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Abstract: Waste recycling has always been a priority in the paper industry. In this study, the potential
of translating various wastes in papermaking into building materials was separately evaluated.
For the first time, the improvement of flexibility and sample texture after translating wastes into
cementitious materials was analyzed. The results showed that 20% of the waste in alkali-activated
slag slurry is the best proportion for papermaking. In addition, paper sludge and wood chips
significantly improved the slurry flexibility while lime mud and bottom ash did not have this effect.
Considering the effect of adding wood chips on the optimization of the sample texture, the most
appropriate proportion of the paper sludge was 5% when the wood chips in the mixture were
15%. The most suitable alkali equivalent was 6%, with a silicate modulus of 0.9. According to the
experimental results, wastes in papermaking had great potential for exploitation and application as

circular materials.

Keywords: alkali-activated binder; wastes in papermaking; blast furnace slag; compressive strength;
flexibility; texture

1. Introduction

In 2021, the global output of paper products was 90.2 million tons, which continues to
grow due to the COVID-19 pandemic [1]. In addition, approximately 3 billion USD is spent
each year on waste disposal from the paper industry and related expenses. For a medium-
sized mill, the cost is close to 7 million USD [2]. The waste in papermaking includes
many solid wastes such as chips from wood processing, lime muds from kraft pumping,
bottom ash in the recovery boiler, and paper sludges from on-site sewage treatment [3,4].
Several programs have been developed to manage these wastes. For example, biomass
materials such as wood chips and water treatment sludge could be partially added as fuel
to fuel boilers of paper mills [5]. However, this process created additional air and water
pollution while supplying electricity to the paper manufacturing process [6]. Some other
solid wastes, such as lime sludge, were difficult to reuse as fuel. These materials were
usually landfilled with the ashes from incineration [7], causing occupancy of the waste
plant and posing the risk of soil and water contamination [8]. Therefore, it is necessary
to select suitable resource-based methods to reprocess these wastes without increasing or
shifting the environmental burden.

By investigating the main components of waste in papermaking [9], the conversion of
waste into building materials could be a suitable solution [10]. Among the solid wastes,
lime mud replaced the raw materials of ordinary Portland cement by calcination, with
a maximum replacement ratio of 20% [11,12]. The paper sludge thermally activated at
600-750 °C replaced 10% of cement as the cementitious binder [13]. In addition, 15% of
wood chip ash from paper mills could be used as a raw material for the cementitious
binder [14]. Although these methods helped convert waste into building materials, they
still caused some energy consumption and environmental impact [15]. In addition, some
studies investigated the use of bottom ashes as aggregates [16].
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Alkali-activated cementitious materials are formed by mixing aluminosilicate materials
with alkali metal silicate solutions and alkali activators [17,18]. Among them, alkali-
activated slag has received wide attention for its low CO, emission, high compressive
strength, durability, and fire resistance [19]. Recently, more emphasis has been placed on
the potential for solidifying waste from alkali-activated blast furnace slag [20-24].

This study aimed to analyze the possibility of alkali-activating the mixture of wastes
and blast furnace slag (BFS) in papermaking. Moreover, the effects of different wastes on the
physical and mechanical properties of the slurry are discussed. In this study, different single-
type papermaking wastes (SPW) were mixed with BFS and alkali-activated at ambient
conditions. The compressive strengths and stress-time curves were used to analyze the
optimized component and proportion of waste replacement BFS. On this basis, different
types of wastes were selected as paper waste mixture (PWM) for further analysis to ensure
a balance between the proportion of wastes in the mixtures, compressive strengths, and
flexibilities. The effect of organic materials, such as wood chips, was also discussed. This
study provided an appropriate alkali equivalent (AE) for the alkali activators.

2. Materials and Methods

The BFS used in this study was the experimental raw material provided by China Steel
in Taiwan, with the label S6000, packed in 20 kg sealed bags. The papermaking wastes were
provided by the Chung Hwa Paper Corporation in eastern Taiwan. Among them, lime
mud was collected from the caustic kiln, paper sludge was collected during the sewage
treatment process, and the bottom ash was collected from the recovery boilers. All the
papermaking wastes were directly collected from the same batch of paper, with 150 kg
samples of each material packed in six sealed bags. The sample of raw materials is shown
in Figure 1. Those four materials were dried to constant weight at 110 °C and sieved with a
mesh size of 0.282 mm. The main chemical components provided by the manufacturer are
shown in Table 1.

Figure 1. The material diagram. (a) BFS. (b) Lime mud. (c) Paper sludge. (d) Bottom ash.

Table 1. Chemical composition of paper industrial wastes and BFS.

Item Si0, CaO AL O3 SO, Fe,0; L.O.I Other
(wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %)
BFS 28.1 53.7 13.2 - 0.5 - 4.5
lime mud - 71.6 - 16.2 3.4 32 15
paper sludge - 18.2 - 3.7 0.5 742 2.1
bottom ash 33.5 16.7 14.1 52 7.9 18.2 44

Legend: SiO,—Silicon dioxide; CaO—Calcium oxide; Al,O3—Aluminum oxide; SOz—Sulphur trioxide;
Fe;O3—Ferric oxide; L.O.I—Loss on ignition; wt.%—weight percentage.
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Considering the simplification of the alkali-activated cementitious material production
and the convenience of storage and transportation, sodium silicate powder was used
to prepare activators. The composition of sodium silicate powder was 46.07% of SiO,
and 51.35% of NayO. The AE of the activators was 10%, the silicate modulus (Ms) of the
activators was 0.93, and the water-binder ratio (W/B) was 0.5.

The experimental procedures included the preparation of the activator or material
mixture, preparation of slurry, casting of specimens, and testing. Firstly, the alkali activator
solution was prepared by mixing sodium silicate powder and water, then sealed and cooled
to room temperature. Meanwhile, the raw materials were weighed in the required quantity
and thoroughly mixed for 1 min. Subsequently, the mixture of dry materials was added to
an alkali activator and mixed for another 10 min to finish the slurry. According to ASTM
C109, the specimens for compressive strength tests were cast in 50 mm x 50 mm x 50 mm
molds with two layers of mortar, followed by compaction and vibration to eliminate air
bubbles. After the initial setting, specimens were sealed with plastic films to prevent
moisture loss. In this study, samples were de-molded after 24 h of casting and stored in
a control box at 20 °C and 95% relative humidity. Considering the experimental design
and the number of samples, three of each experimental series were separately tested on the
compressive strengths at 3, 7, and 28 days; the stress-time curves at day 28 were recorded.
The specific steps and test parameters are shown in Figure 2 and the experiment’s process
records in the laboratory are shown in Figure 3.

Sodium Silicate
Powder ‘Water BFS Pulp Waste

dissolving | cooling

Mixing (1 min)

Alkali Activators Materials Mixture

Mixing (10 min)

First layer
(Casting, Compacting, Vibrating)
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L — — - — — — 4 - - - - = = 4
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Figure 2. Experimental steps and test item.
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(b)
Figure 3. The experiments process record in the laboratory. (a) The material mixing process. (b) The
performance test.

3. Results and Discussion

This study classified the BFS substitution from wastes in papermaking into two
pathways: SPW substitution and PWM substitution. In both pathways, the effects of these
wastes on mechanical properties and texture were investigated. The suitable AE values
were also analyzed.

3.1. Effect of Single-Type Paper Waste (SPW) Substitution Proportion

The experiment parameters of the SPW substitution are shown in Table 2 and the
compressive strengths of samples are illustrated in Figure 4. The compressive strengths for
different experimental series ranged from 14.5 MPa to 73.7 MPa after 28 days of curing. In
terms of the SPW substitution proportion, the highest compressive strength was 73.7 MPa,
in which BFS was partially substituted by 10% of the lime mud. The weakest compressive
strength was 14.5 MPa, in which wood chips partially replaced 30% of BFS. Under the same
substitution ratio, the compressive strength of lime mud, paper sludge, bottom ash, and
wood chips sequentially decreased. The early strength illustrated that the compressive
strengths of the sample increased rapidly from 0 to 7 days, almost exceeding 85% of the
final strength. Except for the decrease in the compressive strength values of samples with
the addition of sawdust from 7 to 28 days, the trend of strength development remained
relatively constant, with some values fluctuating.

Table 2. Experimental parameters of SPW substitution proportion.

Solid Materials wt.%

Experiment BFS Lime Bottom Paper Wood AE Ms W/B
No. Mud  Ash  Sludge  Chip
S0 100 - - - -

S9L1 90 10 - - -

S8L2 80 20 - - -

S7L3 70 30 - - - 0.5

S9B1 90 - 10 - -

S8B2 80 - 20 - -

S7B3 70 - 30 - - 10% 0.93

S9P1 90 - - 10 -

S8P2 80 - - 20 -

S7P3 70 - - 30 - 06
S9W1 90 - - - 10 ’
S8W2 80 - - - 20
S7W3 70 - - - 30

Legend: AE—Alkali equivalent; Ms—Silicate modulus; W/B—Water-binder ratio; wt.%—weight percentage.



Sustainability 2022, 14, 13536

50f11

1004 fh __| 3Day
NE 7 Day
g H 28 Day
G -
g 80—_ : : .
- H N o
-= =IEN= =
ch “H — =
= B =
g 60 N | RH  H
« HINE
L = =N H
Z H | ~H[TRH -H
2 404 BE EINEINNE =
= SIENEIENEIINE NE
E-. H sIENEIRNE =
8 SIENE = H H N
20 RE | NE | N | RS \E
0 B e e e -~

=T & T v 0.5 T & ° 5 1
SO SOL1 S8L2 S7L3 S9B1 S8B2 S7B3 S9P1 S8P2 S7P3 SOWI1S8W2S7W3

Experimental Groups

Figure 4. The compressive strength of SPW substitution proportion.

When paper sludge and wood chips were used as partial substitutes for BFS, the
highest 28-day compressive strengths were 41.1 MPa and 28.8 MPa, respectively. This
result could be attributed to the high content of organic impurities, which disrupted the
polymerization of the cement [25]. In addition, the highest compressive strength of bottom
ash was 39.4 MPa, which substituted BFS after 28 days of curing. Compared to other
wastes, bottom ash had some volume expansion except for the reduction in the w /b ratio
of the slurry [21]. Although the volume expansion reduced the self-shrinkage of the slurry,
cracks were also generated in this process, degrading the mechanical properties of the
material [16].

In S8L2 and S8P2, the development of compressive strengths from 7 to 28 days ap-
proached 20% of the final strength. Since the reactivity of the lime mud and the paper
sludge is poorer than BFS, the weakening of compressive strength was reflected by the
decreased development rate of compressive strength with an increasing ratio. Furthermore,
the strengths on day 28 showed a significant decrease of more than 10 MPa in the compari-
son between S8M2 and S7M3 or S8P2 and S7P3 (11.5 MPa and 14.0 MPa, respectively). This
result indicated that if the total proportion of lime mud and the paper sludge exceeded 20%,
the polymerization in cementitious materials was incomplete [26], significantly decreasing
the compressive strength. This result was similar to previous reports [11,12]. However,
the other reports have expressed different opinions [27,28] due to different pretreatment
of slurry raw materials. Therefore, a total weight of 20% could be considered a suitable
proportion, which allowed the partial substitution of the lime mud or paper sludge for BFS.

Considering the optimization of compressive strength, the stress-time curve of BFS
replaced by 20% of the waste was selected as the study object. According to Figure 5, the
stress-time curves for partial substitution of BFS with lime mud or bottom ash showed the
characteristics of brittle materials. Moreover, the shapes of the curves were similar, with a
linear increase in yield strength and a sharp decrease at the peak. This variation suggested
that the samples were crushed and lost the stress intensity at the peak. Only the peak points
of the curves differed between them, indicating that lime mud or bottom ash could not
change the characteristics of brittle materials, resulting in the alkali activation of BES. In the
partial substitution of BFS with paper sludge or wood chips, the curves decreased slowly at
the peak. This change indicated that the samples still exceeded the yield strength in some
respects. Based on these results, paper sludge or wood chips could significantly change the
properties of alkali-activated BFS from brittle to ductile [29].
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Figure 5. The stress curve of the slurry with the 20% proportion of SPW substituted for BFS.

3.2. Effect of Paper Waste Mixture (PWM) Proportion

Due to the experimental results of the partial substitution of BFS with SPW, the lime
mud and paper sludge were considered suitable materials for partial substitution. The
experiment parameters of the PWM substitution are shown in Table 3. The effect of the
proportion of various waste mixtures on compressive strength was discussed in this section.
Based on the results, the proportion of BFS in the mixed powder can be further reduced.

Table 3. Experimental parameters of PWM substitution proportion.

. Solid Materials wt.%
Experiment BES Lime Paper AE Ms WI/B
No. Mud Sludge
PWM4-1 60 30 10
PWM4-2 60 20 20
PWM5-1 50 40 10
PWM5-2 50 35 15 10% 0.93 0.5
PWM5-3 50 30 20
PWM5-4 50 25 25
PWMb5-5 50 20 30

Legend: AE—Alkali equivalent; Ms—Silicate modulus; W/B—Water-binder ratio; wt.%—weight percentage.

As shown in Figure 6, the compressive strengths of BFS substituted with waste mix-
tures showed a similar trend to that of BFS substituted with SPW. The compressive strength
rapidly increased to a maximum around day 7 and fluctuated from 7 to 28 days. When
the BFS was substituted by waste mixtures with a weight proportion of 50%, the highest
compressive strength was 23.1 MPa. It was evident that the compressive strength decreased
with decreasing proportion of lime mud in the waste mixtures. For every 5% reduction in
the proportion of lime mud, the average compressive strength decreased by nearly 2.5 MPa.
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Figure 6. The compressive strength of PWM substitution proportion.

In Figure 7, the stress-time curves did not drop abruptly at the peak in the substitution
of BFS with mixed wastes. When the proportion of the lime mud in waste mixtures
exceeded 10% of the total weight, curve optimization was performed. As the proportion
of paper sludge in waste mixtures increased, the slope of the curve flattened out at the
yield stress, suggesting that the flexibility of samples was optimized with the increase of
paper sludge. When the proportion of paper sludge increased to 1% of the total weight, the
slope of the curve over the yield point changed from —2.5 to —1, indicating a prominent
enhancement of flexibility. Therefore, the stress-time curve was optimized when the paper
sludge accounted for 20% of the total mixture weight.
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Figure 7. The stress curve of the slurry with the 50% proportion of PWM substituted for BFS.
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3.3. Texture Change of PWM Slurry

Considering the optimization of slurry texture and compressive strength, the wood
chips were added to the slurry as seen in Table 4. Both wood chips and paper sludge
improved the property of the stress-time curve. In addition, 5% of wood chips were used
to gradually replace the paper sludge in the mixing proportion of up to 20% of the total
weight. It can be seen from Figure 8 that when wood chips were added from 10% (PWM3-3)
to 15% (PWMB3-4) of the total weight, the compressive strength was at a steady stage (nearly
25 MPa), with both stony and woody textures starting to appear clearly on the surface of the
mud (Figure 9). Considering the possibility of adding wood chips as decoration materials,
it is appropriate to add 15% of wood chips and 5% of paper sludge to the mixture.

Table 4. Experimental parameters of PWMS3 series substitution proportion.

. Solid Materials wt.%
Experiment BES Lime Paper Wood AE Ms W/B
No. Mud Sludge Chips

PWM3-1 70 10 20 0

PWM3-2 70 10 15 5

PWM3-3 70 10 10 10 10% 0.93 0.5
PWM3-4 70 10 5 15

PWM3-5 70 10 0 20

Legend: AE—Alkali equivalent; Ms—Silicate modulus; W/B—Water-binder ratio; wt.%—weight percentage.
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Figure 8. The compressive strength of PWMS3 series.
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3.4. Effect of Declining Alkali Equivalent

Given the simplified process for producing alkali-activated cementitious materials and
the convenience of storing and transporting raw materials, only sodium silicate powder
was used to prepare alkali activators in this study. Therefore, the silicate modulus (Ms) of
alkali activators was a constant value and the ingredient of alkali activators could only be
adjusted by AE. Considering the pulp waste proportion, the compressive strength, and
the optimization of slurry texture, three kinds of slurries were selected as the samples to
investigate the most suitable value of AE. Based on the results of the BFS substitution with
waste mixtures in papermaking, the lime mud significantly improved the compressive
strength of the slurry. Moreover, two SPW test groups and one PWM test group were used
for AE adjustment. The waste substitutions were S7L3, S8L2, and PWM3-4. The content of
AE in the activator decreased from 10% to 2%.

The effects of AE on the compressive strengths are shown in Figure 10. When the
content of AE exceeded 6%, the compressive strength increased as the AE decreased.
The reason was the presence of excessive hydroxyl ions in the slurry, which could form
carbonate on the sample surface by evaporation of water [19]. In addition, this reaction
led to the destruction of the colloidal structure. With 6% of AE, the compressive strength
reached its peak. This result is consistent with the best AE interval in a previous study [30].
However, S8L2 and PWM3-4 failed to harden after 24 h and could not be de-molded. This
result suggested that the alkalinity of the activator was not sufficient to fully stimulate the
activity of the BFS and lime mud, resulting in a dramatic decrease in compressive strength.
Since the AE was 6%, the compressive strength could approach more than 65 MPa after
28 days of curing.

70
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PWM3-4: S/L/P/W wt.% ratio=70:10:5:15; Liquid / Solid wt.% ratio = 0.55.
Figure 10. The effect of different AE on the compressive strength.

4. Conclusions

This study evaluated the potential of various wastes in papermaking to be alkali-
activated as cementitious materials in terms of mechanical properties, flexibility, and
sample texture. The results expanded the knowledge boundary of paper waste reuse
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and demonstrated the potential advantages of using papermaking wastes as building
materials (e.g., toughness enhancement and wood texture). Some experimental data (e.g.,
6% AE, 20% waste addition) can also be used as a reference for the actual transformation
of wastes in papermaking. However, the experimental findings have limitations in terms
of generalization because the compositions of papermaking wastes from different sources
vary considerably. The conclusions of this study are as follows:

(1) According to the experimental results, the compressive strength showed a huge span
of 14.5~73.7 MPa after curing for 28 days. When the BFS was partially substituted by
the same proportion of wastes, the compressive strength decreased sequentially from
the lime mud, paper sludge, bottom ash, and wood chips. The effect of the mixture of
the lime mud and paper sludge on the compressive strength showed that for every 5%
reduction in the proportion of lime mud, the strength decreased by nearly 2.5 MPa.

(2) From the stress-time curves, neither the lime mud nor the bottom ash contributed
to the flexibility of the slurry. On the contrary, the paper sludge and wood chips
significantly optimized the slurries. In order to strike a balance between the compres-
sive strength and the flexibility proportion, 20% of the waste substitution should be
preliminarily determined as the suitable proportion.

(38) Considering the possibility of adding wood chips as decoration materials, 15% of
wood chips and 5% of paper sludge are appropriate proportions in the mixture.

(4) For the alkali-activated mixture of wastes and BFS, 6% of AE was the best ratio for the
activator with the silicate modulus (Ms) fixed at 0.9.
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