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Abstract: This study aimed to investigate the impact of as-received biomass fly ashes (BFA) and
green liquor dregs obtained from a pulp and paper plant in Brazil as substitutes for metakaolin
in geopolymeric formulations. The properties of this type of waste material vary widely between
different industrial plants. This study refrains from subjecting the waste materials to any form of
pretreatment, taking into account their organic matter and particle size heterogeneity, requiring
extensive characterization to evaluate their influence on the compressive strength, apparent open
porosity, and water absorption of the geopolymeric samples. The objective was to assess their
potential for upcycling purposes as an alternative to energy-intensive materials, such as ordinary
Portland cement (OPC) and advanced ceramics. This potential arises from the ability of alkali-
activated materials (AAM) to undergo curing at ambient temperatures, coupled with the possibility of
compositions primarily derived from waste materials. To improve the sustainability of the products,
the amorphous content of the raw material, which is more reactive than crystalline phases, was
quantified and used as the base for mixture ratios. This approach aimed to reduce the requirement
for alkaline activators, which have significant environmental impacts, while also increasing the
waste content in the formulation. The incorporation of waste materials into the geopolymer matrix
generally led to a reduction in the compressive strength compared to the benchmark metakaolin
sample (19.4 MPa) but did not present a trend. The dregs led to values of 4.1 MPa at 25 wt% and
7.1 MPa at 50 wt%, a behavior that is somewhat counterintuitive, and BFA at 10 wt% presented
5.7 MPa. Nevertheless, the apparent open porosity remained at high levels for all the samples, close to
50%, and the compressive strength of most of them was over the values obtained for the metakaolin-
only samples with mixture ratios calculated from the total composition instead of the amorphous
composition. The decrease in strength and the increase in porosity were attributed to the specific
characteristics of the waste materials, such as their high crystallinity, presence of organic matter,
heterogeneous particle composition, and size. Overall, this study provides insight into the variations
in geopolymerization based on the bulk and amorphous content of the aluminosilicate sources and
how the characteristics of the waste materials influence the geopolymer matrix. It also highlights
how calculating mixture ratios based on the amorphous composition improves the possibility of
waste valorization through alkali activation. Additionally, it suggests that BFA and dregs might
be effectively utilized in applications other than OPC substitution, such as adsorption, filtration,
and catalysis.
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1. Introduction

The pulp and paper industry is one of the most polluting industrial sectors, in addition
to being very water and energy-intensive, as well [1]. Its wastes have been explored in
sustainable applications in agriculture, wastewater treatment, construction, and energy
processes [2]. They have also been studied as source materials in geopolymers [3-6], widely
known as a viable option for ordinary Portland cement (OPC) replacement due to the
possibility of being made almost entirely from waste materials [7,8], and more recently
as alternative raw materials in products for environmental governance, being applied as
adsorbents, catalysts, and filtration membranes [9,10].

Most alternatives to OPC rely on alkali activation to decrease emissions since OPC
production represents 26% of the total industrial emissions of CO, [11]. Moreover, other
environmental issues have been investigated by using wastes and by-products as raw
materials [12], such as slags, fly ash, perlite, waste glass, and others [13-15], there is still
a heated debate in the academic community about the environmental impact of geopoly-
mers [7,14-17]. Recent studies have shown that besides fly ash and slags, widely employed
as raw materials for AAM, waste glass is one of the most viable options to be used as eco-
supplementary cementitious material in both OPC and AAM formulations due to its high
chemical reactivity, which is mainly derived from the surface properties and amorphous
content [13,18,19].

The scope of applications for alkali-activated materials (AAM) extends beyond civil
engineering, encompassing their utilization as alternatives or additives to ordinary Portland
cement (OPC). Geopolymer membranes tailored for micro-, ultra-, and nanofiltration in
water and wastewater treatment and their potential in adsorption and catalysis have
been investigated using various waste materials [9,10,20]. The multifaceted nature of
AAM has been explored comprehensively. Luukkonen et al. [21] examined 3D printing,
direct foaming, and granulation as fabrication techniques for generating geopolymer filters
dedicated to water treatment [21]. Meanwhile, Su et al. [22] took advantage of the excellent
adsorption properties of a slag-based geopolymer to remove Ni(II) from wastewater, and
the self-growing supported nickel catalyst was used for CO, methanation [22].

As the result of the reaction of the amorphous content of materials containing Al,Os3,
5i0,, and CaO with alkaline activators, geopolymers are known as alkali-activated ma-
terials (AAM). Davidovits (2017) defines a geopolymer as a mineral macromolecule of
well-defined size and molecular weight [23], while, according to Provis (2018), the main
difference between AAM and geopolymers is the calcium content, which is lower in
geopolymers [24]. Nevertheless, both systems are inside the area of alkali activation [24].

The major source of carbon emissions in the AAM life cycle is the use of alkaline
activators, which is a point of agreement among various sources regarding the potential
environmental impact of these materials [16,25]. Furthermore, one of the most overlooked
aspects of AAM emissions is the pretreatment of waste materials to achieve properties that
allow for better product performance. For reasons of production cost and environmental
impact, the valorization of waste materials in AAM has a higher potential when the wastes
are subjected to the least amount of pre-treatment possible if source materials are available
locally, supply chain networks are optimized, and only a small amount of alkali activators
are used [25-28].

Two of the main wastes generated by this industry are biomass fly ash and green
liquor dregs, which, together with grits, represent most of the 11 million tons of waste
generated by pulp and paper production. They present a potential for utilization in
geopolymeric mortars [4] and some successfully improved metakaolin-based geopolymer
properties [3,4,29]; however, there is a great discrepancy between the materials generated
in different plants, and each waste, even though from similar sources, must be evaluated
regarding its suitability for valorization in geopolymer formulations. As a result, the
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methodology used to upcycle a specific type of waste may not be applicable to waste from
apparently similar processes but from different plants [30,31].

The Kraft process, extensively embraced by the industrial sector, entails the utilization
of surplus biomass and organic-rich wastes to generate power. Consequently, the biomass
fly ash produced in each industry plant exhibits considerable variation due to the distinctive
attributes inherent to individual facilities. Maschowski et al. [30] examined bottom and fly
ash samples from six German biomass plants and discovered significant differences in the
samples’ properties. Cherian and Siddiqua [31] reviewed the differences in fly ash from
pulp and paper mill industries and also found substantial discrepancies in the composition,
particle morphology, and trace metal concentrations. Green liquor dregs from different
sources also present considerable property deviation, more specifically in composition, loss
on ignition, moisture, and pH [3,32].

Novais et al. [3] investigated similar residues from different pulp and mill plants to
gain a better understanding of how these wastes influenced the geopolymer matrix. One
of the novel aspects of our study is the presentation of an approach that distinguishes the
amorphous fraction of waste materials from their total composition and how the distinction
affects the interpretation of the results. We also conducted a thorough investigation of
how the waste, as received, influences the physical properties of the products compared to
a benchmark metakaolin-based geopolymer. These insights diverge from the prevailing
methodologies in the literature and will facilitate geopolymer applications in various areas
in the future.

As each industry plant presents very diverse waste properties, this paper aims to
evaluate the potential for upcycling as AAM of two types of waste from a Brazilian pulp
and paper industry plant: biomass fly ash and green liquor dregs. Unlike other works, our
primary goal was to assess the impact of the waste as received (without any treatment) on
the properties of the products.

2. Materials and Methods
2.1. Materials

Green liquor dregs and biomass fly ash (Figure 1) were provided by a Brazilian paper
pulp plant. Green liquor dregs are generated in the recovery of white liquor in paper pulp
plants. In contrast, biomass ash is generated from burning surplus biomass and organic-rich
wastes generated in running power generation units. The authors discussed the process of
generating these wastes in previous works [2]. The waste was used as received (Figure 1) to
reduce the cost of geopolymer production and improve the chances of upcycling. The role
of waste materials in formulations was to replace metakaolin by evaluating the reactive
fractions (amorphous content) of each waste.

BFA Dregs

5cm 5cm

Figure 1. Waste materials as received.

Metakaolin (HP Ultra®, Jundiai-SP, Metacaulim do Brasil) was used as the main
aluminosilicate source and benchmark. Sodium silicate (H,O = 63 wt%, SiO, /Na,O = 3.38,
Lafan Quimica Fina, Varzea Paulista-SP, Brazil) and 8.4 M sodium hydroxide solution,
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prepared from the dissolution of NaOH micro pellets (98%, Neon) in water, were employed
for the alkaline activation.

2.2. Samples Processing

The geopolymer slurries were produced as shown in Figure 2 and described as follows:
(i) sodium silicate was introduced to the 8.4 M sodium hydroxide solution and stirred
using a magnetic stirrer for 30 min. (ii) The alkaline solution was slowly added to the
solids cup while the mixture was mechanically stirred using a U-shaped helix at 400 RPM.
(iii) The resulting slurry was mixed for 10 min at the same stirring speed and cast into
polyvinyl chloride (PVC) cylinders with an internal diameter of 2.1 cm and a height of 5
cm. (iv) Mechanical vibration was applied to the cylinders for 30 s to eliminate any trapped
air and improve particle packing. (v) The molded slurries were covered with a plastic film
and cured at 50 °C for 24 h before being demolded and left in ambient conditions for an
additional 27 days to complete the curing process.

e |

(i) Alkaline activators solution: (i) Mechanical mixing: (iii) Moulding
Sodium Hydroxide 8.4 M + Aluminosilicate sources +
Sodium silicate alkaline activators y
(30 min) (109,

T~

(v) Curing
(50°C, 24 h;
27 days at ambient conditions)

(iv) Vibrating (30 s)

Figure 2. Samples’ preparation process.

2.3. Characterization

The mineralogical composition of the raw materials was identified using X-ray powder
diffraction (XRD) with a Shimadzu XRD-6000 (Shimadzu Corporation, Tokyo, Japan). Phase
identification and quantification were performed using the Rietveld method, with calcium
fluoride (CaF,) mixed in as an internal reference at a concentration of 10 wt% for 7 min
in a closed cylinder. The amorphous fraction of the samples was determined using the
CaF, reference. Phase quantification was accomplished with the software GSAS-EXPGUI
software package [33] and EXPGUI, and the crystallographic information was extracted
from the ICSD database.

The thermal properties of the raw materials were obtained with thermal gravimetric
analysis (TGA; Netzsch STA 449 F3 Jupiter, NETZSCH-Geratebau GmbH, Selb, Germany).
The materials were previously dried at 100 °C for 24 h. The analysis was performed from
ambient temperature to 1000 °C. The loss on ignition was also assessed by heating the
samples to 1000 °C in a generic laboratory muffle furnace. The chemical compositions of
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Metakaolin (MK) Biomass Fly Ash (BFA), and the dregs were obtained by X-ray fluorescence
(XRF) with a Shimadzu AXIOS Max.

The particle size distribution was determined using laser diffraction (DLS; Malvern
Mastersizer 3000, Malvern Instruments Co., Ltd., Malvern, UK) in water and Darvan® (R.T.
Vanderbilt Company, Inc., Norwalk, CT, USA) as a deflocculant. The microstructure of
the raw materials and products was analyzed with scanning electron microscopy (SEM)
coupled with energy dispersive spectroscopy (EDS) with a tabletop Hitachi TM3030 (Japan
Hitachi TM3030, Chiyoda, Tokyo, Japan).

The compressive strength tests of the products were conducted on an Instron Universal
Testing Machine (Series 5569, Instron, Norwood, MA, USA) with a loading rate of 0.4 MPa/s.
The apparent porosity, water absorption, and bulk density values were obtained via the
standard method ASTM C20, which is based on the Archimedes principle.

2.4. Experimental Plan

The evaluation of the differences between the compositions was based on parameters
such as compressive strength, apparent porosity, and water absorption of the samples. The
study was divided into two molar ratio calculation methods, namely, the bulk composition
method (which can be also read as “total composition”) and the amorphous composition
method. With the bulk composition method, the molar ratios were calculated from the XRF
characterization, while in the amorphous composition method, the phase quantification
values from the Rietveld refinement were used. The formulations were designed to achieve
the same molar ratios: SiO,/Al,O3 = 3.73; Na,O/Al,O3 = 0.96; and Na,O/SiO, = 0.26.
Appropriate amounts of each material were employed to reach the ratios according to
the chosen method. The molar ratios were defined to meet the values determined by
Davidovits [34] as the best-suited for geopolymers of properties close to OPC.

The replacement of metakaolin by BFA was tested at 10 wt%, and the dregs were tested
at 10 wt%, 25 wt%, and 50 wt%. Higher fly ash incorporation values were not considered
due to practical issues related to the slurries’ rheology and handling in the molding process.
Additionally, a sample consisting of 75 wt% BFA and 25 wt% dregs, synthesized exclusively
from the residues, was investigated. The naming convention for the samples considers the
method used for molar calculations (amorphous or bulk composition), the type of waste
incorporated (dregs or BFA), and the waste weight percentage in the mix. Specifically,
AM represents amorphous composition, D represents dregs, B represents BFA, and the
numerical value denotes the weight percentage; therefore, sample AMB10 stands for an
amorphous composition with 10 wt% of BFA, while AMB75D25 stands for amorphous
composition, 75 wt% of BFA and 25 wt% of dregs.

This new design considering the amount of amorphous fraction in the precursor
material was used because the many works presented in the literature have only considered
the XRF results to calculate the molar ratios. Using the reactive fraction of precursor
materials is essential for producing new geopolymers and alkali-activated materials.

3. Results and Discussion
3.1. Chemical and Mineralogical Composition of Materials

The XRF provides a bulk composition of the raw materials as oxides, as seen in Table 1.
The molar ratios between SiO; / Al,O3 and the alkaline cations are usually based on the XRF
results. If not all of the composition is reactive, these values lead to incorrect ratios [35].

For instance, the three solid raw materials contain crystalline phases, as shown in
Figure 3, and are presumably much less reactive than the amorphous content, even though
they might present reactivity to some minor extent, as in the kaolinite phases present in
some not fully calcined metakaolin [36].
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Table 1. XRF elemental composition expressed as oxides for metakaolin, BFA, and dregs. Last line:
the molar ratio between SiO, and Al,O3. LOI: loss on ignition. Elements not detected are expressed

as II_/I.
Oxides (wt%) Metakaolin BFA Dregs
SiO, 57.1 45.1 1.7
Al,O3 32.6 12.1 0.7
Na,O <0.1 0.2 6.9
K,O 2.1 2.3 0.4
CaO <0.1 1.6 41.7
MgO 0.6 1.0 2.5
Fe, O3 2.3 3.5 0.5
TiO, 15 0.8 0.1
MnO - 0.2 0.9
P,0s5 - 1.2 0.4
SO3 <0.1 - 2.9
LOI 3.0 31.7 40.0
Si0, /Al O3 (mol) (mol) 2.98 6.34 413
Pulp and paper mill ash Q - :
p pap Q = Quartz (SiO,) - ICSD 16331
’;:‘
S
oy
5 Q
£
Q Q Q Q Q
WAQ \ AQm QAQAQ,QMQQ
SN
' | ! | ' 1 ' | ' | ! | ! | ' 1
Dregs C
g C = Calcite (CaCO,) - ICSD 18166
:;
.E
£
¢ ¢
c c C c
CcCc C C C c C
' | ! | ! | ! | ' | ! | ' | ' |
Metakaolin Q
Q = Quartz (SiO,) - ICSD 16331
3 A = Anatase (TiO,) - ICSD 202241
;;_: M = Muscovite ((Ky oNag o/)(Al} g3Feq 53Mag 14Tig 03)(S13 89Alg g0} O1o(OH),) - ICSD 74608
.g
£
' |

Figure 3. Crystalline profile of bottom ash, dregs, and metakaolin, and identified phases according to
ICSD catalog numbers.

The presence of crystalline phases in the initial materials suggests that a portion of the
produced geopolymer will retain its crystalline structure. The amount of each phase and
the amorphous content were quantified using the Rietveld quantitative phase analysis, as
outlined in Table 2.
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Table 2. Phase quantification results from Rietveld analysis for solid raw materials.

Phase (wt%) Metakaolin BFA Dregs
Muscovite 39.0 0 0
Quartz 9.0 28.0 0
Calcite - - 64.0
Amorphous 52.0 72.0 36.0

Combining the data from XRF and XRD, it is possible to calculate the approximate
composition of the amorphous content in each material (Table 3).

Table 3. SiO; and Al,O3 amorphous wt% in metakaolin and BFA.

Amorphous wt% Metakaolin BFA
Si0, 29.0 17.0

Al O3 20.0 12.0

Si0, / Al,O3 (mol) 2.49 241

Due to their low intensity, some peaks in the XRD profiles could not be identified.
Additionally, the minor percentage of elements found in the XRF results (such as Fe, K, and
Ti) are not of particular interest; therefore, there is some incongruence between the sum of
the amorphous content composition and the total composition that fits the proportional
quantities of these elements in the XRF analysis. In spite of this, the sum of these errors and
inconsistencies represents a low weight percentage in the composition of the components
and falls within the margin of error for the quantification methods utilized. For instance,
Williams and Van Rissen [37] reported deviations ranging from 2 to 12 weight percent
in their Rietveld quantitative analysis of four different fly ashes. It is worth noting that
uncertainties are also propagated through calculations as a result of the representation of
elements as oxides in the XRF tables [37].

The dregs are mainly composed of crystalline calcite, and amorphous Ca (calculated
as CaO) is present at a weight percentage of 6%. This amount is comparable to the
supposedly amorphous content of NayO (6.9 wt%), indicating that the dregs are likely
to interfere with the alkaline composition of the geopolymer. The phase quantification
analysis further suggests that the BFA is much more reactive than the benchmark MK;
however, it is important to note that fly ash reactivity is also influenced by factors such as
particle morphology and size, combustion conditions, combusting material, and transport
treatment [37]. The determining factors for BFA include the wood species combusted,
the nature of the combustion process, and the conditions at the application site. These
assumptions are investigated in the following sections.

3.2. Thermal Characterization

The loss on ignition (LOI) value for the dregs, as presented in Table 1, agrees with
the value expected for a material mainly composed of calcite and is expressed as CaO
in the XRF analysis. It is also in good agreement with the TGA profile for this material
(Figure 4). During the analysis, a consistent mass loss was observed until exceeding 100
°C. Subsequently, a slight increase in the weight loss rate was detected after reaching 600
°C, which corresponds to the decomposition of CaCO3 into CaO and CO, as predicted by
Equation (1), which occurs after 700 °C.

CaCO; — CaO + CO, )

As identified by Ribeiro dos Santos et al. [32], calcite and the dreg’s thermal behavior
are similar. At 600 °C, both materials begin to decompose gradually, and this leads to the
release of CO,(g), as evidenced by the 28% total weight loss depicted in Figure 3. Balancing
Equation (1) to find the remaining crystallized CaO weight percentage, a value of 35.7 wt%
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is calculated. Adding 6 wt% of amorphous CaO content, the total CaO content equals the
value from the XRF analysis: 41.7 wt%.

100 Y

95 -
90
85

80

75 \

Mass (wt %)

70

65
——BFA e
60 28% TSee il 42%

55

50

I . I . 1 i I ® I . I ' I . I - 1 . 1
100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 4. TGA of BFA and dregs residues after drying at 100 °C.

In contrast, the LOI value for BFA significantly exceeded those observed in most
fly ashes utilized in geopolymer synthesis [38], although it is not uncommon for mill
and pulp fly ash [6] and biomass ash from the paper pulp industry [3]. There is a great
discrepancy between the LOI obtained via XRF analysis and TGA for BFA. This difference
can be attributed to varying levels of humidity in the samples. Even though the samples
were dried at 100 °C before the TGA analysis, the absence of humidity control and a delay
between the drying and analysis resulted in a ~4 wt% loss observed in both the dregs and
BFA curves up to 100 °C, as depicted in Figure 4. The weight loss detected for BFA at higher
temperatures may be due to the presence of unburned or partially burned wood charcoal,
inorganic carbonate species, and free organic carbon, as well as volatile compounds, such
as sulfur, sodium, and potassium [30,31,39]. It should be noted that the investigated BFA
presents low CaO wt%, which is a major source of LOI in most biomass fly ashes.

3.3. Morphological Characterization: Particle Size, SEM, and EDS

The cumulative volumetric particle size of the solid raw materials and the percentile
values are presented in Figure 5. It indicates a broader particle size distribution for BFA. It
also indicates median particle size of dsy over 100 um and of dgg over 700 pm.

The SEM images in Figure 6 reveal the presence of larger particles, as well as smaller
particles and porous spheres, which have been documented in prior studies on biomass fly
ashes originating from pulp and paper industries [3,30]. The structure shown in Figure 6a—c
has some parts that resemble fibers, suggesting that it could be the remains of unburned
wood. Figure 7 displays the results of the EDS elemental mapping analysis conducted on
various regions of the BFA under investigation. The presence of carbon in regions with
fibrous aspects, as well as the appearance of silicon and aluminum in the smaller particles
suggests that incomplete combustion of the wood may have occurred. The BFA’s irregular
morphology and composition are directly related to the rheological properties observed
during the molding stage of the processing steps and mentioned in Section 2.4.
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Figure 5. Particle size distribution of metakaolin, dregs, and BFA: (a) cumulative volumetric par-
ticle size distribution and median values (dsp) in um; (b) particle size (d1g, dsp, and dgg) vs. per-
centile value.

Figure 6. SEM micrographs of BFA: (a) a millimetric particle found in the fly ash; (b) magnified
region in (a); (c) magnified region in (b); (d) spherical porous particle in the biomass fly ash.

The cumulative volume curve for the dregs demonstrates a sharp slope and minimal
deviation between the d values, indicating a narrower particle size distribution (Figure 5).
The high humidity levels in the as-received dregs material resulted in a sludgy consistency,
obscuring the shape and size of the particles; therefore, evaluating the particle morphology
of dregs requires drying of the material. The dried dregs are shown in Figure 7 with the
EDS spectrum of the as-received material, confirming a more homogeneous particle size
and presenting a regular morphology. The expected presence of alkaline metals, such as
Na, K, and Ca, is observed in the spectrum.
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EDS spectrum: dregs

Figure 7. (a) SEM of BFA over fibrous structure and small “white” particles. (b) EDS elemental
mapping of the picture above. (c¢) SEM micrograph of dried dregs. (d) EDS spectrum of the as-
received material.

3.4. Compressive Strength: Amorphous vs. Bulk Composition

The comparison between the bulk composition and the supposedly reactive amor-
phous composition in the metakaolin was performed to assess the viability of only consid-
ering the amorphous content from the benchmark material and wastes.

Figure 8 shows the mechanical behavior of the two benchmark formulations with 3
and 28 days of curing. Both samples presented wide deviations from the average values
of compressive strength. The amorphous composition resulted in overall higher compres-
sive strength values when compared to the bulk composition; however, in opposition to
its counterpart, it loses its average strength, and its standard deviation values increase
drastically over time.

45 -

40 - ~ 3 days

m 28 days
35 1

30 A
25 A
20 A
15 4

10

Compressive strength (MPa)

Amorphous composiiton Bulk composition

Figure 8. Bulk and amorphous composition formulations after 3 and 28 days of curing at ambi-
ent conditions.
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In the SEM images of the 28-day samples, in Figure 9, micro-fissures and unreacted
metakaolin particles are visible. The geopolymeric matrix of the sample made accordingly
to the amorphous composition exhibits greater homogeneity.

¥\

Unreacted metakaolin

Microfissures

“Amorphous composition” MK sample 100 pm “-Bulk composition” MK sample 100 um
Figure 9. Geopolymeric matrix of samples based on amorphous and bulk compositions.

The visual inspection, however, contradicts the values of the apparent porosity, water
absorption, and density found for both samples, as presented in Table 4.

Table 4. Apparent porosity, water absorption, and bulk density of the sample synthesized according
to the amorphous and bulk composition after 28 days of curing. (Values) = standard deviation
from triplicates.

Amorphous
Property Composition Bulk
Apparent porosity (%) 66.1 (1.0) 43.8 (0.5)
Water absorption (%) 60.8 (1.3) 32.2(0.6)
Bulk density (g/ cm?) 1.09 (0.01) 1.36 (0.04)

It is crucial to mention that both the presented samples exhibited efflorescence—an
adverse chemical reaction between excess alkalis and atmospheric carbon dioxide—which is
known to have a detrimental impact on the durability of the geopolymer [40]. Although the
samples with amorphous content did not display the characteristic white crystals on their
surfaces, areas of white stains were observed. This could also be attributed to carbonation
effects [41], but differentiating between efflorescence and carbonation is beyond the scope
of this paper.

The samples based on the amorphous content develop high compressive strengths
at an early age, presumably due to the rapid development of a dense geopolymer matrix,
which is directly linked to accentuated shrinkage and subsequent micro-cracking [42]. The
access to the bulk of the samples provided by the cracks, as a function of the apparent
porosity and water absorption values from Table 4, facilitates the occurrence of efflorescence
or carbonation, with the movement of free alkalis in the form of carbonates to the surface
further decreasing the compressive strength and increasing the dispersion of the values [40].
Similar behavior was not evidenced with the samples based on bulk composition since
high alkali concentrations require more energy to initiate and promote the reaction [43].

3.5. Waste Incorporation

The dregs and BFA were incorporated into the geopolymer mix according to their
amorphous compositions. The benchmark metakaolin composition was also calculated
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according to its amorphous content. Samples were also made using only residues, with
75 wt% of BFA and 25 wt% of dregs.

The rheology of the slurry with BFA was too difficult to handle during the molding
stage, with incorporations of over 10 wt% into the metakaolin-based mix. The struggle with
workability was the irregular behavior of the slurry, which behaved like a shear-thickening
suspension during the molding step. BFA has a very wide range of particle sizes and a
high content of organic matter, mostly the remains of unburned wood (Section 3.3), and the
problems related to the rheology of these slurries were attributed to this characteristic of the
material; however, the same problems were not observed with the samples made only with
wastes in the proportions cited in the previous paragraph. The reasons for such behavior
were not investigated, but seem to be related to the interaction of the ash with metakaolin.

Incorporating waste into geopolymer formulations based on metakaolin results in re-
duced compressive strength and apparent porosity values when compared to a geopolymer
composed solely of metakaolin, which serves as the benchmark composition; however, it is
possible to mitigate this decline by capitalizing on the amorphous composition of the raw
materials. It becomes feasible to introduce waste materials into the geopolymeric matrix
while achieving comparable, or even higher, apparent porosities than the ones obtained
from metakaolin-only geopolymers with mixture ratios based on the total composition
(Figure 10).
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Figure 10. Compressive strength and apparent porosity at 28 days of curing.

The findings related to the inclusion of dregs in our research appear to contradict the
results presented by Novais et al. [3], who found an increase in the compressive strength of
geopolymeric mortars with the addition of dregs up to 25 wt% due to its effect as filler. It
should be noted, however, that our samples are not mortars. Their team considered the
dregs to be essentially inert, with an additive of sand for the mortars, a different approach
from ours. The methodology and the raw materials were essentially diverse; therefore, the
comparison is not recommended.

The incorporation of dregs at 50 wt% presented values higher than at 25 wt%. This
could be related to the higher packing of the matrix, with reduced porosity compared to its
counterparts. This was also noticed in the SEM micrographs (Figure 11). In AMD25, there
is a clear degradation of the geopolymeric matrix, with a highly heterogeneous topology
composed of efflorescence, unreacted metakaolin, and dregs particles.
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Figure 11. SEM micrographs of samples: (a) AMD10; (b) AMD25; (c) AMD50; and (d) AMBI10.

In AMD50 and AMDI10, the dregs are packed in the surface, making them more
homogeneous, as is also evidenced by the distribution of calcium in the SEM/EDS map
shown in Figure 12.

It was also noticeable upon a simple visual inspection of the samples that AMD10
and AMDO50 presented little or no efflorescence crystals on their lateral surface, while the
crystals were present randomly over the whole body of the AMD25 samples, suggesting a
lower degree of geopolymerization in this sample, with more free alkali cations to react
with the air humidity [40,41,44], thus generating more efflorescence crystals.

For AMBI0, the incorporation of BFA made the matrix more heterogeneous, and the
development of mechanical resistance was also delayed by it, as it was with dregs. The
results were already expected due to the wide range of particle sizes, organic matter, and
other impurities that are deleterious to the geopolymeric reaction and the general particle
packing, but efflorescence crystals were not evident on the surface of the sample. The
large unreacted particles and the high levels of organic matter in the waste material might
influence the path of humidity and carbon dioxide. The development of efflorescence does
not seem to be directly related to the compressive strength in these samples and more
extensive investigation should be performed to reach a conclusion.

In general, the residues were responsible for smaller porosity values and compressive
strength when added to the geopolymer mix, considering the amorphous contents of the
raw materials. These effects are mostly related to the filling effects of the dregs and to the
particle size distribution and organic impurities in BFA composition.



Minerals 2023, 13, 1158

14 0f 18

Calciummap

Calcium map

100 um 100 um

Figure 12. SEM of (a) AMD10 and (b) EDS mapping for calcium in AMDI10. (c) SEM of AMD50 and
(d) EDS mapping for calcium in AMDS50.

In contrast to the findings by Novais et al. [3], who explored the integration of dregs
into a metakaolin-based geopolymer through an approach centered on the comprehensive
composition of the raw materials, the current study’s samples exhibited an opposite trend
in compressive strength compared to their observations. Novais et al. reported an enhance-
ment in the compressive strength and a decrease in the porosity upon the incorporation of
dregs relative to the reference sample (100 wt% metakaolin); however, when considering
the amorphous constituents of the raw materials, our results indicate a general decline in
the material properties. Notably, specimens based on the amorphous composition mani-
fested a diminishing compressive strength over time, as depicted in Figure 8. This implies
that the temporal evolution of curing plays a pivotal role in the efficacy of incorporating
waste materials into the formulation. Additionally, it is important to acknowledge that
Novais et al. [3] employed sand in their reference samples.

Despite the lower compressive strength observed in the dregs-containing samples, ap-
proximately half of that achieved by Novais et al. [3], the apparent porosity and water
absorption of materials relying on amorphous composition are significantly higher. This
observation suggests the potential utility of these materials in adsorption-related applications.

Based on these findings, the samples comprising solely wastes, designated as AMB75D25,
presented favorable properties for applications in adsorption and catalysis [10,20,45], as
presented in Table 5.
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Table 5. Properties of sample AMB75D25.

Sample Compressive Strength (28 Days, MPa) Apparent Porosity (%)
AMB75D25 1.1 (0.4) 57.4(0.4)

Sample Water Absorption (%) Bulk Density (g/cm?)
AMB75D25 81.0 (1.6) 0.71 (0.01)

The AMB75D25 samples have extremely low density and high water absorption. They
floated in the water for a while due to these properties; therefore, the results for the apparent
porosity must be regarded with some skepticism since the ASTM C20 method is based
on the Archimedes principle. Their compressive strength is enough so that they can be
easily handled. Extensive characterization of this material should be carried out to evaluate
if these AAM are indeed geopolymers and to assess their potential in applications that
could enable the exploitation of the waste materials [10,20], such as in adsorption and
catalysis [10].

4. Conclusions

This study aimed to evaluate the suitability of waste materials from the pulp and
paper industry, namely, dregs and biomass fly ash, in substitution for metakaolin as the
alkaline and aluminosilicate sources, respectively.

1.  An approach based on the supposedly more reactive content of the materials was
used to improve the results. Metakaolin was used as a benchmark initial material and
the approach has improved its mechanical properties, even though it promoted too
rapid a reaction and high shrinkage rates, with consequent high compressive strength
development at an early age, but a decrease in the values after the total time of curing
of 28 days due to the cracking of the matrix.

2. Dregs are essentially inert, and biomass fly ash has a wide range of particle size
distribution and high levels of impurities. These characteristics lead to the degradation
of the geopolymeric gel and retard the reaction rate due to the filling effect of the
residues’ particles, the mismatch derived from the range of their size distribution,
and the presence of impurities such as organic matter possibly made of lignin and
unburned wood.

3. Overall, the wastes harmed the compressive strength of the geopolymeric pastes based
on metakaolin with higher or lower levels of efflorescence development that does not
seem to be directly related to the mechanical behavior; however, by calculating the
mixture ratios with the amorphous composition of the raw materials, it was possible
to incorporate the waste materials into the geopolymeric matrix while obtaining
properties equal to or superior to the ones obtained with mixture ratios calculated
from the total composition.

4. The incorporation of dregs and BFA led to a reduction of the compressive strength,
from 19.4 MPa in the benchmark metakaolin sample to 7.1 Mpa for 50 wt% of dregs
(AMD50) and 5.1 Mpa for 10 wt% of BFA (AMB10). The apparent porosity of all the
samples remained close to 50%, while the water absorption was close to 40%.

Based on the results, it is not recommended to use the studied wastes in alkaline-
activated materials for applications that demand high compressive strength. The properties
suggest that the potential for incorporation of these specific waste materials into metakaolin-
based AAM is improved in areas regarding adsorption, filtration, and catalysis when the
amorphous composition is employed in the mixture ratio calculations.

5. Recommendations for Future Work

As the results of our work highlight, there can be limited potential for valorization
for biomass fly ash and green liquor dregs in alkali-activated materials as an alternative
to ordinary Portland cement since the wastes generally degrade the compressive strength
of the products. We therefore recommend that the substitution of OPC should not be the
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aim of future works with such wastes, and there is more than enough literature to support
our claim [10,20]; however, because relatively high values of apparent porosity and water
absorption were verified for most of the samples, particularly AMB75D25, our findings
suggest potential applications in adsorption, filtration, and catalysis. Based on our results
and the literature, we recommend that future works avoid the goal of OPC substitution
and focus on alternatives to add value to these residues [31,33].

The methodology used in this work considers the amorphous fractions of the materials,
and it is essential for the future of geopolymerization, both for pastes and mortars, as well
as in concrete. The study of concrete with other types of waste, considering the amorphous
fractions of the precursors, is a good path for further studies on this topic.
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