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Abstract
Green and sustainable nanocellulose shows the great application potential in various fields due to its unique advantages and 
performances; thereby, the low cost, stable, and scale production of nanocellulose is urgent but still a challenge. Here, a 
recyclable and stable strategy was developed to simultaneously produce carboxylic cellulose nanocrystals (CNC) and cel-
lulose nanofibers (CNF) from waste bamboo pulp (WBP) through oxalic acid dihydrate (OAD) hydrolysis and subsequent 
homogenization. In this strategy, OAD was recrystallized and reused for WBP hydrolysis to evaluate the recyclability, reli-
ability, and economic viability. Response surface methodology (RSM) was performed to optimize experimental variables, 
and achieving the optimum conditions with hydrolysis time of 5.1 h, temperature of 92 °C, and OAD content of 1.65 g/mL. 
Importantly, after four recrystallization-reuse cycles, OAD still retained admirably hydrolytic reactivity and efficiency, no 
significant variation on the yield, structure, and thermal stability of the obtained CNC. Benefiting from the applicability 
and reliability of the proposed strategy, the total yield of CNC and CNF in the pilot production was more than 90%. The 
produced CNC and CNF had high crystallinity with CrI of 85.6 and 80.3%, and high carboxyl group contents of 0.38 and 
0.26 mmol/g, respectively. Moreover, OAD recycle significantly reduced the production costs to original 38.9%. Therefore, 
this work not only provides a low cost, recyclable, and stable approach for manufacturing CNC and CNF but also provides 
high-performance nanocellulose contributing to the high-value-added applications.

Keywords Nanocellulose · Pilot-scale production · Response surface methodology · Surface carboxylation · Recycling 
stability and reliability · Low cost

1 Introduction

In recent years, green and sustainable nanocellulose dis-
played the great potential applications in nanocomposites 
[1], flexible electronics [2], battery diaphragm [3], energy 
storage [4], electromagnetic shielding [5], intelligent pack-
aging [6], biomedical [7], and tissue engineering [8] owing 
to its unique advantages of high strength, high crystalline, 
low thermal conductivity, large surface area, surface chemi-
cal tunability, biocompatibility, and biodegradability [9, 10]. 
Therefore, the development of green preparation approach 

of nanocellulose has been an interest in both science and 
industry fields [11].

The current methods for commercial preparation of nano-
cellulose are mainly focused on acid or enzymatic hydroly-
sis, oxidation method, mechanical treatment, and combined 
methods [12, 13]. Among these approaches, 64 wt% sulfuric 
acid hydrolysis had been considered to be an efficient strat-
egy of producing cellulose nanocrystal (CNC), but with the 
challenges of complex process, equipment corrosion, high 
chemical consumption, and low thermal stability of prod-
ucts [14]. Importantly, the large amount of water and acid 
wastes are difficult to be recycled. To solve these problems, 
organic acids are exploited to produce nanocellulose in 
view of its full recyclability. For example, Chen et al. used 
oxalic acid, maleic acid, and concentrated p-toluenesulfonic 
acid to extract CNC from bleached kraft eucalyptus pulp 
and compared their efficiency, founding that oxalic acid 
possessed the highest yield of 24.7% at 100 °C for 60-min 
hydrolysis [15]. Ji et al. combined concentrated citric acid 
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(80%) and mechanically processing to prepare CNC and cel-
lulose nanofiber (CNF) from bagasse pulp with CNC yield 
of 32.2% at 100 °C for 4-h hydrolysis [16]. Recently, Jiang 
et al. proposed a two-step strategy of extracting lignin-con-
taining CNC (LCNC) from thermomechanical pulp using 
molten oxalic acid dihydrate at 110 °C for 30-min hydroly-
sis, followed by microfluidization. The CNC yield reached 
up to 70%, and the obtained LCNC exhibits a high degree of 
uniformity and good thermal stability [17]. Although much 
progress has been made, relatively low yield of CNC was 
one of the limitations owing to the insufficient hydrolysis 
because of weak acidity, or high temperature (~ 110 °C) was 
carried out to prepare CNC with high yield.

In this work, we developed a recyclable and stable strat-
egy to simultaneously produce carboxylic CNC and CNF 
in the large scale from waste bamboo pulp (WBP) using 
recyclable oxalic acid dihydrate (OAD). OAD is a dicarbo-
xylic acid and crystalline solid, which can modify cellulose 
with carboxylic groups through Fischer-Speier esterification 
during the hydrolysis process [15, 18] and can be recycled 
from hydrolysate by simple recrystallization. However, the 
weak acidity of OAD conventionality resulted in low yield of 
CNC; thus, chromium chloride is employed as a Lewis acid 
for assisted hydrolysis to achieve high yield. The effect of 
OAD feedstocks, reaction time, and temperature on the yield 
of CNC and CNF was investigated and optimized through 
response surface methodology (RSM). Moreover, in order 
to estimate the reliability and applicability of the designed 
preparation procedure, the variation on the yield, morphol-
ogy, surface characteristic, chemical structure, crystal struc-
ture, and thermal stability of CNC was firstly investigated 
withstanding four recrystallization-reuse cycles of OAD. 
Further, pilot scale production of CNC and CNF was con-
ducted, and the energy consumption and feedstock cost were 
statistically analyzed.

2  Experimental section

2.1  Materials

Waste bamboo pulp (WBP) with cellulose, hemicellulose, 
and lignin contents of 91.3%, 1.2%, and 4.6%, was provided 
by QTH Paper Industry Co., Ltd. (Guizhou, China). Chro-
mium chloride hexahydrate  (CrCl3·6H2O, AR), oxalic acid 
dihydrate (OAD, 99.5%, AR), NaOH (97%), and HCl (37%) 
were purchased from Macklin (Shanghai, China).

2.2  Production of nanocellulose

Nanocellulose was prepared via a chemi-mechanical syn-
ergy strategy. In brief, 1 g of WBP was mixed with 30 mL 
of OAD/CrCl3 solution and hydrolyzed at 80–100 °C for 
4–6 h with mechanical stirring of 400 rpm. The feedstock 
of OAD was 40, 50, and 60 g, and the content of  CrCl3 was 
controlled at 0.02 mmol/g to OAD. After hydrolysis, 30 mL 
of preheated deionized water was added to terminate the 
reaction. The obtained mixture was filtered, the filtrate was 
recrystallized for OAD recovery, and the cellulose slurry 
was dialyzed (MWCO = 8000–14,000) until neutral. Finally, 
CNC suspension was harvested via ultrasonication (JY99-
IIDN, Scientz Biotechnology Co. Ltd., Ningbo, China) under 
800 W power for 10 min, and subsequent centrifugation at 
6000 rpm for 10 min. Residual solid could be processed into 
CNF by a high-pressure homogenizer (AH08-100 plus, ATS 
Engineering Limited Co. Ltd., Suzhou, China). The prepara-
tion process is presented in Fig. 1. In order to estimate the 
practicability of the preparation procedure, recycling process 
was performed, in which recrystallized OAD was reused for 
WBP hydrolysis treatment via the same process. According 
to the number of recycling process, the used OAD and the 
product were coded as OAD-Rx and CNC-Rx (x = 0, 1, 2, 
3, 4), respectively.

Fig. 1  Schematic diagram of 
CNC and CNF preparation via 
recyclable OAD hydrolysis
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According to the above optimal conditions, the pilot scale 
production was enlarged to 30 L and conducted in a custom-
ized 50-L reactor (HJ-50-LR, Shanghai HJLab Instruments 
Co., LTD., Shanghai, China). After hydrolysis reaction, 
cellulose slurry was filtered by the reactor equipped filter 
plant and washed until neutral. Then the diluent (1 wt%) was 
ultrasonicated for 1 h at 3000 W power, and stood for 6 h to 
acquire CNC suspension. CNF was obtained from sediment 
by homogenization treatment.

2.3  Response surface methodology

RSM in a  33 Box-Behnken design (BBD) factorial design 
was conducted to optimize experimental variables to maxi-
mize CNC yield (y) in terms of reaction time  (X1: 4–6 h), 
reaction temperature  (X2: 80–100°C), and OAD content  (X3: 
40–60 g). The experimental variable with their correspond-
ing extreme value is listed in Table 1. Experimental runs 
of 15 with different sets of variables were acquired using 
Design Expert 12 software (Static Made Easy, Minneapolis, 
MN, USA), 12 of which are organized in an analytical facto-
rial design, and 3 of which are replicated at the centroid of 
the design model to evaluate the pure error variance. Analy-
sis of variance (ANOVA) at 95% confidence interval was 
employed to assess the significance of individual parameters, 
the interactions, and the adequacy of predicted model. Coef-
ficient of determination (R2), adjusted R2, and predicted R2 
were carried out to assess the quality of second-order poly-
nomial regression model.

2.4  Characterization

The yield of nanocellulose was quantified by mass method 
according to Eq. (1) [19].

where Y is nanocellulose yield (%), C is nanocellulose con-
tent in suspension (g/L), V is the volume of the obtained 
nanocellulose suspension (L), and m is the dry weight of 
WBP (g).

The surface carboxyl group content of nanocellulose was 
measured using conductivity titration [20]. Zeta potential 
of nanocellulose with a diluted concentration of 0.1 wt% 

(1)Y =
C × V

m
× 100%

was determined using Zetasizer LAB (Malvern Panalytical 
Ltd., Britain). Dispersion stability of CNC and CNF nano-
cellulose suspensions (0.5 wt%) was recorded by optical 
observation after standing for 1 day, 1 week, and 1 month, 
respectively. The morphology of nanocellulose was observed 
using TEM (Tecnai 12, FEI Co., the Netherlands) with an 
accelerating voltage of 100 kV. Fifty samples were randomly 
selected for size distribution using the statistical software 
Nano measurer 1.2.0 (Fudan University, Shanghai, China). 
The chemical structures of WBP and nanocellulose were 
recorded using ATR-FTIR (Niciletis20, Thermo Fisher Co., 
Waltham, MA) under 4000–400  cm−1 with a resolution of 
4  cm−1 with 32 scans. The thermal stabilities of WBP and 
nanocellulose were tested by thermogravimetric analyzer 
(TG209, NETZSCH, Germany) under 50–600 °C with a 
heating rate of 20 °C/min at  N2 flow rate of 20 mL/min. 
The crystal structures of WBP and nanocellulose were 
characterized by X-ray diffractometer (Empyrean, Malvern 
Panalytical Ltd., Britain) in the range of 2θ = 10–60° with a 
scanning speed of 5°/min. The crystallinity index (CrI) was 
calculated according to Eq. (2) [21].

where I200 and Iam is the peak intensity of (200) lattice dif-
fraction at 2θ = 22.7° and amorphous diffraction at 2θ = 
18.5°.

The energy consumption of the pilot production was 
measured by a multimeter (STSU666, CHINT ELEC-
TRIC Co., Zhejiang, China), and the energy consumption 
statistics were calculated in the unit of kWh/kg WBP. The 
residue of  Cr3+ ion in nanocellulose products was detected 
using inductively coupled plasma spectrometer (ICP, Nex-
ION1000, PerkinElmer Instruments Co., Ltd, USA) after 
digestion [22].

3  Results and discussion

3.1  Statistical analysis on CNC preparation

CNC and CNF could be extracted via the hydrolysis reac-
tion of WBP using OAD/CrCl3 solution. The experimental 
and predicted CNC yield for the different sets of preparation 
process to maximize the response variable is tabulated in 
Table 2. CNC yield varied from 22.61 to 56.58% with an 
average yield of 40.95%. The highest yield was observed 
at reaction time of 5 h, reaction temperature of 90 °C, and 
OAD amount of 50 g.

The experimental data were analyzed by Design 
Expert 12 software. The relationship between the yield 
as response variable and the three selected independent 

(2)CrI(%) =
I
200

− Iam

I
200

× 100%

Table 1  Factors and levels for Box-Behnken independent variables

Levels

Code Factor Unit − 1 0 1

X1 Reaction time h 4 5 6
X2 Reaction temperature °C 80 90 100
X3 OAD amount g 40 50 60
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variables, and their bilinear and quadratic terms are shown 
in Eq. (3). The positive sign in the equation represents 
the synergistic effect and the negative sign represents the 
antagonistic effect.

In the regression equation, statistical significance was 
determined by the F-test, and the ANOVA of the influ-
ence factors of the fitted model is presented in Table 3. 
The p-value of the model is less than 0.0001, suggest-
ing extremely significant. P-value of the “lack of fit” is 
0.1490, more than 0.05, revealing that the “lack of fit” is 
not significant relative to the pure error. This demonstrates 
that the selected model is valid in predicting experimental 
variables and their interaction, and it correlates well with 
experimental data, it is also proved by the linear relation-
ship presented by the actual and predicted values (Fig. 
S1). In addition, extremely significant effects (p < 0.01) 
were observed for  X1,  X2,  X1X2,  X1X3,  X2X3,  X1

2, and 
 X2

2, while  X3 and  X3
2 were significant (p < 0.05), and 

the model did not contain non-significant term. And these 
variables were not equally important on CNC yield with 
an order of priority: reaction temperature > reaction time 
> OAD content. Moreover, high R2 = 0.9934 and adjusted 
R2 = 0.9816 both indicate the experimental variables for 
CNC extraction can be described by the proposed second-
order polynomial equation model. The adequate precision 
was high to 28.2757, and the difference between predicted 
and adjusted R2 values is less than 0.2, which indicates that 
the predicted values are highly consistent with the actual 

(3)

y =64.12 + 1.65X
1
+ 7.6X

2
+ 1.26X

3
− 7.44X

1
X
2

− 3.99X
1
X
3
− 6.19X

2
X
3
− 6.77X2

1
− 19.24X2

2

− 5.91X2

3

values. In summary, the proposed regression model can 
be used to accurately analyze and predict CNC yield as a 
guide for actual production.

3.2  RSM and optimum conditions

In general, response surface plots provide a more intui-
tive response to the combined effects of the variables on 

Table 2  BBD for WBP 
hydrolysis for maximizing CNC 
yield

Std Run Code levels CNC yield, y (%)

X1 X2 X3 Experimental Predicated

1 1 – 1 (4) – 1 (80) 0 (50) 22.61 21.16
10 2 0 (5) 1 (100) – 1 (40) 51.34 50.52
11 3 0 (5) – 1 (80) 1 (60) 37.98 38.79
6 4 1 (6) 0 (90) – 1 (40) 55.16 54.52
9 5 0 (5) – 1 (80) – 1 (40) 23.78 23.96
5 6 – 1 (4) 0 (90) – 1 (40) 41.52 42.79
3 7 – 1 (4) 1 (100) 0 (50) 50.68 50.22
4 8 1 (6) 1 (100) 0 (50) 38.76 40.21
7 9 – 1 (4) 0 (90) 1 (60) 52.47 53.11
15 10 0 (5) 0 (90) 0 (50) 55.07 55.79
8 11 1 (6) 0 (90) 1 (60) 51.39 50.11
2 12 1 (6) – 1 (80) 0 (50) 39.43 39.89
13 13 0 (5) 0 (90) 0 (50) 56.58 55.79
14 14 0 (5) 0 (90) 0 (50) 55.72 55.79
12 15 0 (5) 1 (100) 1 (60) 41.79 41.61

Table 3  ANOVA for CNC yield model regression

Source Sum of 
squares

df Mean 
square

F-value p-value

Model 1704.71 9 189.41 84.17 < 0.0001
X1 38.11 1 38.11 16.93 0.0092
X2 431.74 1 431.74 191.85 < 0.0001
X3 17.49 1 17.49 7.77 0.0385
X1X2 206.50 1 206.50 91.76 0.0002
X1X3 54.17 1 54.17 24.07 0.0045
X2X3 141.02 1 141.02 62.66 0.0005
X1

2 39.09 1 39.09 17.37 0.0088
X2

2 794.21 1 794.21 352.92 < 0.0001
X3

2 21.29 1 21.29 9.46 0.0276
Residual 11.25 5 2.25
Lack of fit 10.10 3 3.37 5.87 0.1490
Pure error 1.15 2 0.5737
Cor total 1715.96 14
Std. dev. R2 0.9934
Mean 44.95 Adjusted R2 0.9816
C.V. % 3.34 Predicted R2 0.9043

Adeq Preci-
sion

28.2757
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the response term and identify the type of interaction [23]. 
Based on the regression equations, 3D model plots and 2D 
contour plots of the effects of the interaction between the 
factors on CNC yield were obtained, as shown in Fig. 2. 
Each plot shows the extent to which the other two variables 
affect the response term when one variable is at level zero. In 
Fig. 2a, d, the trend in yield is steeper when the reaction time 
is constant and the reaction temperature is varied as opposed 
to changing the reaction time by holding the reaction tem-
perature constant. This indicated that reaction temperature 
had a more significant effect than time which is consistent 
with the results in Table 3. At low reaction temperature (80 
°C), CNC yield increased with the reaction time, but was 
less than 50%, revealing the lower temperature level was not 
enough to motivate the penetration of protons and catalysts 
in reaction system into cellulose fibers [23]. Increasing reac-
tion temperature to 90–95 °C and reaction time was extended 
to around 5 h, the yield reached a great value. The interac-
tion effect of reaction time and OAD content on yield is 
shown in Fig. 2b, e, and displayed the highest yield when the 
reaction time was 5.0–5.5 h and OAD content was around 50 
g; thereafter, the yield decreased with the increase of either 
time or OAD content. Excessive OAD content and reaction 
time were prone to the breakage of β-1,4-glycosidic bonds 
in cellulose chains, even hydrolyzing cellulose into glucose, 
leading to low CNC yields [24]. Similarly, Fig. 2c, f suggests 
the significant interaction between reaction temperature and 
OAD content. As the increase of reaction temperature, the 

proton dissociation of OAD was promoted as well as Lewis 
acid  (CrCl3) diffusion was accelerated, achieving the high 
CNC yield. However, excessive temperature could cause 
over-hydrolysis of cellulose, declining the yield.

Combining the equation predictions with the actual 
experimental conditions, CNC yield reached the maximum 
value of 58.6% at reaction time of 5.1 h, temperature of 92 
°C, and OAD amount of 49.6 g (i.e., 1.65 g/mL content), 
which was not significantly different from the predicted 
value (56.7%). The experimental results were close to the 
response surface predictions, indicating that the predictive 
model is directive for estimating CNC yields.

3.3  Reliability of preparation procedure

Further, the reliability of the preparation procedure of nano-
cellulose was evaluated through four recycling processes in 
which recrystallized OAD (Fig. S2) was reused for WBP 
hydrolysis treatment under the above optimized conditions, 
i.e., reaction time of 5.1 h, temperature of 92 °C, and OAD 
content of 1.65 g/mL. The variation on the yield, morphol-
ogy, surface characteristic, chemical structure, crystal struc-
ture, and thermal stability of nanocellulose was investigated 
in detail.

Figure 3 shows the effect of cycle numbers of OAD on the 
yield of CNC and CNF. Clearly, the yield of both CNC and 
CNF was stable and there was no significant change with up 
to four cycles of validation. CNC yield could be maintained 

Fig. 2  Response surface analysis on CNC yield with the interaction effect between reaction time and temperature (a, d), reaction time and OAD 
content (b, e), and reaction temperature and OAD content (c, f)



 Biomass Conversion and Biorefinery

at 58.6–54.9%, while 34.7–37.3% of CNF, the total yield 
of CNC and CNF was more than 92% each cycle. Further, 
statistical significance tests between groups were performed 
using ANOVA to assess the cycling stability; the results are 
presented in Table S1. It could be found that intergroup 
p-values were 0.536 (CNC) and 0.609 (CNF), respectively, 
suggesting the intergroup difference in yield was not signifi-
cant. In addition, the variance of the yield both remained at 
a small value, and did not increase with the cycle numbers 
of OAD for cellulose hydrolysis. These results confirmed 
the stability and reliability of the proposed cycling process, 
which was conducive to the reduction of production costs.

The effect of cycle numbers of OAD on the microstruc-
ture of CNC and CNF was investigated. From Fig. 4a, short 
rod-like CNCs with the average length of 250 ± 66 nm and 
diameter of 6.8 ± 1.8 nm were achieved. The recycling of 

OAD almost did not change the rod-like microstructure of 
CNC; the size of CNC-R4 slightly declined but still main-
tained at 216 ± 70 nm of average length and 6.6 ± 1.1 nm of 
average diameter after four recycles (Fig. 4b). Similar to the 
case of CNC, no significant difference in the morphology of 
CNF was observed after four cycles of production, as shown 
in Fig. 4c, d. Initial CNF-R0 were needle-like nanofibers 
with the average length of 569 ± 113 nm and diameter of 
9.3 ± 2.3 nm, while almost unchanged morphology and size 
after four recycles.

The dispersion stability of CNC and CNF was also 
recorded by periodic optical observation. As shown in 
Fig. 5, the obtained CNC formed a transparent, homogene-
ous aqueous suspension with a light blue color, while milky 
suspension was formed by the obtained CNF. CNC and CNF 
suspensions both were stable and no sedimentation occurred 

Fig. 3  Yield of CNC (a) and 
CNF (b) with different OAD 
cycles

Fig. 4  TEM images and size distribution of CNC and CNF before and after 4th cycles
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even after standing for 1 month. In addition, it is clearly from 
left to right (increased cycles) at every stage that the disper-
sion stability of both CNC and CNF was not visible change, 
implying the excellent availability of OAD cyclic hydrolysis. 
Especially, typical flow birefringence phenomenon was still 
observed under cross-polarized light for CNC-R4 suspen-
sions after 1 month of standing, as shown in Fig. 5 (right). 
However, CNF suspensions stratified to visible undergoing 
30-day placement, which might be due to the larger size of 
CNF but the lower charge density. This would be proven by 
the results of zeta potential and carboxylic group contents 
of CNC and CNF.

From Fig. 6, all the CNC suspensions had a high charge 
density after OAD esterification with zeta potential values 
from − 37 to − 40 mV, proving a stable suspension [25]. 
CNF suspensions with the same concentration had a smaller 
absolute value of zeta potential (~ 32 mV) than that of CNC 
suspension, which was attributed to the lower carboxylic 
contents of CNF. TEM results in Fig. 4 had demonstrated 
that CNC had a smaller particle size, endowing CNC with 
larger contact surface area to sustain esterification reaction 
with OAD, acquiring higher carboxylic group contents. It is 
noteworthy that the recrystallization of OAD did not deterio-
rate its hydrolysis ability to WBP. Undergoing four recycles, 

the carboxylic groups on CNC and CNF were around 0.37 
and 0.26 mmol/g; there were no significant differences. All 
of the above results verified the validity of OAD recrys-
tallization and recycle for WBP hydrolysis treatment, in 
which the obtained CNC and CNF not only had high yield 
but also had stable microstructure and surface characteristic. 
Therefore, in the following work, CNC as representative was 
selected to further evaluate the effect of OAD recycles on the 
chemical structure, crystal structure, and thermal stability.

Figure 7a, d shows the FTIR spectra of WBP and CNC-
Rx with different OAD recycles. Obviously, all samples had 
the characteristic absorption peaks of cellulose; the bands 
at 3300, 2880, 1425, 1049, and 895  cm−1 were attributed to 
O–H stretching vibration, C–H stretching vibration, C–H 
bending vibration, C–O–C skeletal, and β-glycosidic link-
age structure, respectively [10, 26]. This indicated that the 
basic structure of cellulose maintained unchanged during 
OAD hydrolysis. Differently, a new absorption peak at 1735 
 cm−1 was detected on all CNC-Rx, which could be ascribed 
to C=O stretching vibration involving in carboxylic group 
from cellulose esterification with OAD [27, 28]. Compared 
with original CNC-R0, no varied peaks appeared in other 
CNC-Rx, demonstrating that multiple recycles of OAD did 
not create changes in the molecular structure of CNC.

Fig. 5  Photographs of CNC and CNF suspensions with different storage times. Flow birefringence phenomenon of CNC-R4 after 30-day storage 
(right)

Fig. 6  Zeta potential and carboxyl group content of CNC-Rx (a) and CNF-Rx (b)
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The variation in crystal structure of WBP and CNC-Rx 
with different OAD recycles was determined using XRD 
patterns, and shown in Fig. 7b, e. WBP and all CNC-Rx 
possessed typical cellulose I crystalline phase with diffrac-
tion peaks at 2θ around 14.8°, 16.3°, 22.7°, and 34.2°, cor-
responding to (110), (110), (200), and (004) lattice plane, 
respectively [29]. Undergoing OAD hydrolysis, CrI of CNC-
R0 increased to 87.3% from 78.7% of WBP because of the 
successful removal of cellulose amorphous regions. OAD 
recycles had no effect on the peak position. Although a tiny 
declination, the crystalline fraction of cellulose was well 
retained, suggesting a good and stable processing ability of 
the proposed cyclic procedure.

The thermal stability of WBP and CNC-Rx with different 
OAD recycles was also investigated by TGA, and shown 
in Fig. 7c, f. All CNC-Rx had similar pyrolysis behaviors 
derived from their similar degree of crystallinity and func-
tional group contents. The onset degradation temperature 
(T5%) of CNC-Rx was about 295 °C, lower than that of WBP 
with 310 °C, which was due to the priority degradation of 
ester carbonyl groups. In contrast, the maximum decompo-
sition temperature (Tmax) and the residual mass at 600 °C 
of CNC-Rx were slightly increased owing to the relatively 
higher crystallinity than that of WBP. These results indicated 
the obtained CNC from OAD hydrolysis had excellent ther-
mal stability. Although the onset degradation temperature 
is slightly lower than that of WBP, much higher than that of 
the CNC prepared by current sulfuric acid hydrolysis (221 
°C) [29] and TEMPO oxidation (227 °C) [30] in Table S2.

In summary, CNC and CNF were efficiently extracted by 
the synergy strategy of OAD/CrCl3 hydrolysis and homoge-
nization. It is well known that the recycle of OAD can signif-
icantly reduce the production costs. The combination of the 
above investigations demonstrated that the recrystallization 
and reuse of OAD had no significant influence on the yield, 
morphology, dispersion stability, surface functional groups, 
chemical and crystal structures, as well as thermal stability 
of CNC. Even undergoing four recycles, OAD still possessed 
admirably hydrolytic reactivity, could break intermolecu-
lar hydrogen bond interactions and cleave β-1-4-glycosidic 
bonds in cellulose chains, releasing nanocelluloses (Fig. 
S3) and retaining their morphology and chemical proper-
ties. Compared with most of previous reports in terms of 
preparation process, nanocellulose yield, and quality listed 
in Table S2, this work proved the applicability and the reli-
ability of the proposed recyclable and stable strategy.

3.4  Scale production and economic evaluation

The high yield, recyclable, stable preparation process in this 
work provided a promising potential for large-scale produc-
tion of nanocellulose including CNC and CNF. Therefore, 
pilot-scale production was enlarged to 30 L and conducted 
in a customized 50-L reactor under optimal conditions in 
Section 3.2 (Fig. S4). The total yield of CNC and CNF was 
about 90%, and displayed similar morphology and phys-
icochemical properties with the above laboratory scale 
(Fig. S5). The produced CNC and CNF possessed high 

Fig. 7  FTIR spectra (a, d), XRD patterns and CrI (b, e), and TG and DTG curves (c, f) of WBP and CNC-Rx
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crystallinity with CrI of 85.6 and 80.3%, and simultaneously 
have high surface carboxyl group content of 0.38 and 0.26 
mmol/g, respectively. Further, the energy consumption and 
feedstock cost were counted, and the detailed statistics are 
shown in Table S3. Power consumption is 14.49 kWh/kg 
WBP in this strategy, much lower than that purely mechani-
cal treatment (27–70 kWh/kg) [31, 32]. Moreover, the dif-
ference in costs was compared with or without the recycling 
process in terms of the cost of materials required to process 
each kilogram of WBP. It can be seen from Fig. S6 that the 
production cost is mainly concentrated on OAD cost, occu-
pying 92.5% of the total cost without recycling process. The 
recrystallization and reuse of OAD significantly reduce the 
production costs to original 38.9%. In addition, ICP results 
showed no residue of  Cr3+ ions in CNC and CNF products 
(Table S4), verifying a green and safe method. Thus, the 
developed strategy in this work is a low cost, stable, and 
promising approach to manufacture nanocellulose materials. 
Currently, the natural cooling and recrystallization of OAD 
were carried out at room temperature; liquid wastes will be 
concentrated and reused in future work to further reduce the 
overall production cost.

4  Conclusions

In summary, carboxylic CNC and CNF were efficiently 
extracted from WBP via a recyclable and stable strategy of 
the combination of recyclable OAD hydrolysis with homog-
enization. RSM was conducted to optimize experimental 
variables to maximize CNC yield and achieved the optimum 
conditions with CNC yield of 58.6% when hydrolysis reac-
tion was performed by 1.65 g/mL of OAD at 92 °C for 5.1 h. 
Importantly, manifold recrystallization-reuse cycles of OAD 
did not affect the yield, morphology, dispersion stability, 
surface functional groups, chemical and crystal structures, 
and thermal stability of CNC, demonstrating the applica-
bility and the reliability of the proposed strategy. Further, 
the pilot-scale production of nanocellulose also verified the 
availability and high efficiency of the developed approach. 
The total yield of CNC and CNF was greater than 90%. The 
produced CNC and CNF had high crystallinity with CrI of 
85.6 and 80.3%, and high carboxyl group content of 0.38 and 
0.26 mmol/g, respectively. Moreover, the recycle of OAD 
significantly reduces the production costs of nanocellulose 
to original 38.9%. In addition, no residue of  Cr3+ ions were 
detected in CNC and CNF products. Therefore, this work 
not only provides a low cost and cyclically stable approach 
for manufacturing CNC and CNF but also provides high-
performance nanocellulose, contributing to the high-value-
added applications. Persistently, liquid wastes will be con-
centrated in our future work to explore the recycle of  CrCl3, 

hydrolyzed sugars, and water reuse for high value utilization 
of waste biomass.
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