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ABSTRACT

The pulp and paper industry generates approximately 88 kg of solid waste per ton of paper produced. This
paper investigates the use of green liquor dregs (GLD) from the kraft pulping stage to produce metakaolin-
based alkali-activated binders. The residues were calcined at 915 °C for 2 h to generate reactive calcium oxide,
considering its potential porosity-reducing effects on the pastes. The binder’s properties were evaluated through
an experimental design based on a central composite planning with three independent variables: the
activator/precursor mass ratio, the curing time; and the content of thermally treated dregs as precursor.
Spread, compressive strength, dynamic modulus of elasticity and drying shrinkage of the pastes were tested. It
was observed that increasing activator/precursor mass ratio is detrimental to compressive strength, dynamic
modulus of elasticity and drying shrinkage, due to excess sodium in the mixtures. The increase on percentage of
GLD in the precursor also cause decrease on compressive strength and dynamic modulus of elasticity, which
can be attributed to three main factors: a reduction of aluminosilicates available for alkali-activation; an
insufficient amount of calcium oxide for C-A-S-H formation; and an increase on SiOy/Al,0; ratio lowering
reaction speed. However, if associated with adequate activator/precursor ratio, the reduction in compressive
strength is minimum, up to only 3.33 MPa. A decrease in the drying shrinkage of some pastes was also observed
when increasing GLD content. These results demonstrate feasibility of the use of GLD in the production of
alkali-activated binders.
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I. INTRODUCTION

Alkali-activated binders are produced by a reaction between a source of aluminosilicate and an
activating alkaline solution [1, 2]. These materials can reach elevated levels of mechanical strength
and durability, in addition to dimensional stability, fire resistance and aggregate adherence [2—4].
These properties are influenced by many factors, such as calcium content, dosage and curing
conditions [1].

The addition of reactive calcium oxide in alkali-activated binders produces a complex microstructure
due to the formation of hydrated gels that can promote reduction in porosity and improvement in
mechanical strength [5, 6].

The pulp and paper industry is characterized by its outstanding worldwide production. However,
roughly 88 kg of solid waste are generated per ton of paper produced [7, 8]. Green liquor dregs (GLD)
are generated during the chemical recovery stage in the kraft pulping process [9]. It is estimated that
each ton of produced pulp generates 4 to 20 kg of GLD [10]. Although research has been done
regarding GLD recycling [11 — 14], most of these residues are still dumped in landfills [15].
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Research has been done on the use of GLD and other residues from the pulp and paper industry as
fillers in the production of alkali-activated binders [15 — 19]. Studies regarding the activating effect of
GLD have also been carried out [20 — 22]. However, there are no reports on the use of thermally
treated GLD as a source of reactive calcium oxide in the mixtures.

This study aims to produce and characterize alkali-activated pastes with green liquor dregs generated
from the pulp and paper industry, in order to investigate their mechanical properties and dimensional
stability under drying shrinkage.

Following this introduction, this paper is structured into three sections. Section II, Materials and
Methods, describes the materials used in the mixtures, the design of experiments, and the procedures
employed during pastes preparation and characterization. Section III, Results and Discussion, presents
response surfaces for each variable analysed, as well as a discussion of the results obtained,
considering the published literature. Lastly, Section IV provides the conclusion of this study.

II. MATERIALS AND METHODS
2.1. Materials

The metakaolin used as the source of aluminosilicate in the mixtures was donated by Metacaulim do
Brasil Industria ¢ Comércio Ltda., located in Jundiai, Brazil. It was determined by X-ray fluorescence
that the material is mainly composed of silicon dioxide (SiO; — 48.84%) and aluminium oxide (Al>O;
— 40.74%). The particle size distribution was obtained by laser diffraction, which showed a mean
particle diameter of 18.25 um.

The green liquor dregs were donated by Suzano S.A., located in Trés Lagoas, Brazil. Its main mineral
phase is calcite (CaCOs), as identified by X-ray diffraction. The residues were oven-dried at 100 °C
for 24 h, milled and sieved. A mean particle size of 28.17 pm was obtained. The GLD were then
thermally treated at 915 °C for 2 h, as stablished at a previous work [23], in order to obtain reactive
calcium oxide from the calcination of calcite.

The chemical analysis showed that thermally treated GLD are mainly composed of calcium oxide
(CaO - 50.14%) and magnesium oxide (MgO — 16.67%). The presence of aluminosilicates (SiO, —
8.08%; Al,O3 — 2.79%) was also identified.

The activators consisted of a combination of a 15 M sodium hydroxide solution and a 12 M sodium
silicate solution. Sodium hydroxide in flakes with a 96-99% purity was supplied by Start Quimica,
and sodium silicate with a SiO»/Na;O mole ratio of 2 was supplied by Auro’s Quimica Industria e
Comércio Ltda (SiO, = 52.8%; Na,O = 25.8%; H,O =20.5%).

2.2. Design of Experiments (DOE)

In this work, the experiments were designed according to a central composite planning, which
considered three independent variables: the activator/precursor mass ratio; the curing time; and the
content of thermally treated dregs as precursor. Table 1 shows the coded and decoded values adopted
for each variable. The alpha () coefficient of 1.682 was determined for rotatability. Four replicates at
the central point were performed.

Table 1. Coded and uncoded levels of variables studied.

Variables Symbol Coded levels
Uncoded Coded —1.68 -1 0 1 1.68
Activator/Precursor A X/ 0.5 0.54 0.6 0.66 0.7
Curing time (days) CT X2 1 3 7 11 14
GLD (%) D X3 0 4.05 10 15.95 20

The responses analysed were spread, compressive strength, dynamic modulus of elasticity and drying
shrinkage of the pastes. The software Statistica® was used to conduct a regression analysis with a

14 | Vol. 19, Issue 2, pp. 13-25



International Journal of Advances in Engineering & Technology, Apr., 2026.
OIJAET ISSN: 22311963

significance level of 10% [24]. The response surface methodology was adopted for the evaluation of
the effects of the independent variables on the responses.

2.3. Alkali-Activated Pastes Preparation

The activators were prepared with a mass ratio of 2.5 between sodium silicate and sodium hydroxide.
The metakaolin and GLD were added to the mixture, along with water to ensure workability. The
water/solid ratio was kept constant at 0.36 in all mixtures, which includes the amount of water used on
the activating solutions.

After 5 minutes of mechanical mixing at 120 rpm, the pastes were poured in cubic molds (4 cm x 4
cm x 4 cm) for the compressive strength and dynamic modulus of elasticity tests. The mixtures were
also casted into rectangular moulds, according to the sizes stablished at ABNT NBR 15261:2005, in
order to determine the length change. The moulded samples were sealed and cured at 25 £ 5 °C.

2.4. Characterization of the Pastes
2.4.1. Mini Slump

Mini slump tests were conducted according to the methods proposed by Kantro [25]. The pastes were
poured into a truncated cone-shaped mould with an upper diameter of 2 cm, a lower diameter of 4 cm
and a height of 6 cm. The mould was lifted, and the spread diameters were measured in two
perpendicular directions after the flow was completed.

2.4.2. Compressive Strength Test

Compressive strength tests were performed on an Instron Universal Testing Machine, model 5982, at
a load-applying speed of 500 N/s.

2.4.3. Dynamic Modulus of Elasticity

The dynamic modulus of elasticity of the pastes was determined by ultrasonic wave transmission,
according to the methods proposed at ABNT NBR 8802:2019. The Ultrasonic Pulse Velocity Tester
E48 by Controls was used to conduct the tests.

Transmitter and receiver transducers were fixed on opposite sides of the sample. Transmission time of
the ultrasonic wave was measured, and dynamic modulus of elasticity was calculated through
Equation (1).

Eq=vZp(1+p)(1-2p)/(1-p) (M
where E, is dynamic modulus of elasticity, v is wave propagation velocity, p is apparent density, and u
is Poisson coefficient. A Poisson coefficient of 0.2 was adopted in the present work.

2.4.4. Length Change

The length change measurement was conducted in accordance with ABNT NBR 15261:2005. The
samples were demoulded after 48 h, and the initial length was measured by a mechanical comparator
with a 1 um precision.

The pastes were cured at 25 + 5 °C and a relative humidity of 50 + 8%. The length of the samples was
measured at 1, 7, 14 and 28 days after demoulding.

2.4.5. Fourier Transform Infrared Spectroscopy (FTIR)

The specimens used to determine the length change were ground at 28 days and used as samples to
perform Fourier transform infrared spectroscopy (FTIR).

IR measurements were conducted using a PerkinElmer Frontier spectrophotometer with an attenuated
total reflection (ATR) module, scanning from 4000 cm™ € 250 cm™! with a 4 cm™ resolution.

III. RESULTS AND DISCUSSION
3.1. Mini Slump
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Equation (2) was obtained by multiple regression of the mini slump tests results in function of two
independent variables: the activator/precursor mass ratio (x;) and the percentage of thermally treated
dregs in the precursor (x3).

S. =88.7 +6.86x; — 3.35x/%> + 4.55x3 — 0.97x3* + 1.63xx3 2)
where S. corresponds to the spread of the pastes in millimetres.
Table 2 shows the analysis of variance (ANOVA) for the quadratic model for spread. The linear and

quadratic terms corresponding to the variable x; and the quadratic form of x; were significant, as well
as their linear combination.

Table 2. Analysis of variance (ANOVA) for response surface quadratic model for spread (S.)

Sum of squares | DF | Mean square F value Prob>F
X1 642.620 1 642.620 101.2641 0.000
xi 148.845 1 148.845 23.4550 0.000
X3 283.342 1 283.342 44.6491 0.000
x3° 12.394 1 12.394 1.9530 0.188
X1X3 21.125 1 21.125 3.3289 0.093

The response surface, Figure 1, shows that spread increases with increasing activator/precursor mass
ratio (x;), which can be explained by an increase in pH and OH" ions available for dissolution of the
precursor [26, 27]. It can also be observed that spread increases with increasing percentage of
thermally treated dregs in the precursor (x3). This can be attributed to a higher mean particle diameter
of GLD compared to metakaolin used in the mixtures, which reduces water demand and increases
spread of the pastes [2, 28].

Spread (mm)

Fig. 1. Response surface of the spread (S.)

Optimization of the function was performed with the software Statistica®. A maximum point was
identified at (x; = 2.00; x3 = 4.06), corresponding to an activator/precursor mass ratio of 0.72 and
34.16% of GLD in the mixture. According to the statistical model, these values result in a spread of
104.74 mm.

3.2. Compressive Strength

Equation (3) represents the statistical model obtained by multiple regression of compressive strength
of the alkali-activated pastes in function of: the activator/precursor mass ratio (x;); the curing time
(x2); and the percentage of thermally treated dregs in the precursor (x;).
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C.S.=26.65—2.4x;+ 1.59x/7 + 4.59x2 — 2.03x2” — 2.01x3 + 0.46x3° — 1.14xx2 + 0.24xx3 + 0.3 1xox3 3)
where C.S. is the compressive strength of the pastes in megapascal (MPa).

The ANOVA for the quadratic model for C.S., Table 3, shows that the linear and quadratic terms
corresponding to x; and x; and the linear term for x3 were significant.

Table 3. Analysis of variance (ANOVA) for response surface quadratic model for compressive strength (C.S.)

Sum of squares | DF Mean square F value | Prob>F
X1 78.653 1 78.653 14.2295 0.005
xr’ 32.009 1 32.009 5.7909 0.043
X2 287.253 1 287.253 51.9683 0.000
x2 52.002 1 52.002 9.4079 0.015
X3 55.131 1 55.131 9.9740 0.013
x5 2.733 1 2.733 0.4943 0.502
X1X3 10.323 1 10.323 1.8686 0.209
XiX2 0.447 1 0.447 0.0808 0.783
X2X3 0.750 1 0.750 0.1357 0.722

Figure 2 represents the response surface for compressive strength as a function of: activator/precursor
mass ratio (x;) and curing time (x;) for GLD percentage (x3) at a central level (Figure 2a); x; and x; for

curing time at a central level (Figure 2b); and x, and x; for activator/precursor mass ratio at a central
level (Figure 2c¢).
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Fig. 2. Response surface of the compressive strength (C.S.): a) D at a central level (x3 = 0); b) CT at a central
level (x> =0); c) A at a central level (x; = 0).
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It was observed that compressive strength increases with curing time (x2) due to the reorganization
and development of the binder’s microstructure [29]. On the other hand, C.S. decreases with
increasing activator/precursor mass ratio (x;). Although a higher activator concentration favors
precursor’s dissolution [30], excess sodium remains unbound and weakens the structure [31, 32].

Compressive strength also reduces due to the increment on percentage of thermally treated dregs in
the precursor (x3). This can be attributed to a decrease on aluminosilicates available for alkali-
activation [33]. The amount of calcium oxide might also have been insufficient for C-A-S-H
formation and refinement of the microstructure [5, 6]. In addition, GLD had a higher SiO,/Al,O;s ratio
than metakaolin used in the mixtures, which is often associated with a lower reaction speed [27, 34].

However, it should be noted that increasing GLD percentage in pastes with 0.54 and 0.66
activator/precursor mass ratio only caused minor reductions in compressive strength, of up to 3.33
MPa. Additionally, the highest strength achieved during the tests was 40.94 MPa at 7 days for the
paste A0.5-D10, with 10% of dregs as precursor.

Optimization of the function showed a saddle point at (x; = 0.99; x, = 0.98; x3 = 1.59), corresponding
to a 0.659 activator/precursor ratio, 10.9 days of curing and 19.46% of GLD. This results in an
estimated C.S. of 29.11 MPa.

3.3. Dynamic Modulus of Elasticity

Equation (4) was obtained by multiple regression of the dynamic modulus of elasticity of the binders
as a function of activator/precursor mass ratio (x;), curing time (x.), and percentage of thermally
treated GLD in the precursor (x3).

M.E. =11.15-0.39x; + 0.33x/° + 0.44x2 — 0.29x2° — 0.38x3 + 0.05x3% — 0.05xx2 — 0.02x7x3 + 0.14x2x3 4)
where M.E. corresponds to the dynamic modulus of elasticity of the pastes in gigapascal (GPa).

Table 4 shows the ANOVA for the quadratic model for M.E. The linear and quadratic terms for x; and
the linear terms for x; and x; were significant.

Table 4. Analysis of variance (ANOVA) for response surface quadratic model for dynamic modulus of

elasticity
Sum of squares | DF | Mean square F value Prob > F
X1 2.128 1 2.128 5.5076 0.047
xr’ 1.345 1 1.345 3.4809 0.099
X2 2.688 1 2.688 6.9571 0.030
x7’ 1.057 1 1.057 2.7359 0.137
X3 1.955 1 1.955 5.0608 0.055
x3’ 0.034 1 0.034 0.0888 0.773
X1X3 0.020 1 0.020 0.0518 0.826
X1X2 0.002 1 0.002 0.0047 0.947
X2X3 0.151 1 0.151 0.3915 0.549

The response surfaces for the dynamic modulus of elasticity of the binders were plotted as a function
of: x; and x, for GLD percentage at a central level (Figure 3a); x; and x; for curing time at a central
level (Figure 3b); and x; and x; for activator/precursor mass ratio at a central level (Figure 3c).

Dynamic modulus of elasticity is related to an instantaneous strain, which depends on the
microstructure and porosity of the pastes [35]. Therefore, the surfaces represented on Figure 3 exhibit
a similar behavior to the compressive strength. M.E. increases with increasing curing time (x.) and
decreases with increasing activator/precursor mass ratio (x;) and dregs percentage (x3). It is believed
that the reasons for these responses are the same as the ones discussed in Section 3.2.
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Fig. 3. Response surface of the dynamic modulus of elasticity (M.E.): a) D at a central level (x; =0); b) CT at a
central level (x> = 0); ¢) A at a central level (x; = 0).

By the optimization of the function, a saddle point was identified at (x; = 0.75; x> = 1.21; x3 = 2.14).
This corresponds to a 0.645 activator/precursor ratio, 2.16 days of curing and 22.73% of thermally

treated dregs on the precursor, resulting in an estimated dynamic modulus of elasticity of 10.87 GPa.
3.4. Length Change

The samples used on the determination of length change showed different degrees of cracking related

to the drying shrinkage. [36] reported a similar behavior on ground granulated blast furnace slag
(GGBFS) based binders cured on air-dry environment.

Alkali-activated pastes with activator/precursor mass ratio of 0.5 and 0.54 had no signs of cracking,
whereas samples with ratios of 0.7 and 0.66 exhibited substantial cracking. The length measurements

of the pastes A0.66-D4.05, A0.7-D10 e A0.66-D15.95 were hindered by the degree of cracking 1, 7
and 14 days after demoulding, respectively.

Figure 4 shows the length change of the pastes as a function of time. It can be noted that drying
shrinkage increases with increasing activator/precursor mass ratio, as reported by other authors [37,
38]. The compressive strength and dynamic modulus of elasticity results suggest that increasing

activator concentration leads to a higher porosity in the microstructure. This reduces water
evaporation restriction, which intensifies drying shrinkage [39].
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Fig. 4. Length change of the pastes as a function of time.

It was also observed that increasing GLD percentage decreased shrinkage in pastes with
activator/precursor mass ratios of 0.54 and 0.66. The presence of magnesium oxide in GLD might
have led to the formation of expansive phases, such as hydrotalcite and magnesium hydroxide,
resulting in the reduction in shrinkage in those pastes [33, 36; 40 — 42]. However, this effect was not
observed in mixtures with a 0.6 activator/precursor ratio, which can be attributed to significant water
evaporation hindering the formation of shrinkage-reducing phases [39]. Nonetheless, it is noteworthy
that water evaporation can be reduced by curing methods such as steam and water bath [36].

3.5. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 5 shows the FTIR spectra of the pastes, which exhibited similar patterns for all mixtures.
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Fig. 5. FTR spectra of the pastes.
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Table 5 summarizes the bands identified in the spectra. The bands from 3600 to 2950 cm™ and the
peak at 1645 cm™ are related to the stretching and folding vibrations of the O-H. This can be
attributed to the presence of imprisoned water in the microstructure [43, 44], but it can also indicate
the presence of chemically bound water due to the formation of C-A-S-H and C-S-H gels [45, 46].

Table 5. Bands identified in the FTIR spectra

Wavenumber (cm™) Assignment

3600-2950 O-H stretching vibrations
1645 O-H folding vibrations
1430 C-O stretching vibrations
970 Si—0—Si and Si—O—Al stretching vibrations
700 Al-0-Si folding vibrations
545 Si—O folding vibrations
420 Al-O-Al folding vibrations

The peak close to 1430 cm™ relates to the stretching vibration of C—O bonds. This indicates the
presence of COs>" due to the carbonatation of excess NaOH [46, 47]. The intensity of this peak
increased with increasing the activator/precursor mass ratio in the pastes, owing to a higher amount of
excess sodium in the mixture. This can explain the decrease in compressive strength and dynamic
modulus of elasticity, as the carbonatation weakens the microstructure. It was also observed that the
peak referring to C—O stretching vibrations increased with increasing GLD percentage. This can be
explained by the higher porosity of these pastes facilitating CO, penetration [47].

The most intense peak in the FTIR spectra was identified at approximately 970 cm™. This band is
associated with the stretching vibrations of Si—O—-Si and Si—O-Al bonds, suggesting the formation of
the N-A-S-H gel structure [44 — 48]. The tetrahedra SiO4 in C-A-S-H and C-S-H gels can also
contribute to the presence of this band [49 — 51]. It was observed that the intensity of this peak
decreased with increasing GLD percentage, except for the mixture A0.6-D20. This behavior can be
attributed to the reduction of aluminosilicates available for alkali-activation, as well as the reaction of
Al-O and Si—O with MgO present in the residues to form hydrotalcite and magnesium silicate hydrate
[33].

IV. CONCLUSIONS

The pulp and paper industry generates roughly 88 kg of solid waste per ton of paper produced, most
of which is dumped in landfills.

This paper investigated the use of green liquor dregs from the kraft pulping process in the production
of metakaolin-based alkali-activated binders. The residues were calcined at 915 °C for 2 h to obtain
reactive calcium oxide.

The spread of the binders showed a noticeable increase as the activator/precursor mass ratio was
raised. This phenomenon can be attributed to the rise in pH and concentration of OH™ ions, facilitating
the dissolution of the precursor material. Additionally, the spread of the binders also demonstrated an
upward trend with increasing GLD percentage. This behavior can be linked to the larger mean particle
size of GLD when compared to the metakaolin used in this study.

The compressive strength and dynamic modulus of elasticity of the pastes decreased with increasing
activator/precursor mass ratio due to excess sodium remaining unbound in the mixtures. This suggests
an increase in porosity, which explains the increment in drying shrinkage observed in the pastes with
higher activator concentrations. Additionally, FTIR spectra indicates the presence C—-O bonds,
associated with carbonatation of excess sodium in the binders.

The compressive strength and dynamic modulus of elasticity increased with curing time, as expected
based on the reorganization and development of the gel’s microstructure. These properties decreased
with increasing GLD percentage, which can be attributed to three main reasons: a reduction of
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aluminosilicates available for alkali-activation; an insufficient amount of calcium oxide for C-A-S-H
formation; and an increase on SiO,/Al,Os ratio, which is often associated with a lower reaction speed.

Nevertheless, it is noteworthy that increasing GLD percentage in pastes with activator/precursor mass
ratio of 0.54 and 0.66 caused a small reduction in compressive strength, up to only 3.33 MPa. These
pastes also showed a reduction in drying shrinkage with increasing GLD content, which can be
explained by the formation of expansive phases, such as hydrotalcite and magnesium hydroxide, due
to the presence of MgO in the residues. Besides, the highest strength achieved in the tests was 40.94
MPa at 7 days, corresponding to the mixture A0.5-D10. This shows that the use of green liquor dregs
to produce alkali-activated binders is attainable when associated with an optimal activator/precursor
ratio.
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