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ABSTRACT

Lignin is the second most abundant biopolymer, exceeded only by cellulose, and comprises 15-
25% of the dry weight of woody plants, with around 285,000 tons/year of production capacity
globally. This study aims to utilize the lignin obtained from the waste of bioethanol production
from oil palm empty fruit bunches (OPEFB) as a mortar additive. The use of mortar as a
material for road construction is increasing, but its long time hardening is causing problems
such as traffic jams. Lignin can be used as an additive to shorten the hardening time of mortar.

Lignin was isolated at various NaOH concentrations and temperatures of OPEFB pretreatment
for bioethanol production. The workability of the slump and compressive strength of mortars
generated were further tested. Lignin from OPEFB can be used as a water reducer in the
mortar with improved workability as much as 24.4% compared to controls. The addition of
lignin could also increase the compressive strength at the mortar age of 7 and 28 days
compared to the commercial lignosulfonate and control on the various water-cement ratios.

The setting time of mortar with the lignin addition increased rapidly, reaching up to 80% at the
7 days, indicating that curing time is getting shorter. The most remarkable improvement of
compressive strength with suitable workability and high-quality concrete was reached by 1%

lignin addition and 0.45 water-cement ratio with compressive strength 38.81 N/mm?’ at 28 days.
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INTRODUCTION

Lignin is present naturally in lignocellulosic plants accounting for approximately 300
billion tonnes globally (Dessbesell et al. 2020). Around 100 million tonnes per year are
technical lignins, primarily coming from the pulp and paper industry (FAO 2019). Technical
lignin can be defined as a form of lignin isolated after a series of biomass processing stages.
Types of technical lignin vary mainly in molecular weight and structure, essentially determining
the routes for lignin valorization and application (Hermiati et al. 2017; Natarelli et al. 2019).
Pretreatment of lignocellulosic biomass is a stage that cost many and greatly affects the overall
cost of bioethanol production (Zhang et al. 2013). The purpose of pretreatment is to open the
lignocellulosic structure of cellulose to become more accessible to the enzymes that break down
the polysaccharide polymer into monomeric sugars. This pretreatment can be done with an acid
or alkaline or with steam (steam explosion). Some wastes that contain lignin are generated as
the results of pretreatment (delignification process).

The lignin-containing wastewater is usually burned to provide heat and electricity in the
process. The rest is sold as a byproduct for fuel or as a mixture or binder in animal feed
(Windeisen and Wegener 2012; Yang et al. 2015; Zhang et al. 2013). One attempt to make use
of lignin-containing wastewater is to use it as a wood adhesive or reacting it with bisulfite to
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produce a lignosulfonate compound that is widely known as an additive in cement, fertilizer,
paper coating, and others (Angelini et al. 2019; Aro and Fatehi 2017; Hemmila et al. 2019).
Thus the bioethanol production process from lignocellulosic materials is expected to produce
minimal waste (zero waste) as the wastes are also processed further not to pollute the
environment. In addition, the processing of lignin into more value-added material is expected
to add economic value to the bioethanol production process from lignocellulosic materials that
ultimately can lower the cost of bioethanol production (Sudiyani et al. 2013).

Since the 20th century, mortar has been made by mixing Portland cement and sand
(ASTM C 270, 1992). Mortar is defined as a mixture of cement, sand, and water, which is the
main adhesive in the concrete mixture. In addition to concrete mixtures, mortar is also used as
a plaster in bricklaying which functions as an adhesive to glue bricks together into a strong and
rigid unit, as a coating for walls, ceilings, and other repair materials. Some of the properties
reviewed in the mortar manufacture are compressive strength, tensile strength, water
absorption, and density. The appropriate composition of mortar for plastering is cement: sand
= 1: 3 to 1: 4. If required, several admixtures in the right dosage can be added to increase some
mortar properties. Mortar tests are carried out according to ASTM C91 and C270 and SNI 03-
1972-1990 and 03-1974-1990.

The use of mortar and concrete in road construction has been increasing to replace the
asphalt road. This is because mortar and concrete have several advantages over asphalt which
can withstand heavy loading vehicles, resistant to flooding, low maintenance cost, and can be
used on weak soil structure without the need to improve the soil structure (Jankowska et al.
2018; Zheng et al. 2018). However, the time required for the mortar and concrete’s hardening
causes trouble, such as traffic jams. Some additives that can increase the compressive strength
and shorten the hardening time of mortar and concrete produced is then required. Methods of
improving mortar’s strength, durability, and flow-properties for better workability are
constantly under research (Childs et al. 2019; Gupta et al. 2017; Jankowska et al. 2018; Zheng
et al. 2018). Plasticizers, such as water-soluble lignosulfonates, are often added into the
concrete mixture to disperse cement particles to enhance flow-properties while using low water
contents (Childs et al. 2019; Gupta et al. 2017)

Lignin consists of molecules of polyphenol compounds that serve as a binding of cells to
each other so that it becomes stiff and rigid, but it can reduce its mechanical strength (Tribot et
al. 2019). Therefore, lignin can be used as adhesive in plywood, composites, and lignosulfonate
(Angelini et al. 2019; Aro and Fatehi 2017; Hemmila et al. 2019). Lignosulfonate is one of the
lignin derivative obtained by sulfonation of lignin, a water-soluble polymer polyelectrolytes.
Lignosulfonate is obtained from the black liquor derived from pulp mill effluent, both of which
use the Kraft pulping and other processes such as sulfite and others (Dessbesell et al. 2020).

Lignin from the waste of bioethanol production is proposed as an alternative of technical
lignin from the pulp and paper industry, which is harvested from plantation forest or secondary
forest. It is estimated by 2030, around 225 million tonnes of lignin is produced per year as a
byproduct of bioethanol production since the Renewable Fuel Standard Program has mandated
the production of 60 billion gallons of bioethanol (Wang et al. 2019). GreenValue SA, Alpnach
Dorf, Switzerland, is one of the industries that have pilot facilities for lignin recovery,
particularly from bioethanol production (Kalliola et al. 2015). The resulting sulfur-free lignin
has been used as a bio-based plasticizer via alkali-O; oxidation. The oxidized lignin can be used
as a plasticizer for cement pastes, mortar, and concrete. The addition of lignin into the mortar
as a plasticizer to reduce the required amount of water has a weakness in the hydration, such as
the length of time required for the mortar setting (Kalliola et al. 2015).

As a plasticizer, lignosulfonate can reduce the water, and enhance the workability and
maintain slump, thus the mixture of concrete and cement can be formed preferably without
adding too much water and reduce the energy required to dry the cement (Nadif et al. 2002).
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This can occur due to lignosulfonate’s addition in the cement alters the initial spacing and
degree of layering of the tobermorite gel which takes place on the first drying. This change of
structure facilitates increased drying shrinkage by increasing the number of sites available for
the egress of interlayer water, and by increasing the interlayer space or solid volume in the
hydrated paste structure (Lin and Meyer 2009). In addition, the synthesis of lignosulfonate by
lignin sulfonation requires a series of production processes and eventually increases the
production costs (Aro and Fatehi 2017). Therefore, it is necessary to modify the lignosulfonate
by directly mixing the precipitated lignin from the pretreatment stage of bioethanol production
into the mortar to speed up the hardening time. This study aimed to utilize lignin-containing
wastewater obtained from the pretreatment of empty palm fruit bunch fibers in bioethanol
production as a lignin source for mortar additive, which could act as a water reducer and to
increase the compressive strength of mortar.

MATERIALS AND METHODS

Materials

Oil palm empty palm fruit bunch (OPEFB) was obtained from PTPN VIII, Malingping,
Banten, Indonesia. OPEFB fibers were prepared by washing, drying, and grinding to a powder
of = 30 mesh. Analysis of lignin content, extractives, cellulose, and hemicellulose was done
according to TAPPI T222 and TAPPI T203 (TAPPI 1999, 2002). Commercial lignosulfonate
(NaLS) was supplied from PT. Ligno Specialty Chemicals (Tangerang, Banten). Portland
cement, sand, and water were used to prepare the mortar. The sand was screened to pass a 150
mesh and retained 4 mesh before use. The sand was then filtered and dried by heating it under
sunlight.

Isolation and Characterization of Lignin and Lignosulfonate

Pretreatment of OPEFB fibers was performed with various NaOH concentrations as the
solvent (10, 15, and 20%) and various cooking temperatures (150, 160, and 170°C) in a rotary
digester to separate the lignin from the cellulose and hemicellulose. The lignin-containing
wastewater was separated from the residue using a wire cloth screen. Lignin was obtained using
technical lignin via acid precipitation. Lignin isolation was done by adding 2N H>SO4 and 0.1
N NaOH to obtain a precipitate of lignin. Lignin isolates and commercial NaLS were scanned
using Fourier Transform Infrared Spectroscopy (FTIR, Shimadzu, Japan) from 400 cm™' to
4000 cm™! at room temperature.

Preparation of Mortar and Mixing with Additive

Sand and cement are mixed with the ratio of 2:1. Water was added to get water-cement
ratio (W/C ratio) of 0.425; 0.45; 0.475 and 0.50. Sand and cement are mixed in a mixer for 3
minutes. Different contents of lignin and NaLS were added into the mixture, such as 0, 1, and
2%, and around 5% of CaCl, was appended as well. The mixture was stirred again for 1 minute.
The workability of the resulting mortar was analyzed to determine the performance of the water
reducer. The fresh mortar was poured into a cylindrical mold with a 50 mm height and a 25 mm
diameter in 3 layers. Specimens of mortar were removed from the mould after 24 hours. The
specimens were then immersed in water during the curing time (7 and 28 days) and drained at
room temperature a day before testing. Prior to analysis, each mortar specimen was weighed,
and the diameter and height were measured.
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Evaluation of Mortar Properties

The mortar’s slump value or workability test was done using the Slump and Flow Table
Test CN-160 (Thaker and Arora 2015). The compressive strength of specimens was tested by
Universal Testing Machine (UTM, Shimadzu, Japan) with a maximum loading capacity of 50
kN. The compressive strength test method was done according to SNI 03-1974-1990 (BSN
1990). Implementation of the testing was performed on the specimen age of 7 and 28 days.

RESULTS AND DISCUSSION

Properties of lignin and lignosulfonate

The summary of chemical analysis results in OPEFB fibers as the raw material can be
seen in Table 1. The highest yield of lignin was obtained at a cooking temperature of 160°C
and 20% of NaOH concentration (Figure 1). This is presumably due to these operating
conditions was where the best delignification process, in which the ester bond between the
NaOH damaging lignin, hemicellulose, and cellulose and lignin dissolved in the NaOH in the
greatest amount (Hermiati et al. 2017). At a temperature of 170°C, the yield of lignin increased
in large quantities by increasing concentrations of NaOH. However, its yield at a 10%
concentration is much smaller than its yield at a temperature of 160°C and the same
concentration. The lignin yield at a temperature of 170°C concentrations of 15 and 20% did not
differ much with the lignin yield at a temperature of 160°C with the same concentration.
Increased delignification temperatures require more power so that the process at a temperature
of 160°C is better because with fewer resources, the yield of lignin produced was relatively
similar to the yield at a temperature of 170°C.

Table 1. Chemical analysis of OPEFB fibers.

No Component Content (%) Standard Deviation
1 Extractives 3.21 0.02
2 Lignin 26.82 1.22
3 Holocellulose 69.90 0.65
4 Alpha cellulose 29.86 0.53
5 Hemicellulose 24.58 0.11
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Figure 1. Lignin yield on various temperatures.
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FTIR Analysis of Lignin

In order to determine which process conditions are suitable to produce lignin with
optimum results, lignin obtained from the precipitate was analyzed by using FTIR. As depicted
in Figure 2, the FTIR spectra of lignins from various NaOH concentrations and temperatures
showed that the type of lignin group produced was more influenced by the operating
temperature of delignification than by the concentration. The concentration of NaOH used in
cooking much affects the content of groups in lignin. FTIR spectra of lignin obtained at the
cooking temperature of 150°C showed that NaOH concentration used in the cooking solution
did not affect the concentration and carbon clusters produced in lignin obtained (Figure 2a).
The increase in NaOH concentration used did not increase concentrations of carbon clusters
generated in the lignin. This is because at a temperature of 150°C, the degradation of cell wall
structure by NaOH was just started so that the amount of lignin dissolved did not increase
significantly even if the concentration of NaOH increased so that only a small amount of lignin
dissolved in NaOH (Aro and Fatehi 2017).
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Figure 2. FTIR analysis of lignin generated at 10-20% of NaOH and temperatures of
a. 150°C, b. 160°C, c. 170°C, and d. Overlay images of NaLS and lignin obtained at 160°C
and 20% of NaOH.

Moreover, Figure 2b shows that the concentration of cooking solution at the cooking
temperature of 160°C affects the resulting lignin concentration obtained. The absorbance
increased by the increasing concentration of NaOH from 10% to 20%, indicating the growing
concentration of carbonyl groups present in the lignin. The only differences were the lignin
concentration. Figure 2¢ displays the FTIR of lignin obtained by the cooking temperature of
170°C. The concentration of a cooking solution affects the concentration and carbon groups
produced in lignin obtained. The increasing concentration of NaOH increased the absorbance
of lignin obtained, indicating the growing concentration of carbonyl groups present in the
lignin. Increasing operating temperature to 170°C gave the largest yield differences on various
lignin concentration but with different carbon groups structures on the results. This is
presumably due to the increasing degradation of cell wall structure by NaOH at a temperature
of 170°C that resulted in different carbon groups at each concentration of NaOH used (Aro and
Fatehi 2017).
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The overlay FTIR spectra of lignin obtained from OPEFB fibers cooked with a
temperature of 160°C at a concentration of 20% NaOH was similar to that on commercial Na
lignosulfonate (NaLS). According to the spectra, commercial NaLS and lignin from waste
OPEFB fibers showed the difference in the absorbance’s sharpness. Lignin from OPEFB fibers
was larger than the commercial ones (Aro and Fatehi 2017). This is probably due to the number
of organic groups in the lignin was more than on the NaLS. From the lignin yield and FTIR
analysis, the optimum operating conditions selected to produce the best lignin is at a
temperature of 160°C and 20% NaOH concentration. The peak at 3300-3400 cm™' was assigned
to —OH stretching vibration. Peaks around 2935 and 2840 cm™! were attributed to C-H of methyl
and methylene and ~CH3 vibration, respectively. The main difference was at around 1720 cm’!
which was assigned to C=0O vibration from lignin. Other peaks were similar between
commercial NaLS and the isolated lignin (Aro and Fatehi 2017).

Application of lignin-based additive on mortar
Effect of Additives on Slump value

The effects of additives on mortar were analyzed by the Flow Table Test. Table 2 presents
the slump values of mortar with additives by measuring its liquid/solid stage. The
workability/slump value test was done by pouring the mortar into the mold with 2 times of
compaction, let it for 90 seconds, then lift the mold, and stroke the flow table by turning the
handle as much as 25 times for 15 seconds. The slump test value is calculated by measuring the
mortar’s average diameter at the 4 positions (Thaker and Arora 2015).

Tabel 2. Slump value of mortar with additives.

Slump value (mm)

Mortar  Water

additive  Reducer W/C W/C W/C W/C
0 0, 0, 0,
0425 MO 45 MO g 4gs MO 550 M)
NaLS ~ NalLS0%  102.0 ] 105.3 ] 1133 ] 135.0 ]
NaLS 1% 1023 03 1245 183 1555 373 1758 302

NaLS 2%  129.5 27.0 132.3 25.7 166.5 47.0 182.8 354

Lignin Lignin 0% 102.8 0.7 105.3 - 113.3 - 135.0 -
Lignin 1% 105.5 34 111.8 6.2 133.0 17.4 146.3 8.3
Lignin 2% 106.5 4.4 114.3 8.6 139.5 23.2 168.0 24.4

Note: IM = percentage of improvement.

Figure 3 shows that lignin obtained from OPEFB fibers served as a water reducer. The
workability increased to 24.4% (on a W/C 0.5) compared to mortar control with no addition of
water reducer. The resulting mortar slump values meet the requirements demanded by a Flow
Table-type CN-160 a minimum of 110 mm with a 10% tolerance, especially on the W/C of 0.45
or more (Table 2). Figure 3 also showed that the use of both lignin and NaLS could reduce the
need for water used. The W/C required to meet the requirements of a good slump was 0.45 with
the addition of additives, compared to the mortar without additives that require W/C of 0.475.
An increase in the slump value of mortar with lignin from waste OPEFB fibers was lower than
that on NaLS where the value can reach an increase of 47.0% compared to the control at W/C
0.475. This is probably due to the differences in hydrophilic groups of lignin and NaLS,
affecting its ability to enlarge the pore distribution and dispersing the cement and liquid. The
improvement of water reducing ability in mortar slump was influenced by its ability to enhance
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the surface adsorption and particle dispersion. When lignin or lignosulfonate that works as a
surfactant is added to the mortar, the particles of surfactant adsorption occurs on the surface of
cement particles and causing repulsion between the particles of cement which produces strong
deflocculation that cause an inhomogeneous distribution of cement particles in the mixture
(Takahashi et al. 2014). In this case, lignosulfonate hydrophilicity was better than lignin from
OPEFB fibers so its ability to disperse the fluid and cement particles was also greater.

200.0 Flow of Mortar on Various Water Cement Ratio

180.0
160.0
< 140.0
£ 1200
- W wc. 0.425
= 100.0
> mwc 0.45
g 800
] mwc 0.475
“  60.0
mwc 0.5
40.0
20.0
0.0

no admixture NALS 1% LIGNIN 1% NALS 2% LIGNIN 2%
Type of Admixture

Figure 3. Effect of additives on slump value.

Effect of Additives on Compression Strength

The addition of admixture in the mortar ages 7 and 28 days did not significantly differ in
mortar density. Mortar densities remained approximately 2 mg/mm?> on various water-cement
ratios and variations in the admixture. Figure 4 showed that the compressive strength of mortar
using lignin OPEFB fibers greater than in the control and commercial NaLS either on the
addition of 1% or 2% at W/C 0.425. The use of lignin from OPEFB fibers in the concrete
resulted in the best compressive strengths in different water-cement ratio values than controls
and NaLS with the highest compressive strength value at W/C of 0.425 with the addition of 2%
lignin of 32.45 N/mm? compressive strength. Referred to Concrete Work Guidelines for Roads
and Bridges, the value of compressive strength of mortar in concrete was classified as qualify
for use as a mortar to mix like a slab of reinforced concrete bridges, reinforced concrete girder,
diaphragm, curbs, precast concrete, culvert reinforced concrete, and for building the bridge.
The compressive strength is also better than the compressive strength of mortar added with
synthetic NaLS at the age of 7 days, on average reached a value of approximately 26 N/mm?.
However, at W/C of 0.50, only mortar enriched with 1% lignin was better than controls,
although the use of lignin as an admixture in mortar still produced a higher compressive strength
than the use of commercial NaLS. The higher compressive strength of mortar with NaLS
reached in the addition of 1%, indicating that increasing of NaLS decrease the compressive
strength on various water-cement ratio. The more NaLS are added, the nature of sulfonate
groups hidrophility increased and resulted in larger the voids between cement particles and lead
to void space so that the distance between the particles becomes larger and the bond becomes
weaker, causing lower compressive strength (Zheng et al. 2018). This is not the case in the
addition of lignin as an additive that increases its strength. The addition of lignin OPEFB fibers
speeds up the hardening time (setting time) so that the maximum compressive strength of mortar
produced reached by sooner.
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Figure 4. Effect of additives on compression strength at 7 days.

The increase of the water-cement ratio generally contributed to the decline in the
compressive strength of mortar control. However, it was in contrast to the behavior of mortar
added with NaLS and lignin. The compressive strength of mortar produced by the addition of
lignin at 28 days remained higher than those with the addition of NaLS. At W/C of 0.5, the
compressive strength of mortar with NaLS 1% is slightly higher than the compressive strength
of NaLS 2%. Addition of 1% lignin resulting in the greatest compressive strength at 0.45 W/C.
Figure 5 shows that the use of W/C more than 0.45 may result in a smaller compressive strength
than the compressive strength generated by the W/C 0.45.
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Figure 5. Effect of additives on compression strength at 28 days.

The use of lignin from OPEFB fibers in the mortar producing the best compressive
strength at the age of 28 days in various W/C ratio when compared with controls and NaLS
with the highest compressive strength value was at W/C of 0.425 with the addition of 2% lignin
that is 39.28 N/mm?. The value of compressive strength of mortar is classified in the appropriate
quality concrete Cleaner Concrete Work Guidelines for Roads and Bridges that qualify for use
as a mortar for prestressed concrete mixtures such as prestressed concrete piles, prestressed
concrete girder, prestressed concrete slab, and the like. At 28 days, the compressive strength of
mortar with lignin obtained from OPEFB was better than those with NaLS additive, which
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according to Nadif et al. (2002) reaches a value below 30 N/mm?. The addition of lignin in the
mortar mixture could cause stronger bonding between the particles of cement, thus increasing
its compressive strength. However, the addition of 2% lignin only provides excellent
compressive strength at W/C of 0.425. Increased of water would lead to the reduction of mortar
compressive strength.

Effect of mortar age on Compression strength

Figure 6 shows that the compressive strength of mortar at W/C of 0.425 at the age of 7
days resulted in greater strength with the use of additives either NaLS or Lignin compared to
compressive strength at the age of 28 days. This suggests that the time required to harden the
mortar with the addition of NaLS and Lignin is shorter than the controls at the age of 7 days,
which is still below 60% strength than compressive strength at 28 days. The results indicated
that after 14 days, mortar with the addition of lignin and NaLS did not show a more significant
increase in their compressive strength, where it only increased less than 10%. It shows that at
14 days, mortar compressive strength is estimated to have reached the maximum strength.
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Figure 6. Effect of mortar age on compression strength at 0.425 water-cement ratio.

Figure 7 shows that the compressive strength of mortar at W/C of 0.45 at the age of 7
days with lignin-based additives produces higher compressive strength than the controls.
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Figure 7. Effect of mortar age on compression strength at 0.45 water-cement ratio.
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The compressive strength of mortar with additives at the age of 7 days was more than
70% compared to its strength at 28 days, even on a mortar with 2% lignin the compressive
strength reached 88% at the age of 28 days. This suggests that the time required to harden the
mortar with the addition of NaLS and Lignin was shorter than the controls at the age of 7 days,
which is still below 50% strength than its compressive strength at 28 days. Nevertheless, the
mortar at W/C of 0.45 shows that the addition of 1% lignin produces a higher compressive
strength than that of mortar with 2% lignin. This suggests that the increase of lignin
concentration at W/C of 0.45 resulting in the reduction of the mortar compressive strength. The
results revealed that after 14 days mortar with the addition of lignin and NaLS did not show a
significant increment in its compressive strength. It showed that at 14 days, mortar compressive
strength is estimated to have reached the maximum.

Figure 8 shows that the compressive strength of mortar at W/C of 0.475 showed an
increase in compressive strength at the age of 7 days, either with and without additives. Mortar
control and mortar with a 2% of NaLS showed that its compressive strength had reached 66-
68% of its strength at 28 days, while the mortar with 1% lignin and 1% NaLS reached 88% of
its 28 days strengths. Mortar with 2% lignin even shows the maximum compressive strength at
the age of 7 days. This suggests that the addition of lignin as much as 2% in mortar can
accelerate the hardening time of mortar so that at the age of 7 days it hardened perfectly.
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Figure 8. Effect of mortar age on compression strength at 0.475 water-cement ratio.

Figure 9 shows that the compressive strength of mortar at W/C of 0.5 was slightly better
with additives that reached 90% of its strength at the age of 7 days compared to the strength of
mortar with additives, which only reached less than 90% than its strength at 28 days. This
suggests that the increase of water slowing the hardening of mortar with additives. From this
study it can be concluded that the mortar with additives should be produced with W/C less than
0.5, resulting in a shorter hardening time. The best compressive strength with a short hardening
time was obtained with an additional 2% lignin in the W/C 0.425, where 32.45 N/mm?
compressive strength reached at the age of 7 days and 39.28 N/mm? mortar at the age of 28
days. However, if mortar with qualified slump value and high compressive strength is desired,
it requires the addition of 1% lignin in a mortar with 0.45 W/C that produces mortar with a
slump value of 112 mm where a 7 days compressive strength reaches 27.88 N/mm? and 38.81
N/mm? mortar at the age of 28 days.
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Figure 9. Effect of mortar age on compression strength at 0.50 water-cement ratio.

CONCLUSIONS

Lignin from OPEFB fibers used for bioethanol production can be used as a water reducer
in mortar. The workability of the mortar with lignin OPEFB fibers additive increased to 24.4%
(at W/C of 0.5) compared to the controls, although lower than the NaLS workability where the
increase reached to 47.0% compared to the control (at W/C of 0.475). The addition of lignin
from OPEFB fibers increased the compressive strength of mortar at the age of 7 and 28 days
compared to the addition of NaLS at various water-cement ratio with the highest compressive
strength of 39.28 N/mm? achieved on the addition of 2% lignin and the water-cement ratio of
0.425. The hardening time of mortar with lignin additives increases rapidly so that the required
curing time is shorter. At the age of 7 days, the mortar’s compressive strength has reached up
to 80% of compressive strength at the age of 28 days. The highest increment in compressive
strength with good slump value of mortar obtained on the addition of 1% lignin and the water-
cement ratio of 0.45 with a slump value of 112 mm resulting in compressive strength of 27.88
N/mm? and 38.81 N/mm? at the age of 7 days and 28 days, respectively.
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