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A B S T R A C T   

Nanocrystalline cellulose (NCs) was successfully isolated from pepper biowaste using lactic acid hydrolysis and 
employed as filler in seaweed biocomposite. Optimization of hydrolysis parameters by employing response 
surface methodology (RSM) generates 75.50 % NCs with 76.68 % crystallinity at 6.31 M lactic acid, 3.02 h and 
85.86 ◦C. The ANOVA analysis indicates hydrolysis efficiency requires precise temperature control and lactic 
acid concentration to obtain high crystalline cellulose at high production yield. The NCs displayed rod-shaped 
morphology with 29.65 ± 3 nm diameter and 335.19 ± 10 nm length, with a negative zeta potential and 
higher thermal stability than the cellulose. NCs addition as filler in seaweed biofilm improved the tensile strength 
but reduced the elongation at break. The biofilm exhibits excellent properties in reducing water adsorption, 
solubility, and water permeability by increasing nanocellulose filler.   

1. Introduction 

Nanocrystalline cellulose (NCs) is an increasingly important green 
material for broad industrial applications due to its excellent chemical, 
optical and mechanical properties [1–5]. As a biodegradable material 
with lightweight and high mechanical properties, NCs were employed as 
fillers to improve the tensile strength and stiffness of biopolymer [6]. 
The nanosize will improve the dispersion and integration in the polymer 
matrix, while the crystallinity of cellulose is essential in improving 
thermal stability, mechanical strength, and gas permeability. Isolation 
of NCs from lignocellulosic biomass requires alkalization and bleaching 
processes to remove lignin and hemicellulose, followed by acid 

hydrolysis. Hydrolysis of cellulose into NCs relies on the dissolution of 
polymeric cellulose into sugar monomer. The hydrolysis time, temper
ature, acid concentration, and acid strength affect crystallinity and the 
yield of nanocellulose [7]. Hydrolysis using strong acid causes 
second-stage hydrolysis, particularly at high temperatures [8]. The 
microfibril cellulose dissolved into sugar in the second hydrolysis stage, 
decreasing the nanocellulose yield and crystallinity [9]. 

As an alternative to corrosive inorganic acid, organic acid was used 
to produce NCs with high thermal stability and yield [10]. Organic acid 
maintains the crystal structure of cellulose, producing nanocellulose 
with high thermal stability [11,12]. Hydrolysis of disposable paper glass 
using citric acid produced a 65 % yield of rod-like shaped NCs at 94.2 % 

* Corresponding author. Department of Chemistry, Faculty of Science and Data Analytics, Institut Teknologi Sepuluh Nopember, Surabaya, 60111, Indonesia. 
** Corresponding author. Research Center or Biomass and Bioproducts, National Research and Innovation Agency of Indonesia (BRIN), Cibinong, 16911, Indonesia. 

E-mail addresses: holi003@brin.go.id (H. Holilah), didikp@chem.its.ac.id (D. Prasetyoko).  

Contents lists available at ScienceDirect 

Journal of Materials Research and Technology 

journal homepage: www.elsevier.com/locate/jmrt 

https://doi.org/10.1016/j.jmrt.2023.11.084 
Received 13 July 2023; Received in revised form 31 October 2023; Accepted 9 November 2023   

mailto:holi003@brin.go.id
mailto:didikp@chem.its.ac.id
www.sciencedirect.com/science/journal/22387854
https://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2023.11.084
https://doi.org/10.1016/j.jmrt.2023.11.084
https://doi.org/10.1016/j.jmrt.2023.11.084
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2023.11.084&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Materials Research and Technology 27 (2023) 6344–6357

6345

crystallinity [12]. Oxalic acid and formic acid were also reported to 
produce NCs with high crystallinity and yield at 60–94 % [13–17]. 
Lactic acid is another potential organic acid for hydrolysis that can 
reduce the environmental effect of inorganic acids. Lactic acid is pro
duced from the fermentation of molasses using Lactobacillus sp., mainly 
used in the food industry [18]. Lactic acid ionization produces lactate 
and H+ ions, with pKa approximately similar to formic acid at 3.86. In 
acid hydrolysis, easy diffusion of H+ into the cellulose network and the 
ability of the counter anion to disrupt massive hydrogen bonds are 
essential to enhance the hydrolysis rate [19]. Therefore, optimization of 
the acid concentration, hydrolysis time and reaction temperature are 
necessary to improve acid diffusion through the robust crystal structure 
of a highly stable natural cellulose. 

Choosing the right experimental design is essential when several 
variables determine a group of responses. The Response Surface Meth
odology (RSM) has been employed to optimize the outcomes of various 
hydrolysis parameters [20–22]. Quadratic response surfaces such as the 
Box-Behnken design (BBD), a three-level factorial, identify the ideal 
conditions for NCs isolation from microcrystalline cellulose [23], 
tea-stalk cellulose [24], bamboo shoots and kenaf plants [22,25]. 
Indonesia produced 90,000 tons of pepper in 2019 (Direktorat Jenderal 
Perkebunan Indonesia), with approximately 80 % of the harvested fruits 
discarded as biowaste. The pepper stalk (PW) contained 77.9 % cellu
lose, suitable for conversion into nanocellulose [26]. The isolated NCs is 
used as filler in seaweed biofilm to improve the mechanical properties, 
morphology, water adsorption capacity, solubility, and water vapor 
permeability. NCs were employed as fillers to improve tensile strength 
and stiffness of biopolymer [27–30]. The hydroxyl groups in the NCs 
formed strong interfacial interactions through hydrogen or ionic bonds 
with the polymer matrix, reducing the freely available hydroxyl group 
[31]. This causes a decrease in film hydrophilicity, water permeability 
and solubility [28,32–35]. Therefore, optimization of lactic acid con
centration, hydrolysis temperature, and time is important to improve 
the effectiveness of NCs as fillers. This study uses the BBD to obtain a 
high yield and crystallinity nanocellulose from microcrystalline cellu
lose isolated from pepper biowaste. Statistical analysis using analysis of 
variance (ANOVA) provides insight into the main hydrolysis parameters 
affecting NCs formation. 

2. Materials and method 

The cellulose used in this study was obtained using the method re
ported in previous work [26]. Pepper stalk waste (PW) was obtained 
from the pepper industry, Kendari, Indonesia. The Lactic acid (CH3CH 
(OH)COOH) and sodium hydroxide (NaOH, ≥99 %) were obtained from 
Sigma Aldrich, Singapore. Hydrogen peroxide (H2O2, 30 % (w/w) in 
H2O and Glycerol, 85 % were bought from Merck, Germany. Seaweed 
from Eucheuma cottoni (moisture content <2 %) was supplied from the 
Food Processing and Chemical Analysis Laboratory, Department of Food 
Science and Technology, Halu Oleo University, Indonesia. 

2.1. Isolation of cellulose from PW 

Obtained from the stalk, a PW of 500 g was soaked in water at 80 ◦C 
for 4 h to initialize the isolation of cellulose from the stalk. The stalk was 
ground into powder after drying at 100 ◦C. The powder obtained was 
mixed at a weight-to-volume ratio of 1:20 with a 5 % NaOH solution. 
The combination underwent filtering and deionized water washings to 
achieve pH neutrality. A mixture of 3 % (v/v) H2O2 and 5 % NaOH 
solution was used to bleach the powder, with a waste-to-reagent ratio of 
1:40 (w/v). Vacuum filtration was used to separate the mixture after it 
had been agitated at 55 ◦C for 90 min. Deionized water was used to wash 
away the powder residue until the pH of the supernatant was neutral. 
The final process step was re-alkalization. The technique used for 
alkalization was similar to that applied for re-alkalization, with hydro
thermal replacing the traditional thermal procedure [26]. The 

hydrothermal process produced a solid residue, which was filtered, 
cleaned, and dried at 60 ◦C. The final product is known as cellulose from 
PW sample (PW–C). 

2.2. Preparation of nanocellulose using lactic acid hydrolysis 

Cellulose from pepper waste (PW–C) was subsequently hydrolyzed 
using lactic acid. The ratio of solid to liquid was 1:50, and the hydrolysis 
condition was summarized in Table 1. After hydrolysis, the nano
cellulose suspension was ultrasonicated using BioBase Ultrasonic Cell 
Disruptor UCD-1200 for 15 min. After this process, the nanocellulose 
suspension was rinsed using deionized water by centrifugation and then 
dialyzed against distilled water using cellulose tubing membranes 
(12–14 kDa molecular weight cut-off) for three days to achieve a pH of 
6.5–7. The sample obtained was denoted as PW-NCLA. 

2.3. Design of experiment 

RSM design of experiments has been demonstrated to be an effective 
tool for analyzing various experimental conditions. This statistical 
method applies a polynomial equation to experimental data, accurately 
describing a data set’s response. The RSM using BBD model was used to 
optimize and find the best-operating conditions for the hydrolysis of PW- 
C cellulose. Acid concentration, temperature, and hydrolysis time were 
varied to obtain optimum hydrolysis conditions, with the yield and 
crystallinity as the responses. The polynomial equation below was used 
to calculate the number of experiments required for BBD. Table 1 shows 
the range of parameters tested with various coding levels. 

Y = bo + b1A+b2A + …+b1A2 + b2B2….+b12AB+b13AC…..+ ε………
(1)  

where Y represents the response, bo is the offset term, b1, b2, and b12 are 
the factor coefficients, A, B, and C are the model’s independent vari
ables, ε is the statistical error and A2, and B2 are the interaction 
parameters. 

2.4. Functional group analysis 

The functional group of materials was observed using Fourier 
transform infrared spectroscopy (FTIR, Shimadzu Instrument Spectrum 
One 8400S). Powdered nanocellulose (1 mg) was mixed with KBr (99 
mg) and pressed into pellets. The FTIR spectra of the samples were 
monitored in the range of 400–4000 cm− 1. 

2.5. Crystallinity analysis 

The phase and crystallinity of nanocellulose were determined using 
X-ray diffraction (XRD, PHILIPS-binary Xpert). The samples were 
analyzed with Cu Kα radiation = 1.54056 Å as X-ray source, at 40 kV and 
30 mA. The crystallinity index (CI) of NCs was estimated using the 
equation below. 

CI(%)= [(I002 − Iam) / I002] × 100……… (2)  

where I002 was intensity of the [002] lattice diffraction line at around 2θ 

Table 1 
The range of the parameters of the design matrix.  

Parameter Unit Low-level Xi 
= − 1 

Midrange level 
Xi = 0 

High level 
Xi = 1 

X1 LA concentration 
(A) 

M 5 6 7 

X2 Hydrolysis time 
(B) 

h 2 4 6 

X3 Temperature 
(C) 

◦C 60 80 100  
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= 22–23◦, and Iam was intensity of the amorphous region’s at around 2θ 
= 18–19◦. 

2.6. Morphological and particle size analysis 

The structure, shape, and size of nanocellulose from PW-C cellulose 
were examined using Transmission Electron Microscopy (TEM, Hitachi 
HT-7700). Nanocellulose was dispersed in distilled water at 1 wt%/vol. 
and sprayed on the copper grid’s surface. The samples were examined 
after water had evaporated at about 25 ◦C. The width of the length of 
nanocellulose was calculated using Image-J software. Apart from that, 
the morphology of waste and cellulose of PW were examined using 
scanning electron microscopy (SEM, Hitachi Flex SEM 100). 

2.7. Particle size and zeta potential analysis 

The particle size and zeta potential of nanocellulose were analyzed 
using Malvern Particle Size Analyzer. The nanocellulose sample was 
placed in the cuvette after being suspended in distilled water. The ma
terials were examined using dynamic light scattering and a particle size 
analyzer. The measurements were taken three times at room tempera
ture, in the 0.1–10.000 nm region. The data was processed using Delsa 
Nano Software. 

2.8. Thermal analysis 

The Hitachi High-Tech Sciences STA7200 Simultaneous Thermal 
was used to assess the thermal decomposition behavior of NCs. The 
samples were placed in an alumina crucible, and the thermal decom
position was carried out from 28 ◦C to 600 ◦C at a rate of 10 ◦C/min 
under an N2 environment. 

2.9. Preparation of bio-composite 

The bio-composite was prepared using a seaweed matrix. The 
nanocellulose was used as filler at 1, 3, 5 and 7 % loading to the matrix. 
PW-NCLA was dispersed in distilled water, stirred for 1 h, and then 
sonicated for 30 min (Qsonica Sonicator Q500, USA). On the other hand, 
2 g of seaweed was mixed with 50 mL of distilled water. Nanocellulose 
was added slowly to the seaweed solution. Then, 3 % glycerol was added 
and stirred at 80 ◦C for 20 min 50 mL of film suspension was poured onto 
a casting plate and dried at room temperature for 48 h. After drying, the 
bio-composite film layer was removed from the mold. A control bio- 
composite film was also produced using glycerol and seaweed but 
without nanocellulose filler. The seaweed films with 1, 3, 5 and 7 % PW- 
NCLA were denoted as Se–1NC, Se–3NC, Se–5NC and Se–7NC, respec
tively. The film without nanocellulose filler was marked as Se. Fig. 1 

summarizes the schematic diagram of pepper waste transformation to 
nanocrystalline cellulose/seaweed bio-composite. 

2.9.1. Characterization of seaweed filled nanocellulose bio-composite 
The mechanical properties of the bio-composite film were evaluated 

using universal testing machine (Strograph VG 10-E) at room tempera
ture with 10 kN load according to ASTM D-882-91. The morphological 
analysis of the surface and cross-section of the film was characterized by 
a Hitachi Flex SEM 100. The water adsorption, solubility, and water 
permeability of seaweed-NC film were also measured. The water 
adsorption was analyzed through reduction of the initial film weight and 
after drying [36]. The solubility of film was determined according to the 
method reported by Ref. [37]. The solubility percentage of the film is the 
percentage of the film dissolved in water after 24 h of immersion. Water 
vapor permeability was tested using the ASTM gravimetric method 
(1995). The film was stretched over a circular permeation cell tube with 
a diameter of 4 cm. Inside the permeation cell put silica gel (0 % RH). 
After being covered with a film, the permeation cell was placed in a 

Fig. 1. The schematic diagram of pepper waste conversion to nanocrystalline cellulose/seeweed bio-composite.  

Fig. 2. XRD pattern of the samples isolated with different combinations of acid 
concentration, hydrolysis time, and temperature. 
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desiccator filled with saturated NaCl solution (70 % RH) at 30 ◦C. The 
water vapor transmission rate (WVTR) can be determined from the 
weight of the permeation cell. The film thickness was also measured 
using a micrometer. 

3. Results and discussion 

3.1. Optimization of nanocellulose isolation 

Hydrolysis was optimized using three independent variables, i.e., 
lactic acid concentration, temperature, and hydrolysis time. Each factor 
consists of 3 levels of variation at 5, 6, and 7 M of lactic acid concen
tration, at 60, 80, and 100 ◦C temperature, and at 1, 3, and 5 hydrolysis 
hours. The optimization parameter employed the Box Behnken Design 
model with 15 experimental sets and the response to yield and crystal
linity. The XRD analysis of the nanocrystalline cellulose from different 
hydrolysis parameters was used to determine the crystallinity index of 
nanocrystalline cellulose (Fig. 2). The yield and the crystallinity index, 
CI are summarized in Table 2. 

Contour plots and three-dimensional response surfaces depict the 
combined effect of the two factors on the response while the other factor 
remains constant. Fig. 3a demonstrates the interaction between the re
action temperature and the lactic acid concentration on NCs yield at 3 h. 
Increasing the temperature from 60 ◦C to 80 ◦C enhanced the NCs yield. 
High temperature improves the mass transfer of lactic acid into the 
intraparticle cellulose pores, leading to efficient hydrolysis. However, 
hydrolysis at high lactic acid concentration harms the nanocellulose 
yield. An elliptical contour plot showed a significant interaction be
tween temperature and acid concentration (Fig. 4a). A similar obser
vation was found in the effects of the crystallinity. The crystallinity is 
enhanced at elevated temperatures due to the removal of amorphous 
cellulosic fragments and the rearrangement of microfibril to form a high- 
order crystalline structure. A high concentration of H+ in the solution 
disintegrated the microfibril structure into the nanocrystal cellulose by 
removing the amorphous fragment. However, an optimum acid con
centration must be employed to prevent the disintegration of crystalline 
fragments [38]. 

Figs. 3(b) and 4(b) show the effect of temperature and time while 
using 6 M lactic acid. The percentage yield and crystallinity increased 
when the reaction temperature and hydrolysis time were enhanced due 
to the increased diffusion of lactic acid into the amorphous cellulose 
fragments. However, further increasing the temperature and hydrolysis 
time was detrimental to the crystallinity as more surface area of cellu
lose was exposed for further reaction with acid, producing small parti
cles with a low crystallinity index [23]. 

The effect of lactic acid concentration and time but at a constant 
reaction temperature of 80 ◦C is shown in Figs. 3(c) and 4(c). The results 

showed that increasing the concentration from 5 M to 7 M showed a 
volcano trend in the yield. High acid concentration causes the increase 
of cellulose swelling, which leads to the expansion of the surface area 
available for hydrolysis and dissolution into sugar monomers. The 
elliptical contour plot illustrates the significant interaction between acid 
concentration and hydrolysis time on the yield and crystallinity of cel
lulose [39]. 

3.1.1. Statistical analysis 
The effect of hydrolysis parameters was determined using the Box 

Behnken Design. The responses of the 15 samples were based on a three- 
factorial design, as presented in Table 2. The results showed that the 
yield ranges from 52.65 % to 76.89 %, and the maximum yield was 
obtained at 6 M of acid concentration while hydrolyzed for 4 h at 80 ◦C. 
The NC crystallinity ranged from 54.19 % to 77.83 %, with the 
maximum crystallinity obtained when hydrolysis was conducted using 
6 M lactic acid for 4 h and at 80 ◦C. Fig. 5 depicts a linear plot of the 
actual data versus the predicted data on the percentage yield and the 
crystallinity of NC. The predicted and experimental values were rela
tively close, and the high R2 values were obtained at 0.9978 and 0.9956. 

The results were further analyzed based on the ANOVA value to 
indicate the precision of the data. The fitness and significance of the 
model fitting are described using the F-value. The statistical significance 
is considered if the F-value is greater than the critical F-value at a level of 
5 %. The F values on yield and crystallinity were determined at 249.52 
and 124.75, respectively, indicating the high significance of the model. 
The higher F value indicates the accuracy of the model [23]. This sta
tistical analysis determines the accuracy of the applied three-level 
factorial design model. In addition to the F value, the P value of the 
ANOVA evaluates the degree of significance of each variable examined 
in the hydrolysis of nanocellulose. The P value is significant if it is less 
than 0.05 [40]. The model has a significant P value of <0.0001 for yield 
and crystallinity responses (Table 3). As a result, the research above 
confirms that the response surface model is appropriate for optimizing 
the NCs extraction conditions in the current study. In addition, the P 
values for all the variables are less than 0.05, indicating a significant 
effect of the variables on the yield and crystallinity of PW-NCLA. The 
interaction of acid concentration and hydrolysis temperature signifi
cantly affected the yield and crystallinity of NCs PW. However, the 
single variable hydrolysis time showed no significant effect on the yield 
of nanocrystalline cellulose. The effect of hydrolysis time was only sig
nificant following the interaction with other variables such as acid 
concentration and hydrolysis temperature. 

In addition to the F and P values, the R2 value was also evaluated to 
determine the accuracy of the model. R2 represents the strength of the 
interaction between independent variables that affect the value of the 
dependent variable and ranges from 0 to 1. The model accuracy issued 

Table 2 
NCs yields and crystallinity under different parameters in the experimental design.  

X1 (LA concentration(M)) X2 (Hydrolysis time (h)) X3 (Temperature (◦C)) Yield Crystallinity Index (CI) 

Observed Predicted Observed Predicted 

5 4 60 59.08 58.86 66.32 66.24 
5 2 80 63.13 63.32 59.90 59.56 
5 6 80 69.83 69.98 73.75 72.01 
5 2 100 68.01 67.86 70.21 70.46 
7 6 80 61.25 61.05 54.19 54.52 
6 6 100 63.34 63.32 56.08 56.59 
6 4 80 75.80 75.97 77.68 77.75 
6 4 80 75.24 75.97 77.83 77.75 
6 2 100 57.57 57.64 63.92 63.16 
6 4 80 76.89 75.97 77.76 77.75 
7 4 100 61.71 61.92 63.97 63.12 
7 2 80 68.03 67.87 70.50 71.27 
7 4 60 60.27 60.41 72.26 72.00 
6 2 60 52.65 52.31 63.68 63.17 
6 2 60 58.14 58.15 69.57 70.41  
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by the regression R2 is closer to one [41]. The R2 value is one of the 
factors used to validate the model’s response. The R2 value must be more 
than 0.8 for the fit model, as a lower R2 value indicates the model is 
unsuitable for explaining the relationship between variables [42]. 
However, a high R2 value is not always a sign of a suitable model. 
Therefore, it is essential to determine the value of adj R2 for the model, 
which provides a more precise evaluation of the adequacy of the model 
[42]. In adj-R2, the value considered the number of data samples and the 
number of variables used in the experimental design. The results from 
ANOVA and regression showed that R2 values were 0.9970 and 0.9930 
for yield and crystallinity, respectively. In contrast, the value of adj R2 

obtained was 0.9950 and 0.9870 for yield and crystallinity, respectively. 
High values of R2 and adj R2 (respectively >0.9) indicate that the 
regression model shows a relationship between the response and the 
independent variable in the experimental range of variables. Moreover, 
the term ‘lack of fit’ denotes a model’s failure. For the best model, 

besides the p-value of the model should be significant (p < 0.05), the 
p-value of lack of fit should be non-significant (p > 0.05). The p-value of 
lack of fit was non-significant for yield response namely 0.936. 

3.1.2. Validation of the model 
The optimization curve for the yield response and crystallinity of 

PW-NCLA are shown in Fig. 6(a) and (b). The optimization of the three 
independent variables on the response was evaluated through the 
composite desirability value. The yield response and crystallinity com
posite desirability values are 1 and 0.9999, respectively. A value equal 
to 1 indicates a very satisfactory solution, whereas a value of 0 denotes 
that the response fell outside of the acceptable range [25]. Based on the 
curve, the optimum condition to obtain a high NCs yield is at 6.31 M of 
lactic acid concentration, 3.02 h of hydrolysis time, and at 85.8 ◦C. 
Meanwhile, an optimum crystallinity of NCs is obtained at 5.20 M of 
lactic acid concentration, 3.67 h of hydrolysis time, and 82.62 ◦C. The 

Fig. 3. Response surface plot for interaction between hydrolysis time, temperature, and concentration of acid on yield of nanocellulose.  
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Fig. 4. Response surface plot for interaction between temperature, and concentration of acid on the crystallinity of nanocellulose.  

Fig. 5. Linear plot of actual versus predicted response of (a) yield and (b) crystallinity.  
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optimal conditions for the acid hydrolysis were used to verify the opti
mization results in Table 4. At optimum hydrolysis conditions, the NCs 
yield was obtained at 73.45 %, and the crystallinity index was deter
mined at 76.69 %, respectively (Table 4). 

3.2. Characterization of nanocellulose 

3.2.1. FTIR analysis 
FTIR spectra of PW, cellulose and PW-NCLA produced at the opti

mum condition are shown in Fig. 7. The main absorption bands at 897, 

1060, 1430, 1640 and 2905, and 3400 cm− 1 were observed on ligno
cellulosic pepper, cellulose, and nanocellulose isolated from the waste. 
The presence of lignin in lignocellulosic pepper waste (PW) was 
observed at 1503 cm− 1, assigned to the aromatic C––C stretching from 
the lignin aromatic ring [43]. The carbonyl groups of uronic acids 
associated with hemicellulose were observed at ~1740 cm− 1 on pepper 
waste. The waste also showed the band at 2860 cm− 1 ascribed to the 
stretching vibration of the CH2 group of hemicellulose [26]. The C––O 
and CH2 bands of hemicellulose disappeared in PW-C and PW-NCLA; 
meanwhile, there was no significant difference in the FTIR spectra of 

Table 3 
ANOVA for response quadratic model.  

Source df Sum of square Mean square F value P-value 

Yield (%) Crystallinity (%) Yield (%) Crystallinity (%) Yield (%) Crystallinity (%) Yield (%) Crystallinity (%) 

Model 9 752.75 788.41 87.61 87.60 249.52 124.75 <0.0001 <0.0001 
A 1 9.65 16.56 9.65 16.56 28.81 23.58 0.0030 0.0050 
B 1 0.013 9.37 0.01 9.37 0.04 13.35 0.8530 0.0150 
C 1 55.17 38.94 55.17 38.94 164.61 55.45 <0.0001 0.0010 
AB 1 45.42 212.57 45.42 212.57 135.52 302.73 <0.0001 <0.0001 
AC 1 14.02 19.94 14.02 19.94 41.48 28.39 <0.0001 0.0030 
BC 1 33.17 27.45 33.17 27.45 98.98 39.10 <0.0001 0.0020 
A2 1 10.92 20.967 33.32 44.19 99.44 62.93 <0.0001 0.0010 
B2 1 161.23 339.09 202.85 366.44 605.17 521.83 <0.0001 <0.0001 
C2 1 423.09 103.51 423.09 103.50 1262.22 147.40 0.0010 <0.0001 
Residual error 5 1.67 3.51 0.34 0.702     
Lack of fit 3 0.27 3.50 0.89 1.17 0.13 207.09 0.936 0.005 
Pure error 2 1.41 0.011 0.70 0.006     
R2  0.9978 0.9956       
Adj R2  0.9938 0.9876        

Fig. 6. The curve of optimization results in the yield response (a) and crys
tallinity (b) of PW-NCLA. 

Table 4 
Validation of optimization result.  

Optimization Validation result 

Yield (%) Crystallinity (%) 

Based on yielda 75.50 76.69 
Based on crystallinityb 72.96 75.45  

a Concentration of acid: 6.31 M, hydrolysis time: 3.02 h, and temperature: 
85.86 ◦C. 

b Concentration of acid: 5.28 M, hydrolysis time: 3.66 h, and temperature: 
82.62 ◦C. 

Fig. 7. FTIR spectra of cellulose isolated from PW and PW-NCLA.  
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nanocellulose hydrolyzed using lactic acid with the cellulose. 
A band at 1741 cm− 1 was observed on the spectrum of PW-NCLA, 

which was assigned to the C––O stretching vibration of adsorbed ace
tate ion, presumably in the form of cellulose lactate. Lactic acid reacted 
with the nanocellulose during acid hydrolysis to produce ester groups 
[16]. Meanwhile, the carboxylic group on the nanocellulose’s surface 
was also released [12]. The absorption band at 897 cm− 1 indicates the 
β-glycosidic linkage of the cellulose monomer [44]. The methoxy group 
of β-1,4-glycosidic linkages was observed at 1060 cm− 1. The band at 
1430 cm− 1 indicates the vibrations of cellulose bonds related to crys
talline stability. The band at 1640 cm− 1 was ascribed to O–H bonds 
bending vibration, while the band at 3400 cm− 1 is assigned to the O–H 
stretching vibrations arising from intra and intermolecular hydrogen 
bonding. Moreover, the band at 2905 cm− 1 related to the characteristic 
C–H stretching vibration. 

3.2.2. XRD analysis 
The XRD analysis of lignocellulosic pepper waste (PW), the isolated 

cellulose (PW–C), and the hydrolyzed nanocellulose (PW-NCLA) are 
shown in Fig. 8. PW showed a broad XRD peak centered at 22◦, indi
cating the amorphous structure of lignocellulosic waste [45,46]. Cellu
lose isolated from PW following alkalization and bleaching treatments 
slightly increased the crystallinity peak due to removing lignin and 
hemicellulose. NCs obtained after hydrolysis at optimum conditions 
demonstrate a higher crystalline peak due to amorphous cellulose 
removal and high-ordered crystalline structure formation. The XRD data 
for all samples indicated the main peak at 22.6◦ ascribed to the cellulose 
type I, and the amorphous characteristic characterized by a low 
diffraction intensity at 2θ around 16◦ [47]. The crystallinity determined 
according to the [47] method indicates 43.32 % crystallinity for ligno
cellulosic pepper waste, which enhanced to 56.41 % on PW-C and 72.02 
% on PW-NCLA. 

The crystallinity index of nanocrystalline cellulose after hydrolysis 
using lactic acid is approximately similar to our previously reported NCs 
from oxalic acid and citric acid, at 77.8 % and 76.4 % [7]. Dominic et al. 
[14] reported using oxalic acid for hydrolysis of rice husk cellulose into 
NCs and produced nanocrystalline cellulose with crystallinity almost the 
same PW-NCLA, at 74 %. Nanocrystalline cellulose from corncob waste 
which was hydrolyzed using organic acids, had a lower crystallinity than 
PW-NCLA, approximately 63.8 %. The PW-NCLA sample retains the 
typical crystal pattern of type I cellulose after hydrolysis and 
ultrasonication. 

3.2.3. Morphological and particle size analysis 
The morphology analysis of pepper waste, cellulose, and nano

crystalline cellulose hydrolyzed using lactic acid at optimized conditions 
was characterized using SEM and TEM (Fig. 9). SEM analysis of the PW 
showed a stem-like structure (Fig. 9a). The cellulose isolated from 
pepper waste appeared smaller in dimension with a more corrugated 
texture (Fig. 9b). Hydrolysis transformed the cellulose into a uniform 
nanostructure with a thin rod-shaped morphology (Fig. 9c and d). The 
diameter of nanocrystalline celluloses was determined at 29.65 ± 3 nm, 
significantly smaller than the cellulose (Fig. 9e). The length of NCs was 
measured at 335.19 ± 10 nm. Some nanocellulose from agricultural 
wastes such as tea stalks, bagasse, corn cobs, and rice husks also have a 
stem-like structure with diameters of <50 nm [39,48,49]. 

3.2.4. Particle size and zeta potential analysis 
The particle size distribution of dispersed NCs in water was deter

mined using the DLS technique. Fig. 10 shows that the PW-NCLA sam
ples have a narrow distribution, with particle sizes determined in the 
100–120 nm range to give an average size of 109 ± 0.6 nm. The zeta 
potential value is another important indicator for the stability of nano
cellulose suspension, which relates to its surface charge. Pepper waste 
nanocellulose isolated from lactic acid (PW-NCLA) has − 26.5 ± 1.6 mV, 

Fig. 8. XRD pattern of cellulose isolated from PW and PW-NCLA.  

Fig. 9. SEM of industrial pepper waste (PW), cellulose of PW (b), TEM of PW- 
NCLA with magnification 10 k (c) and 20 k (d), diameter (e), and length (f) 
distribution of PW-NCLA. 
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which indicates good colloidal stability of the nanocelluloses. Natural 
cellulose fibers contain carboxyl and hydroxyl groups responsible for the 
negatively charged surfaces [50]. The large surface area in NCs exposes 
these anionic groups, thus enhancing the negative surface charge. 

The residual anionic salt from acid that interacted with the hydroxyl 
group in cellulose may also affect the zeta potential [16]. NCs obtained 
from inorganic acid hydrolysis, such as H2SO4, showed sulfate anion on 
the surface, responsible for a high zeta potential value of ~ − 37.9 ± 2.4 
mV [7]. NCs hydrolyzed with organic acids such as oxalic and citric acid 
have zeta potential values of − 28.0 mV to − 28.3 mV, respectively [7], 
comparable to the NCs obtained using lactic acid in this study. The 
esterification during hydrolysis between the hydroxyl group and the 
lactate ion prevents the aggregation of NCs through electrostatic 
repulsion. Upon submersion in water, the well-dispersed NCs expose the 
carboxyl and hydroxyl groups for highly negative zeta potential. The 
formation of NCs with small particle size and high zeta potential in
dicates the stability of NCs in aqueous suspension, which is perfect as a 
reinforcement agent for bio-composite polymer [12]. Agglomeration in 
a nanocellulose suspension occurs when the zeta potential reaches a 
minimum value of − 15 mV [51]. A higher negative zeta potential pre
vents particle aggregation from the attraction between particles by 
enhancing electrostatic repulsion [52,53]. 

3.2.5. Thermal analysis 
Thermal analysis indicates the stability of NCs to endure heat and 

maintain its mechanical characteristics under extreme conditions. Sta
bility at high temperatures is essential for biomaterial applications [54]. 
Fig. 11 shows the TG-DTG analysis of pepper waste, cellulose, and 
nanocellulose, PW-NCLA. PW undergoes three stages of degradation. 
The first degradation at ~100 ◦C involved water evacuation from the 
surface [16]. The second degradation stage at 241 ◦C indicates the 
degradation of hemicellulose, which has lower thermal stability than 
cellulose. Finally, the weight loss at 290–300 ◦C was due to the 
decomposition of cellulose. 

In contrast to the PW waste powder, cellulose and NCs undergo two 
stages of decomposition with the absence of degradation at ~240 

◦

C. 
The weight loss at ~100 ◦C indicated water desorption on the sample 
surface, followed by cellulose decomposition at 320–350 ◦C and [34]. 
The absence of a peak at 240 

◦

C suggests the absence of hemicellulose in 

Fig. 10. Overall particle size (a) and zeta potential distributions of PW-NCLA.  

Fig. 11. TGA-DTG curve of waste (PW), cellulose of PW (PW–C), and PW-NCLA.  

Table 5 
Thermal properties of PW, PW-C, and PW-NCLA.  

Sample To Tp Wresidue (%) 

PW 235.8 313.7 27.1 
PW-C 269.1 328.7 22.4 
PW-NCLA 277.1 350.6 10.8  
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cellulose and nanocrystalline cellulose. The temperature for thermal 
degradation and the weight loss data in Table 5 revealed that NC-LA 
thermal stability was higher than PW and PW-C. The maximum tem
perature of NC-LA was observed at 350.60 ◦C, significantly shifting to a 
higher temperature due to the high crystallinity of cellulose. The results 
indicate that hydrolysis using lactic acid successfully removed amor
phous cellulose and residual lignin in the cellulose. The residual content 
of NC-LA following thermal degradation at 600 ◦C was measured at 
10.80 %. The presence of a small amount of carbon residue indicates a 
high purity of cellulose [55,56]. The degradation temperature at 
350.6 ◦C for NC-LA was comparable with nanocellulose obtained from 
the hydrolysis of pepper waste using oxalic, citric, and lactic acids but 
higher than inorganic acids [7]. This is due to the particle size of NCs 

hydrolyzed using organic acids were larger than inorganic acids, which 
causes higher thermal stability. Large crystalline cellulose with tightly 
packed structure has low surface area that is stable towards thermal 
decomposition [57]. The high crystallinity also inhibits partial disrup
tion of cellulose crystal structure that can reduce the thermal stability of 
nanocellulose [16]. 

3.3. Bio-composite properties 

3.3.1. Mechanical test 
Mechanical tests evaluate the tensile strength and elongation at 

break of the bio-composite film with 1, 3, 5 and 7 % of PW-NCLA 
(Table 6). Tensile strength measures the maximum strength when the 
film is stressed. The tensile strength of biofilm increased from 37.3 ±
0.3 MPa to 48.7 ± 0.1 MPa at 1 wt% PW-NCLA and 56.3 ± 0.3 MPa at 5 
% PW-NCLA. The tensile strength was decreased to 45.4 ± 0.6 when 7 % 
of NCs was added to the biofilm. High surface area of NCs formed strong 
interfacial interactions via hydrogen or ionic bonds with the polymer 
matrix. However, the NCs were aggregated at high loading, reducing 
dispersion in the polymer matrix. Poor dispersion caused non-uniform 
stress distribution in the film, thereby reducing the strength of the 
composite film [58]. The results of the tensile test showed that there was 
an optimum concentration of filler to induce a maximum increase in the 

Table 6 
Mechanical properties of bio-composite with seaweed matrix.  

Sample Tensile Strength (MPa) Elongation at break (%) 

Se 37.3 ± 0.3 27.0 ± 0.5 
Se–1NC 48.7 ± 0.1 20.7 ± 0.2 
Se–3NC 52.8 ± 0.3 18.8 ± 0.6 
Se–5NC 56.3 ± 0.3 16.8 ± 0.5 
Se–7NC 45.4 ± 0.6 15.9 ± 0.3  

Fig. 12. SEM image of surface of seaweed bio-composite filled with 0, 1, 3, 5 and 7 % of NC-PW.  
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strength of the composite film. 
Elongation at break relates to the extensibility and flexibility of 

biofilm, which is expressed as a percentage of elongation or strain of the 
initial film length. Increasing the amount of NCs in biofilm reduced the 
elongation at break (Table 6). The pure seaweed biofilm showed the 
highest percentage of elongation at break, namely 27.0 ± 0.5 % and 
24.1 ± 0.3 %, respectively. Elongation at break gradually decreased 

with increasing nanocellulose content. It is possible that the rigid 
network formed by the nanocellulose and the matrix limits the move
ment of the molecular matrix chains and reduces the elongation at break 
[59]. In addition, increasing the amount of nanofiller will limit the 
mobility of the matrix chains available for elongation and cause a 
decrease in the deformability of the interface between the filler and the 
matrix [60]. [61] reported similar results when alginate was modified 

Fig. 13. SEM image of cross section of seaweed bio-composite filled with 0, 1, 3, 5 and 7 % of PW-NCLA.  
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with 6 % cellulose nanowhisker filler, in which the elongation at break 
reduced from 21.2 % to 14.9 %. 

3.3.2. Morphological analysis 
The surface morphology and cross-section of the seaweed biofilm 

with PW-NCLA filler were determined using SEM (Fig. 12). The pure 
seaweed film shows a smooth and homogeneous surface. The addition of 
nanocellulose up to 5 % shows that the NC particles were well distrib
uted and embedded in the bio-composite matrix. However, the surface 
became less homogeneous when the PW-NCLA concentration increased 
to 7 %, indicating the aggregation of nanocellulose in the seaweed 
matrix [62]. Nevertheless, at low NCs loading, the nanocellulose is well 
dispersed in the seaweed matrix to form a strong interaction (red circle 
in Fig. 12). The cross-section of the biofilm was analyzed to determine 
the miscibility of the NCs in the biofilm (Fig. 13). The nanocellulose is 
homogenously distributed in the matrix, as indicated by the red circles 
in the SEM images. However, the cross-section of the seaweed biofilm 
appears much smoother than the seaweed/NC biofilm. The homoge
neous dispersion of nanocellulose implies the compatibility between the 
PW-NCLA and the matrix via hydrogen bond formation. Similar results 
have been reported on nanocellulose and starch bio-composite that 
formed highly cohesively film as characterized by the analysis of 
cross-sectioned film [63]. Controlling the amount of nanocellulose is 
essential to achieve high dispersion in the bio-composite and prevent 
agglomeration [64]. 

3.3.3. Water adsorption ability, solubility, and water vapor permeability 
Water adsorption, solubility and water vapor permeability of the 

biofilm are presented in Table 7. The water content of the Se/NC biofilm 
at 1–7% nanofiller concentration was 12.9 ± 0.05 % to 14.6 ± 0.03 %, 
slightly lower than the seaweed biofilm at 15.3 ± 0.5 %. The bio- 
composite also showed a significant decrease in moisture content 
when the PW-NCLA concentration increased from 1 % to 7 % (w/w). The 
hydrophilicity of bio-composite film is reduced by adding nanocellulose 
due to strong hydrogen bonds between the nanofiller/matrix, thereby 
limiting water interaction. The solubility of film in water determines the 
potential application in food packaging to ensure food safety. The 
application of seaweed in food packaging is still limited because of its 
rapid water absorption. Therefore, adding nanocellulose filler to the 
seaweed matrix is expected to overcome this limitation. Based on 
observation, the seaweed bio-composite disintegrated when submerged 
in water. Nevertheless, the addition of PW-NCLA reduced the solubility 
of the film from 37.6 ± 0.03 % to 29.2 ± 0.03 at 7 % of nanocellulose. 

Nanocellulose interacts with the seaweed matrix via hydrogen bond 
formation, consequently increasing water resistance and stability of the 
seaweed/NC films. The interfacial interaction increased the cohesive 
properties and reduced water sensitivity since water molecules cannot 
dissociate the strong hydrogen bonds in bio-composite [65]. Ilyas et al. 
[63] and Lu et al. [66] reported that the resulting matrix structure be
tween filler/filler and matrix/filler interactions is a relevant aspect for 

identifying the strengthening effect of nanofiller. The hydroxyl groups in 
the NCs formed strong interfacial interactions through hydrogen bonds 
with the polymer matrix, reducing the freely available hydroxyl group 
[31]. The hydrogen bond reduced hydrophilicity, water permeability 
and solubility of bio-composites [32–35]. It can be concluded that the 
addition of NC nanofiller can increase the water resistance properties of 
the film, which is an important characteristic in food packaging and can 
increase the shelf life of food products. 

Water vapor permeability measures the water vapor transmission 
rate through the material. Biofilm with low water vapor permeability 
prevents moisture transfer from the environment. Therefore, mini
mizing water permeability is essential for application in food packaging. 
Nanocellulose improves the water vapor barrier in biofilm by providing 
rigid crystalline regions to restrict gas diffusion. The water vapor 
permeability decreases from 1.49 ± 0.06 × 10− 9 g/m2 Pa s for the 
seaweed film to 1.07 × 10− 9 g/m2 Pa.s at 7 % NCs loading (Table 7). The 
degree of crystallinity is essential in the permeability behavior of the 
nanocomposite [67]. Water vapor has higher diffusibility through the 
amorphous area than the crystalline region of the polymer matrix. NCs 
increased the tortuosity in biofilm, reducing the permeability for water 
vapor diffusion [64]. The NCs were also suggested to improve the 
impermeable barrier against moisture by increasing the diffusion path of 
water vapor through the film [68]. 

4. Conclusion 

The parameters of lactic acid hydrolysis were optimized using the 
second-order polynomial model to produce highly crystalline nano
cellulose from pepper biowaste. The response of yield and crystallinity 
were linearly correlated by acid concentration, temperature, and hy
drolysis time. Optimized hydrolysis parameters at 85.86 ◦C and 3.02 h, 
while using 6.31 M of lactic acid, produced 75.50 % of NCs with 76.69 % 
of crystallinity index. The NCs have short rod-like structures with a 
diameter and length of 29.65 ± 3.1 nm and 335.19 ± 10.2 nm, 
respectively. The NC-LA exhibited high thermal stability at 350.6 ◦C and 
a zeta potential of − 26.5 ± 1.6 mV. When applied as filler in seaweed, 
the nanocellulose is well dispersed in the matrix, producing bio- 
composite film with smooth morphology. The addition of 5 % nano
cellulose filler to the seaweed bio-composite film increased the tensile 
strength to 56.3 ± 0.3 MPa. The water adsorption rate, solubility and 
water permeability of the NC/seaweed bio-composite decreased as the 
amount of NCs increased. 
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