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Abstract

This study was conducted to investigate the efficiency of lignin extraction from oil palm empty fruit bunch fiber (OPEFBF) by
using aqueous sodium hydroxide and aqueous ammonia solutions. In this study, the aqueous ammonia treatment was conducted
via three different modes, namely low temperature-long time soaked treatment (LTLt-NHj3), high temperature-short time soaked
treatment (HTSt-NH3), and low temperature-long time replenished treatment (LTLt-Rep-NHs). Low- and high-temperature
treatments were conducted at 50 and 100 °C, respectively. The efficiency of lignin extraction upon aq. NaOH treatment at
120 °C and solid content of 1:17 (OPEFBF-to-liquid) for 180 min was not significantly different with the LTLt-Rep-NHj;3
treatment at 50 °C and solid content of 1:7 (OPEFBF-to-ammonia) for 4 days. Among the tested methods, LTLt-Rep-NHj3
treatment was proved to be the best lignin extraction method. Under the optimum conditions, approximately 64% of Klason
lignin had been removed from the OPEFBF and about 33.0 +2.2% of lignin was successfully recovered, with minimal lignin
structural deconstruction.

Keywords Aqueous ammonia - Aqueous sodium hydroxide - Delignification - Oil palm empty fruit bunch fiber (OPEFBF) -
Lignin

1 Introduction

The world is currently facing serious challenges in sustaining
higher demand for food supplies, energy, and clean water,
following a rapid increase of human population. In order to
bridge the gap between economic growth and environmental
sustainability, new technologies such as biorefineries proved
to be an attractive solution. The biorefinery concept has the
potential to help mitigate the threat of climate changes and
boundless demand of energy, fuels, chemicals, and materials
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in the population. The biorefinery concept is a fully integrated
system of sustainable, environmental, and resource-friendly
technologies for the comprehensive utilization and exploita-
tion of biomass in a spectrum of valuable bio-based product
production [1, 2].

Oil palm biomass in Malaysia, especially its oil palm emp-
ty fruit bunch fiber (OPEFBF), is an excellent and readily
available feedstock for biorefineries. According to the statis-
tical report from Malaysia Palm Oil Board (MPOB), approx-
imately 19 million tons of crude palm oil (CPO) has been
produced in the year of 2017 [3]. Approximately a tonnage
of wet OPEFBF (with ~60% of moisture) is generated from
every tonnage of CPO production [4, 5]. Thus, more research
and innovation on the utilization of this biomass are urgently
needed to ensure the sustainable development of the oil palm
industry.

Research on the development and improvement of the
existing green technologies to maximize the capacity of
bio-energy recovery from the lignocellulosic biomass has
been investigated effortlessly. Among the three main
components of lignocellulose (cellulose, hemicellulose,
and lignin), cellulose had gained the most extensive at-
tention, as it covered the highest percentage of biomass
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composition and is the primary feedstock for various
biofuel production processes. In the upstream process
of cellulose recovery, hemicellulose and lignin have been
identified as two main physical barriers. Biomass recal-
citrance is the main factor that caused the project of
biorefineries to reach to bottleneck [6]. Pretreatment is
a crucial step to overcome the recalcitrance of biomass
[5]. Lignin removal is one of the most noteworthy pre-
treatment mechanisms with the aim to improve the effi-
ciency of cellulose extraction/degradation in the down-
stream process. Lignin removal would not only destroy
the physical barrier against the accessibility of cellulase
but also reduce the tendency of non-productive adsorp-
tion of the cellulolytic enzyme onto the lignin matrix [7,
8]. Among various pretreatment methods, alkaline pre-
treatment was commonly reported as the most effective
treatment in delignification. Many research had reported
the superiority of the use of aqueous sodium hydroxide
and ammonia solution in improving the hydrolysability
of biomass in the enzymatic saccharification process
[9-13]. Aqueous alkaline medium promotes saponifica-
tion of intermolecular ester bonds that cross-link carbo-
hydrate and lignin in the biomass [14]. By-products such
as lignin that are retrieved from the pretreatment stream
should be effectively utilized in order to maximize the
revenues of biorefineries and broaden the price margin
between the feedstock and products, hence making pre-
treatment steps economically attractive [6].

Lignin is the second most abundant renewable resource of
lignocellulosic biomass. Various lignin fractionation process-
es produced lignin with different physicochemical properties,
and thus diverse applications are possible. Lignin is the most
abundant aromatic polymer and possesses great potential in a
vast spectrum of lignin-derived product conversion. Instead of
being used to produce fuel, lignin-derived products, such as
vanillin, vanillic acid, quinones, guaiacol, phenol, resorcinol,
polyelectrolyte, and polymer alloy and polymer blends such
as starch-lignin blends, protein-lignin blends, and epoxy-
lignin composites, offer greater commercial values [15-18].

In order to maximize lignin retrieval from OPEFBF
biorefinery process, the efficiency of lignin extraction and
recovery from the black liquor stream were the main focus
of this study. Due to the prohibition of direct discharge of
black liquor, treatment of black liquor prior discharge is nec-
essary to reduce and/or remove its chemical oxygen demand
(COD), biological oxygen demand (BOD), and other contam-
inants. Studies by Jin et al. [19] and Zaied and Bellakhal [20]
reported the success of COD and BOD reduction of black
liquor following lignin removal. Maximum lignin removal
from solid lignocellulose structure and the recovery of dis-
solved lignin from black liquor makes this study highly sig-
nificant. The former contributes to the optimum sugar recov-
ery from biomass, while the later maximizes the by-product
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recovery from the waste stream of the pretreatment process.
Due to the excellent performance of aqueous sodium hydrox-
ide (NaOH) and aqueous ammonia (NHj3) in delignifying lig-
nocellulose [10, 21, 22], these alkalis had been chosen for the
current study. The efficiency of NaOH and NH; in lignin
removal from OPEFBF was investigated and compared.
Then, the chemical changes of lignin and OPEFBF after dif-
ferent treatments were studied through ATR-FTIR analysis.
On top of that, the surface morphological changes of
OPEFBF after lignin removal were also observed under a
scanning electron microscope (SEM).

2 Materials and methodologies
2.1 Materials

The OPEFBF was provided by Seri Ulu Langat Sdn. Bhd.,
Dengkil, Selangor, Malaysia. The fresh OPEFBF was washed
with tap water to remove foreign particles and then sun-dried
until the moisture content reached approximately 10—11%
(dry basis). The OPEFBF was cut into the size of 5-8 cm,
then kept in sealed plastic bag and stored at ~4 °C until further
usage. The aqueous sodium hydroxide solution was prepared
from sodium hydroxide pellets to a concentration of 50 g L™,
whereas aqueous ammonia solution was prepared from
25%w/w aqueous ammonia stock solution (density of
0.91 gcm ). All the chemicals were analytical grade supplied
by Merck, Germany.

2.2 Methodology
2.2.1 Aqueous sodium hydroxide treatment

For the aqueous sodium hydroxide (aq. NaOH) treatment,
OPEFBF was soaked in 300 mL of 50 g L' aqueous NaOH
solution. The treatments were conducted at a different solid
content (at a solid-to-liquid ratio of 1:50, 1:17, and 1:10) in a
500-mL Schott bottle at 120 °C in an autoclave for different
treatment times (60, 120, and 180 min). Then, the OPEFBF
was separated from the black liquor through vacuum filtration
by using Muslin cloth. The black liquor was kept for total
dissolved lignin (TDL) and total recovered lignin (TRL) anal-
ysis. While the treated OPEFBF was washed with tap water
until the pH of final washing water reached 6—7. The treated
OPEFBF was air-dried at room temperature (~25 °C) [5].
Total composition loss (TCL) of OPEFBF after treatment
was determined based on the formula as below:
_Initial dry weight OPEFBF (g)—Final dry weight OPEFBF (g)

TCL(%) — !
CL(%) Tnitial dry weight OPEFBF (g) X100

Total Klason lignin of the treated OPEFBF was also deter-
mined [23]. Total Klason lignin loss (TLL) of OPEFBF after
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treatment was determined by the differences of Klason lignin
content of OPEFBF before and after treatment. The overall
experimental procedures are summarized in Fig. 1.

2.2.2 Aqueous ammonia treatment

Aqueous ammonia-soaked treatments of OPEFBF were con-
ducted in three different modes, namely low temperature-long
time (LTLt-NH3), high temperature-short time (HTSt-NHj3),
and low temperature-long time replenishment (LTLt-Rep-
NHs;). Initially, the effect of aqueous ammonia concentration
on the efficiency of lignin extraction was studied by treating
OPEFBF (at a solid-to-liquid ratio of 1:15) with 6.25, 12.5,
and 25 wt% aqueous ammonia (at a OPEFBF-to-ammonia
ratio of 1:3.5, 1:7, and 1:14), respectively, at 50 °C for 24 h
in a water bath. The experiments were conducted in a 500-mL
tightly capped Schott bottle. Then, TCL, TLL, TDL, and TRL
analyses were performed on OPEFBF and black liquor, re-
spectively. The concentration of aqueous ammonia that con-
tributes to maximum lignin removal from OPEFBF was se-
lected to proceed with LTLt-NH;, HTSt-NHj3, and LTLt-Rep-
NH; treatment.

For LTLt-NHj; treatment, OPEFBF was soaked in an aque-
ous ammonia solution at a solid-to-liquid ratio of 1:15 at 50 °C
for 24, 48, 72, 96, and 120 h, respectively, in the water bath.
All experiments were conducted in a 500-mL tightly capped
Schott bottle. The same experimental protocol was applied in
the LTLt-Rep-NHj; treatment, except the black liquor was re-
moved every 24 h and replaced with the fresh aqueous ammo-
nia solution. For HTSt-NHj3 treatment, the experiment was
conducted in a sealed-pressurized reactor. OPEFBF at a
solid-to-liquid ratio of 1:15 was treated with aqueous ammo-
nia at 100 °C for 1, 2, and 3 h, respectively.

Fig. 1 Experimental procedures
for lignin extraction with aq.
NaOH solution

Acid precipitationl

Black liquor

TDL analysis

The treated OPEFBF was separated from the black liquor
through vacuum filtration using Muslin cloth. The experimen-
tal procedures for lignin extraction with aq. ammonia solution
are summarized in Fig. 2.

2.2.3 Determination of total Klason lignin

Klason lignin content of OPEFBF before and after treatment
was determined according to standard biomass analysis pro-
tocol by National Renewable Energy Laboratory (NREL)
[23]. OPEFBF was oven-dried to moisture lower than 5%
before proceeding to a two-step acid hydrolysis. The black
residues that remained after acid hydrolysis are the Klason
lignins of OPEFBF. TLL of OPEFBF was determined based
on the formula as below:

(%KLIni X Wlni)_(%KLFinal X WFinal)

TLL (%) = x 100
(%) (7oKLipi X Wiyi)

where

90K Liy; Klason lignin content of OPEFBF before

treatment

Wini Weight OPEFBF used in treatment (dry basis)

9%0KLgina Klason lignin content of OPEFBF after treatment

Weinal Weight OPEFBF after treatment (dry basis)

2.2.4 Determination of total dissolved lignin

Total dissolved lignin of black liquor was determined
according to protocols described in Tang et al. [5]. The
absorbance of black liquor at a wavelength of 205 nm
was measured with a UV-Vis spectrophotometer (Thermo

'

Soaked in aq. NaOH

Solid content (OPEFBF: liquid) = 1:50, 1:17, 1:10

.

Heat at 120°C
Time = 60, 120, 180 min

.

Vacuum filtration Wash until pH of washing water

reach 6-7
Dry at room temperature

[ Treated OPEFBF ]

TCL, TLL, FTIR and SEM analysis

Recovered lignin

FTIR analysis
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Fig. 2 Experimental procedures
for lignin extraction with aq. NH;
solution
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Heat at 100°C

10,
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!

Replenish with fresh NH3
solution every 24hrs
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}

Vacuum filtration

Black liquor

TDL analysis

Evaporation

Acid precipitation

Wash until pH of washing water reach 6-7
Dry at room temperature

[ Treated OPEFBF ]

TCL, TLL, FTIR and SEM analysis

Recovered lignin

FTIR analysis

Fisher Scientific Inc., MA) using a quartz cuvette. TDL
of the black liquor was calculated as follows:

AbS205 nm X DF x VTotal
b x ax Wemple

TDL (mg g ' OPEFBF;d.b) =

where

Abs>ps,m  Absorbance at wavelength 205 nm
DF Dilution factor

Viotal Total volume of hydrolysate

b Cell path length (1 cm)

a Absorptivity (110 mg mL ™" cm™")
Weample Sample weight (dry basis)

2.2.5 Determination of total recovered lignin

The dissolved lignin of black liquor from NaOH treatment
was recovered following the procedures by Sun et al. [24].
The collected black liquor was acidified to pH 2.0 by drop-
wise addition of concentrated sulfuric acid. The dissolved lig-
nin formed a precipitate at pH 2.0. The lignin precipitate was
separated through centrifugation at 10,000 rpm for 10 min
using centrifuge Eppendorf 5804 (Hamburg, Germany).

For aqueous ammonia liquor, ammonia removal was con-
ducted prior to acidification. The aqueous ammonia solution
was heated in a boiling water bath until the boiling point of the
solution reached 96-98 °C at atmospheric condition. The hot
solution was then acidified with concentrated sulfuric acid
until pH 2.0. The resulted colloidal suspension of lignin was
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concentrated with a rotary evaporator to the half of the initial
volume. Lignin precipitate was recovered through centrifuga-
tion at 10,000 rpm for 10 min [25].

The recovered lignin precipitate was repeatedly washed
with distilled water until the pH of washing water reached
6-7. The lignin was oven-dried at 105 °C overnight and the
weight was recorded. Total recovered lignin was calculated
based on the formula as below:

TRL (mg g ' OPEFBF; d.b)

_ Dry weight of recovered lignin (mg)
N Dry weight of OPEFBF (g)

2.2.6 Fourier transform infrared analysis

The Fourier transform infrared (FTIR) spectra of lignin and
OPEFBF were measured with a PerkinElmer Spectrum 400
FTIR spectrometer (MA, USA) fitted with a universal attenu-
ated total reflectance (ATR) accessory. The scanning range
was from 650 to 4000 cm ' with a resolution of 1 cm™'. The
samples were initially dried in an oven at 80 °C overnight until
constant weight, and then the spectra were recorded by
Spectrum software (PerkinElmer, MA, USA).

2.2.7 Scanning electron microscopy analysis
Surface morphology study of OPEFBF after lignin removal

was conducted by using a scanning electron microscope mod-
el LEO 1450VP. The OPEFBF was coated with gold-
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palladium by using a BioRad SC500 sputter coater (Quorum
Technologies Ltd., UK) at a current of 15 mA for 2 min. The
coated samples were then observed under a scanning electron
microscope at electron high tension of 15-20 kV and a mag-
nification range of x500-2500.

2.2.8 Statistical analysis

All experiments were conducted in triplicate and the data were
expressed as mean + standard deviation. The significance
(p<0.05) between mean values was compared by one-way
analysis of variance (ANOVA), followed by Duncan multiple
range test by using SPSS 20.0 software (SPSS, Chicago,
USA).

3 Results and discussion
3.1 Lignin extraction via aq. NaOH treatment

Figure 3 indicates the effect of substrate concentration and
treatment time on the TCL and TLL of OPEFBF after aq.
NaOH treatment. The results revealed that low-substrate con-
centration and longer treatment time led to higher total com-
position and Klason lignin loss from OPEFBF. Our finding
was in agreement with the study by Zhao et al. [26]. In their
study, the total composition loss was high when the crofton
weed stem was treated at low-substrate loading and long treat-
ment time. High-substrate loading may lead to system inho-
mogeneity, hence reduces the treatment efficiency of the
biomass.

In our study, the highest TCL and TLL of OPEFBF were
reported at 52.1+1.3% and 70.9 +0.8%, respectively, in the
treatment with 1:50 (OPEFBF-to-liquid) substrate content for
180 min. These results revealed that our strategy to improve
the efficiency of lignin extraction from OPEFBF was more
efficient than most of the previous reports. According to the
study by Sun et al. [24], only about 40.2% of total lignin was
successfully removed from OPEFBF in the treatment using
50 g L™ sodium hydroxide for 120 min. Furthermore, a study
by Kim et al. [27] reported that about 70.7% lignin was re-
moved from OPEFBF through sequential acid/alkali treatment
by using 8 wt% sulfuric acid (121 °C, 1 h) and 10 N sodium
hydroxide (ambient temperature, 4 h). However, OPEFBF
was found to be less susceptible to NaOH treatment, com-
pared to switchgrass which is one of the most extensively
studied biomasses. About 85.8% of lignin was successfully
removed from the switchgrass via 1-h treatment using 2 wt%
sodium hydroxide at 121 °C [22], but only 63.0% of lignin
had been removed from OPEFBF in the 1-h treatment using
5 wt% sodium hydroxide at 120 °C. This finding suggested
that the efficiency of lignin removal is strongly influenced by
the biomass susceptibility to the chemical used and not merely

its concentration. A similar finding was reported by Soares
Rodrigues et al. [21] in their study on the delignification of
switchgrass and miscanthus by using different types of alkali.

In spite of that, the yield of lignin was also further analyzed
in the black liquor. Figure 4 indicates the TDL and TRL in the
black liquors produced from treatments at different substrate
content and treatment time.

The results demonstrated that the black liquor produced
from treatment with a substrate content of 1:50 (OPEFBF-
to-liquid) contained higher TDL than treatment with sub-
strate contents of 1:17 and 1:10 (OPEFBF-to-liquid).
Nonetheless, the highest yield of TRL [296.4 +
17.6 mg g ' OPEFBF (d.b)] was produced from the black
liquor of treatment with a substrate content of 1:17
(OPEFBF-to-liquid) for 180 min. This finding was found
in parallel with the results of Fig. 3, which shows high
TCL and TLL in the treatment with low-substrate content
and long treatment time. Furthermore, the obtained results
also indicated that the yield of TDL and TRL has in-
creased with the increase of treatment time at a substrate
content of 1:10 (OPEFBF-to-liquid) treatment but not for
the treatment with a substrate content of 1:50 (OPEFBF-
to-liquid). The TDL and TRL in the black liquor of treat-
ment with a substrate content of 1:10 (OPEFBF-to-liquid)
were increased from 122.7+3.1 mg g | OPEFBF (d.b)
and 137.3+14.8 mg g ' OPEFBF (d.b), respectively, at
60-min treatment to 185.0+0.7 mg g ' OPEFBF (d.b)
and 236.6+38.2 mg g ' OPEFBF (d.b), respectively, at
120-min treatment. While the yield of TRL did not affect
the time factor in the treatment with a substrate content of
1:50 (OPEFBF-to-liquid). This finding suggested that
there was a strong correlation between the substrate con-
tent and treatment time that affects both TDL and TRL
yield. Perhaps, longer treatment time may be required for
a less homogenous high-substrate system to achieve effec-
tive delignification, compared to the low-substrate system
which is more homogeneous.

In spite of that, results in Fig. 4 also showed that the
black liquor containing the highest TDL [420.3 +
32.4 mg g ' OPEFBF (d.b)] did not correspond with the
highest TRL yield. This finding indicated that the content
of TDL in the black liquor was not directly proportional to
the yield of TRL. In this study, the yield of TDL was
quantified via spectrophotometric method at wavelength
205 nm. This method is significantly affected by the lignin
molecular structures. Absorption at wavelength 205 nm
indicates the 7—n electronic transition in the aromatic
ring. Even though most of the lignin analysis was reported
to conduct at wavelength 280 nm, yet wavelength 205 nm
was more suitable in this analysis. Absorption at wave-
length 280 nm indicates the maximum absorption of the
guaicyl unit and it is corresponding to the 7—7t" electronic
transition in the aromatic ring of unconjugated phenolic
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Fig. 3 Effect of substrate
concentration and treatment time
on the (a) total composition loss
(TCL) and (b) total Klason lignin
loss (TLL) of oil palm empty fruit
bunch fiber (OPEFBF) after aq.
NaOH treatment (p <0.05; n=3)
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: Different alphabets indicate that there are significant differences (p<0.05) between the mean values at

: Different alphabets indicate that there are significant differences (p<0.05) between the mean values at

different substrate concentration.

units. Moreover, absorption at this wavelength is also in-
dicative of free and etherified hydroxyl group [28].
Therefore, the use of wavelength 280 nm in this analysis
might cause strong interference, as the produced black li-
quor contained a high amount of broad range phenolic
compounds such as hydrocinnamic acids. According to
Hatfield and Fukushima [29], wavelength selection in the
spectrophotometric analysis of dissolved lignin is strongly
dependent on the properties of the analyzed samples. Thus,
in order to avoid overestimation of the yield of TDL, a
wavelength at 205 nm which possesses minimum interfer-
ence from other potential phenolic compounds had been
selected. Besides, Shi et al. [30] also proposed that molec-
ular weight and structure/functional groups of lignin could
affect the efficiency of lignin recovery from the black li-
quor through acidification. Yet, this shortcoming will be
less significant than compound interferences in the spec-
trophotometric method, particularly for black liquors
which were produced from similar treatments. Therefore,
the amount of recovered lignin was used as the primary
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benchmark for the determination of lignin yield in the fol-
lowing study.

According to Hatfield and Fukushima [29], lignin quanti-
fication can be conducted through different protocols, as long
as the results are consistent and hold the promise of producing
a true reflection of lignin yield. All three different lignin mea-
surements (Klason lignin, dissolved lignin, and recovered lig-
nin) in our study played a key role in the determination of an
optimum condition for lignin extraction from OPEFBF. TLL
estimated the extent of Klason lignin removal from OPEFBF,
TDL measured the amount of soluble lignin in the black liquor
generated from OPEFBF treatment, whereas TRL ascertained
the amount of soluble lignin that can be recovered. Even
though the optimum parameters that were obtained from three
analyses were different, the total Klason lignin loss of
OPEFBEF treated at a substrate content of 1:17 (OPEFBF-to-
liquid) for 180 min (68.9 £ 0.6%) was found just slightly low-
er than the treatment with a substrate content of 1:50
(OPEFBF-to-liquid) (70.9 +0.8%). Therefore, treatment with
a substrate content of 1:17 (OPEFBF-to-liquid) for 180 min,
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Fig. 4 Effect of substrate (a)
concentration and treatment time

on the (a) total dissolved lignin

(TDL) and (b) total recovered

lignin (TRL) in the black liquor
produced from aq. NaOH treat-

ment (p <0.05; n=3)
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different treatment time.

which produced the highest yield of recovered lignin, had
been selected as the optimum condition of aq. NaOH treat-
ment for lignin extraction.

3.2 Lignin extraction via aqueous ammonia treatment

Besides sodium hydroxide, aqueous ammonia is also a prom-
ising delignifying agent. Due to its mild alkali nature, ammo-
nia is highly selective for lignin degradation by cleaving the
ester bonds that cross-link lignin and carbohydrate, while pre-
serving the carbohydrate fragment of the biomass. There are
two common types of aqueous ammonia treatment, namely
ammonia recycled percolation (ARP) and ammonia-soaked
treatment (SAA). ARP had the features of high severity and
low contact time, whereas SAA exerts low severity to the
biomass at a long contact time [11, 31]. Here, the chemical
circulation effect of ARP running in specially designed

a-c : Different alphabets indicate that there are significant differences (p<0.05) between the mean values at
different substrate content.

percolation reactor was partially simulated by replenishing
the ammonia solution in the reaction medium consistently.

3.2.1 Effects of aqueous ammonia concentration

Table 1 shows the results of TCL, TLL, TDL, and TRL of
OPEFBF and black liquor, respectively, after treatments at a
different aqueous ammonia concentration.

Based on the results obtained, the yields of TDL and TRL
from the black liquor were being affected significantly
(p<0.05) by the concentration of aqueous ammonia (aq.
NH3;). Black liquor produced from the treatment at the ratio
of 1:14 (OPEFBF-to-ammonia) contained the highest TDL
[93.3+1.4 mg g ' OPEFBF (d.b)], whereas the highest TRL
yield [64.6 2.6 mg g~' OPEFBF (d.h)] was produced from
the black liquor of treatment at the ratio of 1:7.
Notwithstanding, the concentration of aq. NH3 did not affect
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Table 1  Effects of aqueous ammonia concentration on the total
composition loss (TCL), total Klason lignin loss (TLL), total dissolved
lignin (TDL), and total recovered lignin (TRL) of oil palm empty fruit

bunch fiber (OPEFBF) and black liquor, respectively, after LTLt-NH;
treatment at 50 °C for 24 h (p <0.05; n=3)

OPEFBF-to-ammonia ratio TCL (%) TLL (%) TDL [mg g ' OPEFBF(d.b)] TRL [mg ¢ ' OPEFBF(d.b)]
135 20.3 +0.6" 21.4+0.6" 554429 382+6.6"
1:7 20.3+1.0° 21.541.0° 73.5+5.2° 64.6+2.6°
1:14 21.140.3° 22.3+0.2° 933 +1.4° 52.8+3.7°

? Different superscript letters in the same column represent there are significant differences (p < 0.05) between the mean values at a different OPEFBF-to-

ammonia ratio

the TCL and TLL of OPEFBEF significantly (p > 0.05). This
finding was contraindicated with the study by Kim et al. [32].
In their study, the promising effect of aq. NH;3 concentration
on the efficiency of delignification of rice straw had been
demonstrated. The failure of the gravimetric method to detect
significant changes of the total composition and Klason lignin
content in the treated OPEFBF suggested that the methodolo-
gies used in the quantification of the total composition and
Klason lignin were not sensitive enough to identify minor
changes. The impact of aq. NH; concentration on the severity
level may not be obvious in the mild treatment at 50 °C for
24 h. Nonetheless, the decision on the optimum aq. NH; con-
centration still can be made based on the yield of TDL and
TRL in the black liquor.

Based on the results in Table 1, we decided to choose the
ratio of 1:7 (OPEFBF-to-ammonia), which produced the
highest yield of TRL as the optimum concentration of aq.
NH; for the subsequent study.

3.2.2 Effects of treatment mode and time

OPEFBF delignification using aq. NHj solution was further
studied via LTLt-NH3, LTLt-Rep-NH3, and HTSt-NH3 mode
at the solid ratio of 1:7 (OPEFBF-to-ammonia). HTSt-NH;
treatment at 100 °C was conducted in a sealed-pressurized
chamber at a recorded pressure ~ 5.5 bar. Tables 2 and 3 de-
note the TCL, TLL, TDL, and TRL of OPEFBF and black
liquor, respectively, after LTLt-NH3, LTLt-Rep-NH3, and
HTSt-NH; treatments at a different time.

Results in Tables 2 and 3 reveal that all the measured re-
sponses (TCL, TLL, TDL, and TRL) were increased with the
increase of treatment time for all modes of treatments (LTLt-
NH;, LTLt-Rep-NH;, and HTSt-NH3). Our findings were
supported by Yoo et al. [10], where lignin removal from the
barley straw had been promoted by extending the treatment
time of'aq. NHj treatment. However, the rate of delignification
decelerated after reaching an optimum treatment duration. A
similar observation was also noticed in the LTLt-NH; treat-
ment of this study, where the Klason lignin was lost drastically
when the reaction time was increased from 24 h (21.5+1.0%)
to 48 h (46.0 = 1.3%).
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Likewise, the results also elicit that the optimum treatment
times based on the highest lignin recovery for LTLt-NH3,
LTLt-Rep-NH;, and HTSt-NH; treatment were 96, 96, and
2 h, respectively. By comparing with the NaOH treatment,
longer treatment time was required to achieve effective lignin
removal in the treatment using aq. NH; solution at a low
temperature (50 °C). Our finding was in accordance with the
studies by Chaudhary et al. [11] and Kim and Lee [12]. In their
study, effective aq. NH; treatment was achieved at treatment
time up to 40 and 60 days, respectively. Among the investi-
gated modes, LTLt-Rep-NHj treatment has been proved to be
the best technique for lignin extraction from OPEFBF, follow-
ed by LTLt-NH; and lastly HTSt-NH;. The results obtained
manifest that aq. NH; replenishment in the LTLt-Rep-NHj;
treatment improved the yield of TRL drastically by threefold,
compared to LTLt-NHj treatment. The outstanding perfor-
mance of LTLt-Rep-NHj3 treatment in lignin extraction can
be described based on the ARP mechanism. During ARP op-
eration, aq. NHj3 is circulated continuously to separate the
lignin from the lignocellulose surface, and lignin re-
condensation can be prevented effectively [31]. While LTLt-
Rep-NH; treatment effectively prevents lignin re-
condensation by replenishing the black liquor containing dis-
solved lignin with the fresh aq. NHj; solution daily. Kim et al.
[33] signified that ARP is a highly effective method to remove
lignin from lignocellulose. In the conventional ARP process
(170 °C), about 70-85% lignin can be removed from the bio-
mass within the first 20 min. However, the LTLt-Rep-NHj;
treatment which was operated at a low temperature (50 °C)
may not perform as efficient as the conventional ARP opera-
tion. At a low temperature, the time and amount of aq. NHj3
that are needed to achieve effective lignin removal from
OPEFBF should be higher.

Under the optimum condition of LTLt-NH3 treatment,
about 46.6 + 0.7% of Klason lignin was lost and approximate-
ly 116.6+18.4 mg g ' OPEFBF (d.b) of lignin was success-
fully recovered. The same finding was reported in the study by
Jung at al. [34]. In their study, about 40.9% of Klason lignin
was removed from OPEFBF (25-120 mesh size) via aq. NH3
treatment using 14 wt% aq. NHj solution at 60 °C for 12 h.
Apart from that, about 64.0 + 0.4% of Klason lignin was lost
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Table 2  Effect of treatment mode (LTLt-NH; and LTLt-Rep-NH;) and
time on the total composition loss (TCL), total Klason lignin loss (TLL),
total dissolved lignin (TDL), and total recovered lignin (TRL) yield of oil

palm empty fruit bunch fiber (OPEFBF) and black liquor, respectively
(p<0.05;n=3)

Time LTLt-NH;

LTLt-Rep-NH;

(h)
TCL (%)  TLL (%) TDL [mg g ! TRL [mg g TCL (%) TLL (%) TDL[mgg ' TRL [mg g '

OPEFBF (d.b)] OPEFBF (d.b)] OPEFBF (d.b)] OPEFBF (d.b)]

24 203+1.0° 21.5+1.0° 73.5+£52° 64.6+2.6° N/A N/A

48 222419 46.0+13% 77.9+5.8% 90.7 +8.8°4 22.0+1.6™ 44.0+1.1%* 91.0+0.1%8 108.0 £16.2%4

72 237413 472+09%" 84.5+57°0 70.0+11.2% 232+ 14" 540+0.8°% 120.0+8.2%8 304.7 +34.2°8

96  22.8+1.0° 46.6+0.7%" 92.8+8.0%" 116.6 + 18.4* 24.9+08%® 64.0+04® 131.0+5.8%8 330.3 +£21.9%B

120 223+3.1° 447422 87.6+54% 102.9 +15.3%A 25.0+0.6°® 67.9+0.3® 165.5+0.7°8 362.7 +46.0°8

* Different superscript capital letters A—C in the same row represent there are significant differences (p < 0.05) between the mean values of TCL, TLL,
TDL, and TRL, respectively, of different treatments at the same treatment time

® Different superscript small letters a—c alphabets in the same column represent there are significant differences (p < 0.05) between the mean values at

different time

and 330.3+21.9 mg g ' OPEFBF (d.b) of lignin was recov-
ered via the LTLt-Rep-NH; treatment. For HTSt-NHj treat-
ment, only about 22.3 +0.2% of Klason lignin was lost and
76.8+9.2 mg g ' OPEFBF (d.b) of lignin was recovered. The
aq. NH; concentration and temperature are strongly believed
to be the limiting factors that lead to the poor performance of
HTSt-NH; treatment in lignin extraction from OPEFBF.
According to Liu et al. [9], lignin removal from miscanthus
was improved significantly with the increase of aq. NH; con-
centration (10-30 wt%) and temperature (100-180 °C). In
their study, the impact of temperature on the efficiency of
lignin removal was found to be more significant than ammo-
nia concentration. Due to the volatility nature of aq. NHj
solution, the pressure built up in the reactor will be affected
by both factors of aq. NH; concentration and temperature. The
specification limitation of our current pressurized reactor
(maximum pressure limit at 10 bar) restricts the experiments
to proceed at higher temperature and aq. NH; concentration.

3.3 FTIR characterization

3.3.1 Lignin

Figure 5 illustrates the FTIR spectra of lignin recovered from
the black liquor of NaOH, LTLt-NH;, and HTSt-NH; treat-

ments. The spectra present minor changes in the peak

Table 3

intensities, which indicate the “core” of the lignin structure
did not change dramatically under different treatments. All
lignin spectra show broad band between 3200 and
3300 cm ', which attributed to the hydroxyl groups in pheno-
lic and aliphatic structures [35]. The band 2920 cm™ ' arises
from the C-H stretching in aromatic methoxyl groups and
methylene groups of the side chains, while band 2850 cm
assigned to C-H stretching in the methyl groups [28, 35].
Furthermore, the band at 1715 cm ™' originated from the
non-conjugated carbonyl group stretching [36]. Absence or
weak signal of 1715 cm™' indicated partial degradation of
non-conjugated carbonyl groups. The absence of band
1715 em ™' in NaOH- and LTLt-NH;-lignin and weak signal
in the HTSt-NH;3-lignin indicated that majority of the ester
groups of lignin was cleaved during the extraction process.
A similar result was also observed in the NaOH-lignin extract-
ed from bamboo in the study by Li et al. [28]. The band
1650 cm ! in the spectra is attributed to conjugated carbonyl
groups in the lignin structures. The lowest intensity of the
band at 1650 cm ™' in LTLt-NH;-lignin and NaOH-lignin sug-
gested that most of the conjugated carbonyl groups in lignin
structures were cleaved during the extraction process. In ad-
dition, the bands at 1590, 1505, 1460, and 1420 cm ' in the
spectra were assigned to aromatic skeleton vibrations. Band
1505 cm ™" elicits the vibration involved C-C stretching and
changes at H-C-C bond angle [37]. Furthermore, the syringyl

Effect of treatment time on the total composition loss (TCL), total Klason lignin loss (TLL), total dissolved lignin (TDL), and total recovered

lignin (TRL) yield of oil palm empty fruit bunch fiber (OPEFBF) and black liquor, respectively, after HTSt-NH; treatment (p < 0.05; n=3)

Time (h) TCL (%) TLL (%) TDL [mg g ' OPEFBF(d.b)] TRL [mg g ' OPEFBF(d.b)]
18.7+0.1° 192+3.12 103.2+5.2° 75.4+5.9°

2 20.1+0.6° 223+0.2° 103.6 +7.4% 76.8+9.2°

3 212+£1.7° 27.8+£1.2° 116.0+£9.9* 59.4+2.9%

? Different superscript small letters a—b in the same column represent there are significant differences (p < 0.05) between the mean values at different time
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Fig. 5 Fourier transform infrared spectrum of the recovered lignin from black liquor of aqueous sodium hydroxide and aqueous ammonia treatment.
Note: FTIR spectrum of LTLt-Rep-NH;-lignin was exactly the same as the LTLt-NH3-lignin. Therefore, it is not shown in the figure

ring breathing with C-O stretching and guaicyl ring breathing
with C=0 stretching also can be seen clearly at the band 1330
and 1280 cm_l, respectively [37, 38]. Besides, the syringyl
ring also gives the signal at 1220 cm ™' [28]. The C=0
stretching in p-coumaric conjugated ester group was proved
with the presence of the weak signal at shoulder 1160 cm ™.
This is the typical signal usually observed in HGS lignin [38,
39]. The intensive band at 1100 and 1030 cm ™" indicates the
C-O stretching of the phenolic hydroxyl group and guaicyl
type C-H in-plane deformation, respectively. Moreover, the
aromatic C-H out of bending in the lignin structure was
showed at band 840 cm™ ' [37, 38].

By comparing the FTIR spectrum of three different types of
lignin, it was found that the intensity of bands was in the range
of 1590-1220 cm ', which indicate the aromatic structures of
lignin were the highest in HTSt-NH;-lignin. This finding sug-
gested that the lignin extracted via HTSt-NHj; treatment has
the highest purity and least contaminated by the carbohydrate
fragment, compared to NaOH- and LTLt-NH;-lignin. The in-
tensity of these bands in NaOH-lignin was the lowest. Such
finding was in agreement with the study by Gupta and Lee
[40]. Furthermore, the detection of band 890 and 1000 cm™ ' in
the spectrum of NaOH-lignin indicates that the lignin pro-
duced is contaminated with hemicellulose fragments. This
finding implied that the extracted NaOH-lignin was augment-
ed with the lignin-carbohydrate complex (LCC) [13, 39]. This
result is supported by Garcia et al. [41].

@ Springer

3.3.2 Oil palm empty fruit bunch fiber

The FTIR spectra of OPEFBF before and after lignin extrac-
tion were illustrated in Fig. 6. According to Fig. 6, the inten-
sities of bands 2900 and 890 cm ™' that are attributed to C-H
stretching and (3-glycosidic linkages, respectively, increased
after treatment. Signal intensities of bands 2900 and 890 cm ™'
in the untreated OPEFBF were lower than the treated
OPEFBF.

An increase in signal intensities of these bands indicates
that the methyl and methylene group of cellulose and (3-
glycosidic linkages between the sugar units in the OPEFBF
were more apparent after lignin removal [13, 42]. The pres-
ence of hemicellulose in OPEFBF after lignin extraction also
can be detected at band 1030 cm ™! [13], while the absence of
band 1720 cm ' (carbonyl C=O stretching) after extraction
indicates that the lignin side chains had been cleaved.
Moreover, the band 1720 cm ' also signifies the presence of
hemicellulose acetyl and uronic ester linkages in the lignin or
the existence of ferulic acid and p-coumaric acid [42]. Based
on Fig. 6, it is clearly shown that band 1720 cm ! was absent
in all OPEFBFs after alkali treatments.

In spite of that, HT'St-NH;-treated OPEFBF was also found
to contain a significant amount of hemicellulose compared to
the rest. This finding suggested that the aq. NH3 is more spe-
cific in lignin removal while preserving the carbohydrate por-
tion in the biomass, as proposed in the previous study [11, 31,
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34]. The highest signal intensity of band 2900 and 890 cm ™" in
HTSt-NH;-treated OPEFBF implied that aq. NH3 treatment
facilitated lignin removal while preserving the cellulose por-
tion in the OPEFBF structure. This finding is also supported
by our result shown in Fig. 1 that claimed the least carbohy-
drate contamination in the HTSt-NHj3-lignin. However, the
long-time LTLt-NH; treatment had been found to promote
higher hemicellulose loss than the short time HTSt-NHj treat-
ment (with lower signal intensity of band 1030 cm ). In ad-
dition, the bands 1648, 1422, 1320, 1160, and 1120 cm '
which indicate the conjugated carbonyl groups, aromatic skel-
eton vibration, C-O stretching of syringyl ring breathing, con-
jugated C=0 ester group, and aromatic C-H in-plane defor-
mation, respectively, also had been detected. These bands
elicit the lignin structure of OPEFBF [38, 39].

Results of the FTIR spectrum suggested that aq. NHj treat-
ment was a better option than NaOH treatment in lignin re-
moval. The cellulose and hemicellulose of OPEFBF have
been preserved during the aqueous ammonia delignification
process. The efficiency of these methods in lignin removal
was further verified through SEM. Surface morphological
changes of OPEFBF after different extraction methods were
shown in Fig. 7. From left to right, the surface morphology of
the untreated and treated OPEFBFs was observed at increas-
ing magnification power (X500 to x2500). Through the sur-
face morphological observation, OPEFBF underwent more
severe structural destruction after LTLt-NH; treatment

(Fig. 7c) than NaOH (Fig. 7b) and HTSt-NH; treatment
(Fig. 7d). More cellulose strands were exposed on the surface
of LTLt-NH;-treated OPEFBF. This observation explained
the reason why the band 890 cm™' which indicated the f-
glycosidic linkages was the lowest in the FTIR spectrum of
LTLt-NH;-treated OPEFBF. Besides, Fig. 7d also showed that
there were agglomerated particles deposited on the irregular
surface of HTSt-NH;-treated OPEFBF. When these agglom-
erates were observed closely at a higher magnification power
under SEM, the glossy particles were believed to be lignin.
Lignin re-deposition was suspected to happen during the
HTSt-NH; treatment. During the lignocellulose
delignification process, lignin is recycled between the solid
and liquid phase through a complex mechanism that involved
phase transition, reaction, and solubilization. At the high-
temperature treatment, lignin droplets formed as a result of
lignin transition from the glassy state to rubbery state, follow-
ed by coalescence, migration, and extrusion from the cell wall.
However, these lignin droplets are hardened and lead to depo-
sition on the biomass surface upon cooling. High-temperature
treatment was also proven to cause a higher extent of lignin
deconstruction, hence promotes re-polymerization and re-
deposition of lignin onto the biomass surface [43]. This mech-
anism had explained the reason why lignin removal through
HTSt-NH; treatment was less effective in our study.
Moreover, Fig. 7c demonstrated that there was no obvious
lignin droplet deposition on the surface of LTLt-NH;-treated
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Fig. 7 SEM micrograph of the OPEFBF (a) before and after (b) NaOH treatment, (¢) LTLt-NHj3 treatment, and (d) HTSt-NH; treatment. Note: SEM
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micrograph of LTLt-Rep-NH;-treated OPEFBF was exactly the same as the LTLt-NH;-treated OPEFBEF. Therefore, it is not shown in the figure

OPEFBF. The glass transition temperature of lignin is in the
range of 80—193 °C [43]. Therefore, the rate of lignin re-
deposition was believed to be low at low-temperature
(50 °C) treatment. However, extraction at low temperature
had resulted in low lignin yield in LTLt-NH; treatment.
Notwithstanding, the lignin yield of low-temperature aq.
NH; treatment was successfully improved through LTLt-
Rep-NHj; treatment. Although higher lignin yield has been
achieved through LTLt-Rep-NH; treatment, no obvious sur-
face morphology difference was observed between the LTLt-
NH;-treated and LTLt-Rep-NH3 OPEFBF. During LTLt-Rep-
NH; treatment, OPEFBF was delignified repeatedly. High lig-
nin yield was achieved by avoiding the removed lignin from
coming into contact with the OPEFBF surface again. Thus,
the rate of lignin re-deposition has remained low in the LTLt-
Rep-NHj; treatment. However, when comparing the surface
morphology of NaOH- and LTLt-NH;-treated OPEFBE, the
surface deconstruction of NaOH-treated OPEFBF was less
severe than LTLt-NH;-treated OPEFBF. Yet, results in Fig. 4
showed that the yield of recovered lignin from NaOH treat-
ment was higher than LTLt-NHj3 treatment. According to
Trajano et al. [43], carbohydrates influence the solubility of
lignin. Covalent bonds between lignin and hemicellulose may
improve lignin solubility during lignin deconstruction by
preventing lignin precipitation on the biomass surface. The
lignin is released into the solution in the form of LCC, and
the bonds within LCC are cleaved to produced lignin and
carbohydrate fragments once in the solution. The formation
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of LCC during lignin removal had also been proved in the
FTIR spectrum of NaOH-lignin, where peak 890 cm ™' which
represents [3-glycosidic linkage was found present in the re-
covered lignin fragment.

4 Conclusion

Overall, the findings of this study revealed that the efficiency
of lignin extraction from OPEFBF was influenced by the
types of alkali used (ag. NaOH vs. aq.NH3), substrate concen-
tration (at the range of 1:10-1:50 for aq. NaOH and 1:3.5—
1:14 for aq. NH; treatment), time (at the range of 60—180 min
for ag. NaOH and 1-120 h for aq.NH; treatment), and the
mode of experiment setting (LTLt-, HTSt-soaked and LtLt-
Rep NH; treatment). Through our study, LTLt-Rep-NHj treat-
ment was recognized as the best method for the extraction of
lignin from OPEFBF. Under its optimum condition (at 1:7
OPEFBF-to-ammonia, 50 °C and 96 h), about 64.0+0.4%
of Klason lignin had been removed from the OPEFBF and
330.3+21.9mg g ' OPEFBF (d.b) of lignin was successfully
recovered from the black liquor. Furthermore, the results of
FTIR analysis also illustrated that NaOH-lignin was highly
contaminated with carbohydrate fragments while the HTSt-
NH;3-lignin has the highest purity in comparison with the
LTLt-NH;- and LTLt-Rep-NHj3-lignin. In spite of that, both
LTLt-NH3- and LTLt-Rep-NH;-lignin had also been found to
possess similar chemical characteristic. Further investigation



Biomass Conv. Bioref. (2020) 10:125-138

137

through a scanning electron microscope proved that lignin
particle re-deposition on the surface of the fiber is the cause
that leads to low lignin yield in the HTSt-NHj treatment. Due
to the relatively high purity of HTSt-NH;-lignin, future study
is recommended to further investigate the strategies to im-
prove the efficiency of HTSt-NHj; treatment for lignin extrac-
tion from OPEFBF. A new pressurized reactor with a higher
pressure limit and equipped with an agitator should be
invested to extend the range of studied parameters such as
temperature, aq. NH; concentration, pressure, speed of agita-
tion, and substrate concentration. Response surface methodol-
ogy is proposed to simultaneously optimize the studied pa-
rameters to maximize the lignin yield via HTSt-NH;
treatment.
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