the
parameters of NBR 10005:2004, in accordance with NBR
10004:2004. However, the different compounds (aluminum,
cadmium, lead, copper, chromium and iron) were solubilized
in values above the maximum limit allowed by NBR
10006:2004%2%, For this reason, all residues were classified
as Class II A (non-inert) residue due to the solubilization
of the compounds mentioned above?. The incidence of
these contaminants is derived from the use of water-soluble
fertilizers in industrial pine and eucalyptus forests?.

The chemical composition of Portland CP V cement
and the wastes of cellulose and paper industry are shown
in Table 3. It is possible to notice a high concentration of
SiO, for biomass ash and fluidized beads sand, 49.65%
and 93.65%, respectively. Lime mud presented a high CaO
concentration of 53.55%. The chloride content was lower
than 0.1% for lime mud and biomass ash.

Table 3. Chemical composition (mass percent) by XRF of the
Portland cement and industrial wastes.

Cement Biomass Lime Sand
Oxides Portland Ash mud fluidized
(CPYV) beds
ALO, 3.30 9.94 0.22 0.73
Sio, 15.00 49.65 1.06 98.29
Fe,O, 3.40 4.07 0.16 0.56
CaO 65.60 2.10 53.55 <0.05
MgO 4.60 1.25 0.91 <0.05
Na,O 0.20 0.33 1.06 <0.05
K,0 0.90 3.14 <0.05 <0.05
TiO, 0.40 0.95 <0.05 <0.05
MnO - 0.24 0.10 <0.05
PO, 0.10 0.65 0.65 <0.05
Cr,0, - 0.08 - 0.11
Ign:;i“(f; ?L‘OD 3.70 2697 4225 <039
SO 2.70 - - -

3
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Figure 2 shows the diffractogram of biomass ash and lime
mud. The ash presents, with approximately 28% crystalline
phase, quartz (SiO,, ICSD - 46-1045), as determined by
Rietveld refinement. According to Buruberri et al. (2014)
this is characteristic from the contamination with sand of the
fluidized bed. In this case, 72% of silica is in the reactive form
(deviation in the baseline between the angles of 15 to 40°)%.
The reactivity characterized by the structural amorphism of
the ashes is confirmed by the moderate pozzolanic activity
(A= 1.1 mS/cm) determined by the Lux4dn method (Luxan,
1989)'8. XRD analysis of lime mud identified only a single
phase- calcite (CaCO,, ICSD - 5-5086). The CaO content
may also be associated with 39.48% of mass loss and thermal
reactions detected by TG and DTA (see Figure 3).

Figure 2. XRD of biomass ash and lime mud. The detail shows the
deviation in the baseline between the angles of 15 to 40°.

Figure 3. DTA/TG of the sand fluidized bed sand, biomass ash
and lime mud.

The decarbonation of lime mud (Figure 3) corresponds to
the endothermic peak at 745 °C (decomposition of CaCO,).
The fly ash shows an exothermic peak at 500 °C, associated
to a mass loss of 34% due to the incomplete combustion
of organic matter, due to the low efficiency of the boiler.
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The sand presented a characteristic thermal behavior with
very low mass loss (1.4%). This result confirms the loss on
ignition obtained by the chemical analysis, indicating a low
amount of contaminants.

The particle size distribution of the powdered wastes is
shown in Table 4. Among the waste materials, the biomass ash
presents the highest mean particle size (D), 75 wm, which
can be attributed to the irregularly shaped and porous particles
after rupture of wood fibers during the Kraft process. Figure 4
shows the irregular morphological aspect of fly ash (fibers)
(Figure 4a) and the regular and spheroidal shape of lime mud
(Figure 4b). Moreover, Portland cement CP V presented the
highest surface area when compared to the waste materials.

Table 4. Characterization of the powders: Portland cement CP V,
biomass ash and lime mud.

Property Portland Biomass Lime

CPV ash mud

BET Surface area (m?/g) 75.00 33.44 14.77
Density (g/cm®) 3.10 2.49 291
Mean particle size, D, (um) 12.5 75.0 22.0

Figure 4. Micrographs (SEM) of the wastes: (a) biomass ash; and
(b) lime mud.

Based on previous analyses, the potentiality of using those
wastes as partial replacement of Portland cement was identified
for fly ash and lime mud. Biomass ash presents a chemically
reactive binder component, as revealed by XRF, structural
amorphism according to XRD, and moderate pozzolanic
activity. Lime mud is a carbonate source, a chemically inert
binder, as determined by XRF, XRD and DTA/TG.

In terms of rheological behavior, as seen in Figure 5,
cementitious pastes require an shear stress (or yield stress)
to initiate the flow. For pastes P15, P20 and P25 (see Table
1), the shear stress presented intense increments between
5 and 30 min. On the other hand, the sample PO remained
practically constant, with no formation of agglomerates, only
loss of water, due to the onset of hydration of the cement®’.

The increase of yield stress reflects the interaction of
cement additions along the analyzed hydration time*’. Cement
dissolution/precipitation, and physical phenomena such as
agglomeration of the particles in aqueous media, influence
directly the rheological properties of the cementitious paste®.

Figure 5. Yield stress at 5 and 30 min for cement pastes PO, P15,
P20 and P25.

Particularly, agglomeration is related to electrostatic or van
der Waals forces, ionic strength of the aqueous medium and
formation of hydrated products®. As Betioli (2009) observed
in measurements carried out in the induction period, similar
to this study, show an increase in the yield stress associated
to the physical phenomenon of agglomeration. Although, the
ash presents moderate pozzolanic activity, as identified by the
method proposed by Luxan'®, the phenomena observed are not
caused by hydration reactions. In the early ages the mineral
additions act as inert, fine materials, Physical action of forming
agglomerates, since the chemical reactions do not occur in the
same proportion as the cement hydration reactions, having
its rheological behavior controlled by the molecular physical
interaction characteristics of the additions to the cement®-'.

The pastes present a pseudoplastic behavior, as depicted
in Figure 6, with a decrease of viscosity for increasing
shear rates. However due to the presence of flow stress the
rheological behavior of the cement pastes is characterized
as Bingham fluid®?. The decrease in the viscosity of the
cementitious pastes is associated with the increase in shear
rate which may lead to the breaking of the agglomerated
particles, thus reducing the turbulence of the flow lines due
to reduction the diameter of the agglomerate®.

Figure 6. Apparent viscosity of cement pastes with PO, P15, P20
and P25 after 30 min.
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It's observed that the formulation with high concentration
of lime sludge presented higher flow stress (Figure 5 - P20)
and higher viscosity in the shear rate range of 0 to 20 s’
(Figure 6 - P20). This phenomenon may be associated with a
greater tendency of agglomeration of the finer particles and
with a decreasing of mean free path, since the mud presents
1/3 of the average diameter of the ashes, as show in Figure 5%.

It's notable for the cement paste P15 and P25 samples
lower viscosity when compared to the P20 sample. Such
behavior is justified by the ashes morphology. The fiber format
provides a sharp drop in viscosity after the application of
shear rate due to aligning of particles in the flow direction
imposed during the test. This behavior is evidenced by
the lower yield stress presented for the sample of 25% of
addition (P25), sample with higher ash content (Figure 5)*.

Analyzing the flow curves, Figure 7, it's possible to
notice that the sample without addition, PO, showed a typical
rheological behavior of cement paste?’32. The hysteresis
loop, corresponding to the area between the upward and
downward curve, represents the energy required for breaking
the structures formed by the hydration of the cement. The
rheological behavior of Bingham was the one that best suited
the results of cement pastes. Thus, the characterization is

Materials Research

restricted to the range (0s! to 600s™") of the shear rate, and
may vary according to the type of material application®'.

The additions (ash and lime mud) increased the viscosity
of the cement pastes; consequently, a higher energy is required
to break the formed structures*. All formulations (Figure 6)
when subjected to increasing shear rates up to 600 s!, showed
an increase in shear stress, associated to the decrease of
viscosity, as shown in the upward curves. The downward
curves present systematically lower levels of shear stress for
a given shear rate. This behavior results from the breakage of
the agglomerates formed by the hydration of cement, which
can be associated to pseudoplasticity and thixotropy*?. The
curves after 30 min, when compared to the 5-min curves,
present the same trend of higher viscosities at constant shear
rate or stress, due to the hydration of the cement®.

The cement pastes were mixed with fine aggregates (sand
from fluidized bed and construction and demolition waste)
in order to prepare mortars (Table 2). The MOS mortar was
prepared for compare to the mortars without the incorporation
of waste. Thus the amount of water used in the mortar was
increased to a water/cement ratio of 0.63. This was necessary
because the fine particles of C&D wastes demand a greater
amount of water, due to the high absorption capacity and
the angular shape of those aggregates'?.

Figure 7. Flow curves for 5 and 30 min (bold line) of the formulated pastes of cements: (a) PO; (b) P15; (c) P20; and (d) P25.
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As expected, samples containing C&D wastes presented
lower mechanical strength (Figure 8), when compared to the
samples with normalized aggregates (M), mainly due to the
intrinsic physical characteristics, such as high porosity and
high water absorption'. However, it is possible to notice the
increase in resistance when the mortar has been prepared
with pastes-mineral additions (CP V + wastes). This gain of
resistance can be attributed to the physical effect, the fineness
of the additions that promoted a greater densification of the
matrix/aggregate, causing a filling of the existing pores and
a reduction of the spaces available for water. In this way,
the contact between the hydrated and non-hydrated products
of the matrix increased, which is a greater packaging of the
matrix. This higher contact, consequently represented a
greater increase of the resistance to compression®.

Figure 8. Compressive strength for mortars MOS, MOW, M15,
M20, and M25 at 7 days old.

The agglomerates formed, permanent or not, in the
cement paste besides altering the rheological response,
interfered in the packing of the particles and consequently
in the mechanical resistance of the mortars, as showed in the
work of Castro and Pandolfelli*®. Resulting in resistances,
with maximum intermediate strains reference samples, as
observed by results of mechanical resistance (Figure 8).

The sample (M20) had the lowest standard deviation
among samples containing additions. A possibility for the
regularity between the resistances can be attributed to lime
mud, a filler, of regular morphology and of low granulometry.
It assumes that the lime sludge has acted as a lubricant for
the aggregates (fluid bed sand and C&D waste) of the mortar.
Favoring the best packaging of the particles, and increasing
of mechanical resistance.

4. Conclusions
The residues studied have the potential to be used in the

development of alternative cement mortars as partial replacement
of Portland cement, as incorporated mineral additions (ash

and lime sludge), or as small aggregates (fluidized bed sand
and waste of C&D). However, the results it's suggested a
better evaluation of the compressive strength after 14, 21 and
28 days of hydration. This assessment should be associated
with mineralogical and thermal analyses. In this way, it will
be possible to evaluate the action of the mineral additions
after the induction period, according to chemical reactions
of the cement pastes, and their effect on mortar performance.
The use of new materials in the construction industry is a
great opportunity for valorization of solid industrial waste
in the paper and pulp sector, given the great demand of the
sector and the geographical proximity between these two
industries. In addition, it become important to highlight
the sustainability attributed to waste valorization through
lower CO, emissions and lower consumption of cement by
substitution for mineral additions.
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