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Abstract
This work deals with emphasizing the relation between particle dimension distribution of nanocellulose (PDD) particles with 
its efficiency as stabilizing/adsorbent agent of Indigo dye. In this respect, different pulping reagents were used in preparation 
of Rice straw pulps as precursors for nanocelluloses using acid hydrolysis and oxidizing agents [(KMnO4 and  NH4)2S2O8] 
methods. The PDD was estimated by indirect method through processing the TEM images using the software ImageJ. The 
resulting nanocelluloses were also characterized by X-ray diffraction (XRD) and Fourier-transform infrared spectra (FTIR) 
together with sulfate ester and carboxyl contents. The data showed the effective role of pulping reagent on PDD. The cellu-
lose nanocrystals (CNCs) from NaOH-AQ pulp, with the longest crystal length (204.4 ± 107.8 nm) and the lowest diameter 
(6.7 ± 2.3 nm), exhibited most stabilized suspension of dye; however, the highest adsorption capacity was accompanied the 
oxidized nanocellulose (Ox-NC) from neutral RS pulp with lowest PDD (4.98 ± 1.6 and 90.5 ± 3.14), together with highest 
COO content (476.46 μmol/g).

Keywords Rice straw-based nanocellulose · Sulfate ester-containing nanocellulose · Carboxyl-containing nanocellulose · 
Particle dimension distribution · Stability/absorption indigo dye

Abbreviations
PDD  Particle dimension distribution
CNCs  Cellulose nanocrystals
NCs  Nanocelluloses
AQ  Anthraquinone
BH  Sodium borohydride
COO-NCs  Carboxylated nanocelluloses
COO-K-NCs  Carboxylated nanocelluloses by  KMnO4 

reagent:
COO-APS-NCs  Carboxylated nanocelluloses by ammo-

nium persulphate reagent:
K-ONCs  Oxidized nanocelluloses by  KMnO4 

reagent:
APS-ONCs  Oxidized nanocelluloses by ammonium 

persulphate reagent:
NIH  National Institutes of Health
PCS  Photon correlation spectroscopy
BET  Surface area analysis
TEM  Transmission electron microscope

XRD  X-ray diffraction
FTIR  Fourier-transform infrared spectroscopy
SAA  Surface-active agent

Introduction

Nanomaterials are materials with particle size dimensions 
in the nanoscale (< 100 nm). The production of nanocel-
luloses is considered to be an advanced topic in the scien-
tific and industrial societies, due to its biodegradability and 
availability. This type of nanomaterials leads to develop-
ing biopolymers and other composites, via improving their 
mechanical properties and increasing the field of applica-
tions (e.g., medical, optical, water purification, Flexible 
energy and electronic devices (Rusmirovic et al. 2017; Han 
et al. 2019; Lotfy and Basta 2020; Basta et al. 2017a, b, 
2020;  Basta and Lotfy 2021; Basta et al. 2021, 2022; Shu 
and Tang 2020; Yu et al. 2022a, b; Zeng et al. 2020a, b; 
Alavijeh et al. 2021; Alruwashid et al. 2021; Danish et al. 
2021; Kwon et al. 2022; Vaikundam et al. 2022).

The extraction of nanocelluloses is carried out by 
mechanical treatment, chemical reagents acid hydrolysis 
and TEMPO-mediated or ammonium persulfate oxidation 
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(Khatoon et al. 2012; Maschero et al. 2016; Filipova et al. 
2018; Arai et al. 2018; Myja et al. 2018; Deckers et al. 
2019), and enzymatic hydrolysis (Zhu et al. 2011; Ribeiro 
et al. 2019). The valorization of undesirable non-wood fibers 
as precursors for various products, e.g., activated carbon, 
carbon nanotubes, cellulose derivatives functional paper, 
and wood products, hydrogels for agricultural purposes, 
and nanocelluloses (Lavanya et al. 2011; Thakur et al. 2013; 
El-Saied et al. 2016; Lotfy et al. 2018; Basta et al. 2011; 
2017a, 2021; Ho et al. 2021; Mateo et al. 2021) is a ben-
eficial approach to reduce the pollution which results from 
traditional methods for disposing it by burning.

When the particle size plays a profound effect on proper-
ties of nanomaterials, therefore, the particle size and its dis-
tribution are essential examined. There are many techniques 
to estimate the particle size and particle size distribution for 
analyzing the dry powders and dispersed powder in suspen-
sion. These techniques are photon correlation spectroscopy 
(PCS), surface area analysis (BET), x-ray diffraction peak 
broadening analysis and transmission electron microscopy 
(TEM) (Krishtop et al. 2012; Arvaniti et al. 2015; Caputo 
et al. 2021).

In this present work, we examined the particle size distri-
bution of three types of nanocelluloses (NCs), prepared from 
Rice straw pulps. The pulp precursors of NCs were prepared 
from pulping with different pulping agents. These pulps 
were separately subjected to acid hydrolysis or ammonium 
persulphate and potassium permanganate to synthesized 
cellulose nanocrystal and oxidized cellulose. The effective 
role of pulping reagents and methods of converting pulps 
to nanocellulose on particle size distribution XRD, FTIR, 
TGA of produced NCs, and further effect on adsorption/
color stability of indigo dye were assessed.

Materials and methods

Preparation of nanocelluloses (NCs)

Bleached rice straw pulps as precursors for nanocelluloses 
were prepared from different pulping reagents, namely: 
NaOH without or with anthraquinone (AQ) and sodium 
borohydride (BH) additives, as well as KOH–NH4OH, 
 Na2SO3–Na2CO3,  Na2SO3 and AcOH. The detailed pro-
cesses and chemical constituents of pulps were included in 
the supplementary materials.

For preparation of Cellulose nanocrystals (CNCs), the 
nanocelluloses from the foregoing precursors were subjected 
to hydrolysis sulfuric acid (55 wt%; 8.75 ml of sulfuric acid 
solution per gram of pulp) at 45 ℃ for 30 min with vigor-
ous stirring. The cellulose suspension was then diluted, cen-
trifuged, washed, and dialyzed against distilled water until 

the exterior water reached neutrality before further use, and 
finally the resulting suspension was sonicated using probe 
sonicator (Sonics Vibra cell) to correctly disperse suspended 
nanocrystals and then freeze dried. The net yield of nanocel-
lulose was assessed by the following in addition to calculate 
the yield. The percentages of S and O–SO3 H of the syn-
thesized CNC samples were determined via conductometric 
titrations (Zhou et al. 2018).

The CNCs from pulp samples Alk-RS pulp, Alk-AQ-RS 
pulp, Alk-BH-RS pulp, Alk-AQ-BH-RS pulp, M-Alk-AQ-
BH-RS pulp, Pot-Amm-RS- pulp, Neut-RS pulp, Sulf.-RS 
pulp and Orgsolv-RS pulp samples were denoted as CNCs(1) 
to CNCs(9).

While the COO-containing nanocelluloses were prepared 
by potassium permanganate or ammonium persulfate rea-
gents. In the former method: 5 g of different pulps were 
dispersed in 200 ml deionized acidic water (1 wt.% sulfuric 
acid); 10 g  KMnO4 and 5 g oxalic acid was added to the 
flask successively and reacted at 50 °C for 6 h with vigorous 
stirring. The reaction was stopped by adding hydrogen per-
oxide. Suitable amount of EDTA was added to remove the 
excess permanganate followed by washing repeatedly with 
deionized water until the supernatant turned turbid. Finally, 
the COO–K–NCs suspensions from pulp precursors (1–9) 
were dialyzed to remove acid and soluble carbohydrates and 
reach neutrality.

The oxidation with ammonium persulfate was achieved 
by the method reported in Reference (Filipova et al. 2018), 
but with minor modification. The oxidized nanocelluloses 
with different carbonyl contents were prepared, 5 g (dry 
weight) were soaked in distilled water (200ml), and then the 
suspension was heated to 70 °C in a water bath. Afterwards, 
APS (purity, 98%; 47 g), was added to the suspension. The 
mixture was then heated at 70 °C for 6 h with continuous 
stirring. The reaction was stopped by cooling the mixture in 
an ice bath, and then oxidized cellulose was filtered using 
a centrifuge and washed until it reached the pH of distilled 
water. The carboxyl group contents are obtained from the 
resulting conductivity curves (Jiang et al. 2013).

The COO–NCs from the foregoing RS samples oxidized 
by  KMnO4 reagent were coded from K-ONCs (1) to K-ONCs 
(9); while on using APS were coded from APS-ONCs (1) 
to APS-ONCs (9).

Characterization of nanocelluloses

Particle dimension distribution

The particle dimension distribution in our study was esti-
mated by indirect method through processing the TEM 
images using the software ImageJ. ImageJ developed at the 
National Institutes of Health (NIH), USA is a Java-based 
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public domain image processing and analysis program, 
which is freely available and open-source application to 
suit the specific requirements of many microscopic images 
(Mazzoli and Favoni 2012; Kusdianto et al. 2019). The 
rod like-shape particles can be described using multiple 
length and diameter measures (horizontal and vertical pro-
jections) that are collected for determination of particle 
dimension distributions.

The TEM test was carried out using a JEOL (JEM-1230 
FX, Japan) microscope operating at 200 kV. Few drops of 
diluted aqueous sonicated suspensions were deposited on 
copper-coated carbon grids with 200 mesh size, allowed to 
dry then the sample stained with 1% phosphotungstic acid.

XRD Test

The XRD patterns of nanocellulose samples were obtained 
with an X-ray diffractometer (EMPYREAN, Japan) using 
Cu-Kα radiation to determine the degree of crystallinity. 
The relative intensities were recorded within the range of 
100–1500 at a scanning rate of 50  min−1 The diffraction 
patterns were recorded with scanning speed ranging from 
4 to 60° on a 2θ scale. XRD data were analyzed using the 
 TEAM® software. The degree of crystallinity can be deter-
mined from the following equation (Doumeng et al. 2021):

where,  xc: the degree of crystallinity, Ac: the area of crystal-
line peaks of diffraction and Aα: the area of amorphous peaks 
of diffraction.

Crystallinity(%) =
Area under crystalline peaks

Total area under all peaks
× 100%

x
c
=

A
c

A
c
+ A�

× 100

While the crystallite size (t) was calculated by the 
Scherrer equation (Scherrer 1918).

where, T is the mean size of the ordered (crystalline) 
domains, which may be smaller or equal to the grain size, 
which may be smaller or equal to the particle size, K is a 
dimensionless shape factor, with a value close to unity. λ 
is the X-ray wavelength; β is the line broadening at half the 
maximum intensity, and θ is the Bragg angle.

Infrared spectra (FTIR)

This test was carried out to estimate the function groups 
of examined samples, according to Reference. The spec-
tra were recorded in the region 4000 to 400  cm−1, using 
JASCO4600-FT/IR.

Assessment of nanocelluloses against Indigo dye

The effective role of investigated nanocelluloses toward 
stability/adsorption of indigo dye was assessed via pH and 
time factors, by spectroscopic technique using UV–Vis Sin-
gle Beam spectrophotometer (UV1720, USA). In this test 
0.1 g of indigo dye was dispersed in 100 ml of nanocellu-
lose samples that contained 2–2.5% dry weight sample (5% 
of indigo w/w, based on the dry weight of CNC). During 
the sample string, the pH of the mixture was adjusted to 
different values (1.1, 2.5, 5.3, 7.5 and 11.4) using sodium 
hydroxide and hydrochloric acid solutions. The absorption 
spectrum was measured of the obtained suspension at inter-
val times 0, 2, 4, 24 and 29 h. Parallel test was carried out 
on indigo in absence of nanocelluloses. Standard curve of 

T =
K�

� cos �

Table 1  Sulfate ester and carboxyl contents of CNCs and COO-CNCs from different RS-pulp precursors

Code of nanocellulose (pulp precursor) SO3H µmol/Kg Nannocelluloses 
CNCs Using  H2SO4

COO content µmol/g

Nannocelluloses COO-K-NCs 
using  KMnO4 reagent

Nannocelluloses COO-
APS-NCs Using APS 
reagent

1 (Alk-RS pulp) 6.9E + 04 192.20 239.97
2 (Al-AQ-RS pulp) 6.4E + 04 267.11 266.73
3(Alk-BH-RS pulp) 3.1E + 04 226.05 97.53
4 (Alk-AQ-BH-RS pulp) 5.9E + 04 160.69 207.84
5 (M- Alk-AQ-BH-RS pulp) 4.9E + 04 252.46 257.49
6 (Pot-Amm-RS pulp) 5.1E + 04 332.86 156.21
7 (Neutr-RS pulp) 4.7E + 04 476.44 144.91
8 (Sulf-RS pulp) 2.6E + 04 251.91 147.94
9 (Organosolv-RS pulp) 2.3E + 04 351.68 331.97
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a

b

Fig. 1  a TEM images and PSD of nanocelluloses (1–3) from acid 
hydrolysis (CNCs), permanganate oxidation (K-ONCs) and APS oxi-
dation (APS-ONCs). b TEM images and PSD of nanocelluloses (4–5) 
from acid hydrolysis (CNCs), permanganate oxidation (K-ONCs) and 
APS oxidation (APS-ONCs). c TEM images and PSD of nanocel-

luloses (6,7) from acid hydrolysis (CNCs), permanganate oxidation 
(K-ONCs) and APS oxidation (APS-ONCs). d TEM images and PSD 
of nanocelluloses (6–9) from acid hydrolysis (CNCs), permanganate 
oxidation (K-ONCs) and APS oxidation (APS-ONCs)
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indigo was established to specify the efficiency of nanocel-
lulose to adsorb the indigo at 704 nm (Yu et al. 2018). For 
the effect of Egyptol PLM (kindly supplied from Starch and 
Detergent Company, Alexandria, Egypt), as surface-active 
agent (SAA) on the stability of nanocellulose samples (3.5% 
of SAA w/w, based on the dry weight of CNC) it was added 
to Indigo-NC system followed by 2 min ultrasonics for dis-
persing the SAA.

Results and discussion

Characterization of nanocelluloses

Functional group contents

Table 1 illustrates the Sulfate ester contents of prepared 
CNCs and carboxyl contents of OCNCs, using potassium 

c

d

Fig. 1  (continued)
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permanganate and ammonium persulphate reagents, from 
different RS-pulp precursors.

With regard to the data of sulfur content which indicates 
sulfate ester (–O–SO3H) included the CNCs due to acid 
hydrolysis by  H2SO4, it is clear that the content is affected 
by the type of pulp precursor. The content of sulfate ester 
ranged from 2.3 to 6.9E + 04 µmol/kg nanocellulose. Alka-
line pulping both by soda and potassium hydroxide-Ammo-
nium hydroxide provided CNC with relatively higher ester 
contents [CNCs (1); 6.9E + 04  µmol/kg and CNCs (6): 
5.9E + 04 µmol/kg] than neutral sulfite and acidic agents 
(4.9, 5.1 and 4.7E + 04 µmol/kg, respectively). With regard 
to the effect of additives to soda pulping, it is noticed that 
anthraquinone  (Na2O-AQ pulp) is preferred than sodium 
borohydride both individually or with anthraquinone, where 
it produced CNC (2) with 6.4E + 04 µmol/kg ester content; 
while those produced from  Na2O–BH,  Na2O–AQ-BH-Pulp 
and M-Na2O-AQ-BH Pulps [CNCs (3–6)] have sulfate ester 
3.1, 2.6 and 2.3E + 04 µmol/kg, respectively.

Regarding the data of carboxylic contents of nanocel-
luloses (ONCs) which were related to the oxidative behav-
ior of  KMnO4 and APS and estimated from using con-
ductometric titration method declared that the carboxyl 
content was dramatically affected by the pulping reagent 
of RS. In most samples the content of COO groups of 
ONCs obtained from  KMnO4 oxidation was higher than 
that obtained from APS oxidation. The determined per-
manganate carboxyl content was in the range of 161 to 
476 µmol/g α-cellulose. The neutral sulfite pulping has 
higher carboxyl group content  (Na2SO3–Na2CO3 pulp; 
476 µmol/g). The content of COO groups can reach to 333 
and 352 µmol/g for NCs from KOH-NH4OH (K-NCs (7)) 
and AcOH pulp [(K-NCs (9)], respectively. The remaining 
pulps with COO content ranged from 192 to 267 µmol/g 
were corresponding to alkaline pulping in presence or 
absence of AQ and BH beside the sulfite pulping.

For NCs resulting from APS, the contents of COO 
groups ranged from 127 to 332 µmol/g cellulose. The 
highest carboxyl content was corresponding to NC 
of organosolv pulp (APS-NCs (9); 332  µmol/g), fol-
lowed by precursors  Na2O-AQ pulp, M-Na2O-AQ-BH 
pulp (−  260  µmol/g). The pulps from KOH–NH4OH, 
 Na2SO3–Na2CO3 and  Na2SO3 provided NCs with COO 
contents 156, 145 and 148 µmol/g, respectively. The nano-
cellulose from  Na2O Pulp (ONC 1) is in the last sequence 
(COO-APS-NCs (1); 127 µmol/g). The oxidation behavior 
on using APS depends on a symmetrical rupture of the 
O–O bond of the persulfate with formation of the atomic 
oxygen which oxidize the active hydroxyl group of cellu-
lose to carboxyl group (Basta et al. 2021). While the oxi-
dation of cellulose pulp on using KMnO4 in dilute acidic 
medium based on reduction of the active species  (MnO4

−) 
to another active form (Mn3 +) which react or stabilized Ta
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with the oxalic acid forming [Mn(C2O4
2−)]+ complex with 

highly oxidative activity on the amorphous regions of cel-
lulose and converting the hydroxyl group of C2 to COO 
group (Zhou et al. 2018).

Particle dimension distribution

Figure  1A–D shows the TEM images of the prepared 
CNCs, K-NCs and APS-NCs from different RS-pulp pre-
cursors beside their calculated particle dimension distribu-
tion (PDD). The dimension of nanocelluloses was meas-
ured by ImageJ processing software (IJ 1.8) using TEM 
images for 50–100 measurements and gathered in Table 2. 
The measured diameter and length distribution of nanocel-
luloses resulted from the foregoing three methods having 
the order: CNCs < K-ONCs < APS-ONCs. The diameter 
of CNCs, K-ONCs and APS-ONCs ranged from 6.05 ± 2.5 
to 11.0 ± 5.5, 4.98 ± 1.6 to 14.4 ± 7.3 and 7.05 ± 1.8 to 
21.5 ± 7.9 nm, respectively. While the length ranges were 
160.8 ± 69.5 to 250.6 ± 109.4, 90.5 ± 31.4 to 250.5 ± 87.8 

and 117.8 ± 58.5 to 373.9 ± 158.7 nm for CNCs, K-ONCs 
and APS-ONCs respectively. This indicates the high per-
formance of acid hydrolysis and permanganate oxidation 
method to get CNCs and ONCs with comparable efficiency 
of dimension distribution.

With regarding to the efficiency of different pulping 
on the dimension distribution, the results showed that the 
alkaline pulping with AQ and BH [CNCs (4) and APS-
ONCs (4) have the lowest dimension for acid hydrolysis 
and APS oxidation methods with diameters 6.05 ± 2.51 and 
7.4 ± 5.2 nm and length 160.8 ± 69.5 and 117.8 ± 58.5 nm, 
respectively (Fig. 1b). The neutral pulping with perman-
ganate method [K-NCs (7)] was the effective pulping type 
to get the smallest dimension of ONCs (Fig. 1c). The less 
effective pulping techniques on the NCs dimension were 
the organsolv precursor for CNCs (9), alkaline -AQ pulp 
precursor for K-ONCs (2) and neutral pulp for APS-ONCs 
(7) as shown in Table 2. On comparing these data with 
literature reported CNCs from other substrates, Patel et al. 
2019, reported TEM of CNCs extracted from rice husk 

Fig. 2  a XRD patterns of nano-
celluloses from acid hydrolysis 
or oxidation of Alk-RS pulp 
precursors without and withBH 
and or AQ additives of nanocel-
lulose samples (1–3). b XRD 
patterns of nanocelluloses from 
acid hydrolysis or oxidation of 
nanocellulose samples (4–5). c 
XRD patterns of nanocelluloses 
from acid hydrolysis or oxida-
tion of nanocellulose samples 
(6–9)

a

b
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after acid hydrolysis with average length and width 128.3 
and 10.5 nm calculated using image j software. Moreover, 
the PDD of oxidized nanocellulose obtained from wood 
pulp using sodium hypochlorite had average height and 
length of 2.7–3.2 and 173–398 nm, respectively (Matsuki 
et al. 2020).

XRD analysis

XRD studies of nanocelluloses from acid hydrolysis or oxi-
dation with permanganate or APS of different RS-precursors 
were carried out to compare the crystalline behavior of the 
samples versus method and pulp precursor (Fig. 2a–c). As 
shown in Fig. 2, the main diffraction peaks of all nanocel-
lulose samples are located around 2θ = 5–10°, 15–17° and 
22–23° which are characteristic of the cellulose I family. 
These peaks have Miller indices (1–10), (110) and (200), 
respectively.

Based on the XRD results for calculating the crystallin-
ity ratio (Table 2), the crystallinity of COO-NCs is lower 
compared to nanocellulose extracted using acid hydrolysis 
(CNCs). Typical data related to K-ONCs and APS-ONCs 
were noticed, where their crystallinity was in the range of 
41.9–69.5% and 44.6–70.7%, respectively. While using acid 
hydrolysis showed crystallinity ranged from 50.3 to 73.5% 

with maximum value corresponding to Alk-BH pulp [CNC 
(3)]. The higher crystallinity ratio of ONCs were Pot-Amm-
RS- pulp (69.5%) and Alk-AQ-BH-RS pulp (70.7%) for 
K-ONCs and APS-ONCs, respectively. The results showed 
deterioration of the crystallinity ratio of some nanocelluloses 
from acid hydrolysis or oxidation such as those produced 
from RS pulps, using alkaline, sulfite and neutral sulfite rea-
gents (CNCs (1,7,8) which ranged from 41.9 to 57.3%. This 
decrease is probably related to some destruction of H-bonds 
among crystalline areas of cellulose macromolecules occur-
ring during pulping, causing partial destruction of the crys-
talline zone (Ling et al. 2017). The analysis of the XRD 
pattern allows one to determine the average size of the crys-
tallites using Scherrer’s formula (Table 2). The average size 
of the crystallite of the diffraction peak located at ~ 22.5° is 
ranged from 2.82 to 9.39 nm.

FTIR spectral analysis

The changes in the functional groups of CNC from acid 
hydrolysis and COO-NCs from oxidation of different RS-
pulp were studied by FTIR spectroscopy. Figure 3a–c shows 
the FTIR spectra of the different nanocelluloses for each RS-
pulp separately. FTIR spectra of all nanocelluloses extracted 
with different methods are approximately identical with no 

cFig. 2  (continued)
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significant difference in the main characteristic peaks of cel-
lulose, whereas OH and CH stretching vibration appeared 
at 3300–3400  cm−1, 2900–2925  cm−1. The peaks around 
1600, 1400 and 1300 were assigned to OH bending of 
absorbed water, bending vibration of  CH2 and OCH. The 
C–O–C stretching vibration of the pyranose ring appeared 
at 1000–1100  cm−1 and the stretching vibration for β-(1,4)-
glycosidic linkage appeared at 900  cm−1. Finally, the peak 
around 600  cm−1 is assigned to the out of plane bending 
vibration of C–OH. All these peaks are typical of cellulose 
I (Oh, et al. 2005). The feature peaks at 470  cm−1, 782  cm−1 
and 1090  cm−1 which related to Si–O–Si stretching and 
bending vibration were not easily detected as they mashed 
with that of cellulose.

The characteristic feature of oxidized nanocelluloses 
(K-ONCs and APS-ONCs) in comparison with CNCs is 
noticed in appearing a peak around 1730  cm−1 together with 
the band peak (1610–1639  cm−1), due to the carbonyl group 
of the carboxylic groups (Matsuki et al. 2020; Zhang et al. 
2019). Matsuki et al. 2020 reported that the absorption band 
at ~ 1630  cm−1 was assigned to the asymmetric carboxylate 
stretching vibration. For K-ONCs, the COO groups appeared 
sharp with high intensity in most cases. The content of car-
boxyl groups of the COO-NCs as shown in Table 1 was con-
firmed to fall in the range of 127 to 476 µmol/g. Moreover, 
the peak at 2700–2800  cm−1 which was assigned to aldehyde 
and ketone was not observed of the oxidized nanocelluloses 
which indicates no aldehyde or ketone formed with cellulose 
oxidation (Jianga et al. 2017).

a

b

Fig. 3  a FTIR spectra of nanocelluloses from acid hydrolysis or oxidation of nanocellulose samples (1–3). b FTIR spectra of nanocelluloses 
from acid hydrolysis or oxidation of nanocellulose samples (4–5)
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Assessment of nanocelluloses vs color stability 
(indigo dispersion)/adsorption of Indigo dye

Indigo stability dispersion

Based on the foregoing data, the CNCs and K-ONCs sam-
ples, with different particle size, were candidates, for further 
evaluating their role toward color stability/ adsorption of 
indigo dye. Figures 4a, b and 5 show the stability of indigo 
dye in presence of nanocelluloses with time at different pH’s, 
in comparison with control solution of indigo dye in water. 
As clear, the intensity absorbance at 704 nm of the control 
solution decreased with time regardless of the value of pH.

Figure 4a, b shows that nanocelluloses loaded indigo pro-
vided stability, the CNCs obtained from the acid hydrolysis 
showed higher stability as compared with those obtained 
from K-ONCs.

Among the acid hydrolysis nanocelluloses, the order of 
stability was CNCs (2) > CNCs (1) > CNCs (7) especially 
at the acidic PH’s. In case of CNCs, the nanocelluloses 
prepared from Alk-AQ-RS pulp [CNCs (2)] suspension 
had stability over the control at acidic or slightly acidic pH 
media (1.1, 2.5 and 5.3) with the time interval. While the 
other pH media presented higher or equal stability of the 
indigo dye over the four hours. The Alk-RS pulp nanocel-
lulose [CNCs (1)] showed stability over the control at only 
acidic pH (1.1) and the slightly acidic pH media (5.3) with 
all-time interval. After 4 h, the CNCs (1) suspension had 
higher efficiency for stabilizing the indigo dye. Finally, 
the stability of CNCs (7) suspension was observed only at 
slightly acidic pH media (5.3) and the remaining pH values 
the stability was observed after 24 h. The mechanism of 
the nanocellulose stabilizing effect is most likely related to 
the particle dimension distribution of nanocelluloses. The 

Fig. 4  a Changes in UV absorb-
ance of Indigo dye loaded with 
CNCs versus time, at different 
pH’s. b Changes in UV absorb-
ance of Indigo dye loaded with 
K-ONCs versus time, at differ-
ent pH’s
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most stabilized CNCs suspension [CNCs (2)] of indigo dye 
had the longest crystal length (204.4 ± 107.8 nm) and the 
lowest diameter (6.7 ± 2.3 nm) of the candidate samples. 
The opposite behavior was noticed for the lowest stabi-
lized suspension [CNCs (7)] that had the shortest crystal 
length (163.2 ± 84.2 nm) and relatively highest diameter 
11.0 ± 5.5 nm (Table 2 and Fig. 1).

With respect to the oxidized nanocelluloses (Fig. 4b), 
the indigo stability in K-ONCs suspension increased with 
increasing pH value. As noticed, the stability was observed 
after 4 h for K-ONCs (1) suspension at acidic pH (2.5) 
and alkaline pH (11.5). After 24 h, the indigo stability 
was observed for K-ONCs (1) suspension at pH (2.5, 7.5 
and 11.5). For the case of K-ONCs (2) and K-ONCs (7) 
the stability was noticed at pH from 5.3 to 11.5 and 2.5 
to 11.5, respectively. In a relation with particle dimension 

distribution, the most stabilized oxidized nanocelluloses 
of the indigo were K-ONCs (1) and K-ONCs (7) which 
had lowest diameter crystal 7.16 ± 2.48 and 4.98 ± 1.6 nm, 
respectively; while the K-ONCs (2) had 14.4 ± 7.3 nm of the 
crystal diameter (Table 2 and Fig. 1).

The addition of Egyptol PLM (kindly supplied from 
Starch and Detergent Company, Alexandria, Egypt) was 
significantly affected as co-stabilizing agent, where the sta-
bility of the indigo dye was shown at all pH’s (Fig. 5). As 
clear as the effective role of SAA as co-agent for CNCs sta-
bilizing the Indigo solution both for CNCs (7) that had the 
lowest and high CNCs (2) indigo stabilization, individually. 
Whereas the addition of SAA provided higher indigo stabil-
ity than the control or the samples without SAA (Fig. 4a). 
This feature was noticed for all the examined pH’s.

Fig. 4  (continued)
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Indigo adsorption

The adsorption behavior of indigo dye of the nanocellulose 
candidate samples are shown in Fig. 6. The finding results 
from equilibrium adsorption of indigo dye on the nanocel-
luloses showed reverse behavior to the indigo stability. The 
nanocelluloses of K-ONCs had higher adsorption capac-
ity than the acid hydrolysis nanocelluloses. The adsorp-
tion capacity of CNCs ranged from 7.87 to 34.6 mg/g with 
maximum value corresponding to CNCs (7) at lower pH 
(1.1). This indicates that the higher adsorption capacity of 
CNC was related to the lowest sulfate ester group (CNC 7: 
4.7E + 4) than CNCs (1) and (2) had 6.4E + 4 and 6.9E + 4, 
respectively. The K-ONCs (7) indigo adsorption was in 
range 18.9–39.7 mg/g with maximum value observed at 
pH (1.1). The maximum adsorption capacity was related 
to K-ONCs (7), with relatively high carboxyl content of 
476.46 μmol/g of the candidate samples. This indicates that 

the carboxyl content plays a role in promoting the indigo 
adsorption together with PDD.

Conclusion

In this present work the role of dimension distribution of 
nanocellulose particles on stability/adsorption of Indigo 
dye was highlighted. To emphasize this relation, different 
nanocelluloses were prepared by acid hydrolysis  (H2SO4; 
CNCs) and oxidation methods  [KMnO4 (K-NCs) and APS 
(APS)]. The promising nanocellulose for stabilizing the 
Indigo dye was related to CNC from NaOH-AQ pulp pre-
cursor had the longest crystal length (204.4 ± 107.8 nm) 
and the lowest diameter (6.7 ± 2.3 nm); while the nano-
celluloses with the diameter distribution (6.7 ± 2.3 nm) 
and high COO content (476.46 μmol/g), like the K-NC 
from RS-neutral pulp provided high adsorption capacity. 

Fig. 5  Changes in UV absorb-
ance of Indigo dye loaded with 
CNCs- SAA versus time, at 
different pH’s
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Adding Egyptol PLM as co-agent enhanced the CNCs for 
stabilizing the Indigo dye in solution at all tested intervals 
and pH’s.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13204- 022- 02714-0.
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