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Abstract This study describes a multi-wavelength

spectroscopic method for the determination of car-

boxyl group content of nanocellulose. Methylene blue

(MB) was used as a color indicator, which can bind to

the carboxyl groups in nanocellulose to form a

R-COOMB complex with a binding ratio of 1:1,

although the spectrums of MB and R-COOMB at

500–750 nm are overlapped, and solid impurities

could cause spectral interference. To solve these

issues, a multi-wavelength spectroscopic measure-

ment on a MB and nanocellulose mixture solution

technique and mathematical model were developed,

allowing the content of carboxyl groups in nanocel-

lulose to be quantified. The results showed that the

method has good measurement precision and accuracy

as compared with those measured by a reference

method. The method is simple and requires only a

small sample size for testing and thus makes it

suitable for nanocellulose related research and

applications.

Keywords Nanocellulose � Carboxyl group �
Methylene blue � Multi-wavelength spectroscopy

Introduction

Nanocellulose is cellulosic material consisting of

nanosized fibrils with sizes ranging from 1 to 100

nm in at least one dimension (Dufresne 2013). In

addition to being degradable and renewably sourced,

nanocellulose has unique advantages of high specific

surface area, strength, Young’s modulus and trans-

parency (Abitbol et al. 2016). These properties allow

for many potential applications in several including

coatings (Liu et al. 2017; Hassan et al. 2016),

biomedicine (Jorfi and Foster 2015), and energy

electronics (Kuzmenko et al. 2015). The introduction

of carboxylic group on the cellulose is beneficial to the

production and functional modification of nanocellu-

lose-based materials (Saito and Isogai 2005; Johnson

et al. 2011; Fujisawa et al. 2011). This can be achieved

by the chemical treatments, typically with TEMPO

(2,2,6,6-tetramethylpiperidine-1-oxyl radical)-NaBr-
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NaClO oxidation (Isogai et al. 2011). Since the

carboxyl content is directly related to the properties

and performance of the nanocellulose based products,

a simple method that can effectively determine the

carboxylic group content is critical for nanocellulose

development and research.

Currently, neutralization based conductometric

titration method (Junka et al. 2013; Besbes et al.

2011) is typically used in the determination of the

carboxyl content in cellulose samples. In this method,

excess hydrochloric acid is used to convert the

–COONa in cellulose to –COOH form and then

back-titrated to the –COONa form with a standard

NaOH solution. A titration curve is created by plotting

the conductivity electrode signal change against the

volume of the standard NaOH solution added. The

carboxyl content of the cellulose sample can be

calculated according to the volume of NaOH between

the two transition points. The major problem of this

method for nanocellulose is that the acidified solution

is very viscous, which hinders the reaction between

–COOH and hydroxide ions and thus makes the testing

very time-consuming. Although this problem can be

solved by a significant dilution, this causes error since

the conductivity change at the transition points comes

becomes less distinct. There are also methods avail-

able for the determination of carboxyl group in

cellulose based on the advanced instruments, such as

headspace gas chromatography (Chai et al. 2003; Wu

et al. 2018) and nuclear magnetic resonance (NMR)

(Capitani et al. 2000; Kumar et al. 1999). However,

these methods require time-consuming pretreatment

procedures and expensive instrumentation.

In a previous study (Davidson 1948), a spectro-

scopic method was used to determine the carboxyl

content on solid cellulose fibers, based on measuring

the absorbance (at the wavelength of 664 nm) of the

remaining methylene blue (MB) in the filtrate (after

the adsorption with fiber sample). After subtracting by

the absorbance from the blank solution (i.e., before the

fiber’ adsorption experiment), the net absorbance of

MB was found to be proportional to its concentration.

However, this method fails to measure the content of

carboxyl groups in dissolved or partially dissolved

samples (e.g., granular oxidized starch), because MB

bounded on R-COO- in the dissolved sample absorp-

tions overlaps with the spectrum of the pure MB.

The objective of this work was to develop a simple

spectroscopic method for the determination of

carboxyl group content in nanocellulose. MB was

used as a color indicator (to form a R-COOMB

complex) in this method. The main focuses were to

find the spectral characteristics of R-COOMB com-

plex; verify the binding ratio of MB to –COO- in

nanocellulose; and establish a corrective method to

solve the overlap from the mixture spectrum in the

presence of these two species. The present method

provides an efficient tool to determine the carboxyl

group content in the nanocellulose related research

and applications.

Experimental

Apparatus

A UV/Vis spectrophotometer (UV-8453, Agilent

Technologies, USA) equipped with a 10-mm silica

cell was used for the spectroscopic measurements.

Chemicals and sample preparation

Analytical-grade MB was purchased from Alfa Aesar

(Massachusetts, USA). A methylene blue (31.3 lmol/

L) solution was analytically prepared using deionized

water (resistivity C 18.2 MX cm).

Aspen chips were obtained from Dane County, WI,

USA. The GVL pulp and bleached kraft pulp were

prepared from aspen chips according to the procedures

as previously described (Isogai et al. 2011; Chen et al.

2019). Nanocellulose samples were prepared from

GVL pulp and bleached kraft pulp by TEMPO-

mediated oxidation, followed by a homogenization

treatment.

Analytical procedures

Equal volume of a nanocellulose solution sample and

methylene blue solution were transferred into a 20 mL

vial and mixed well. The UV–Vis spectrum of the

solution was measured and the absorbances at the

wavelength range of interest were recorded. Distilled

water was used as the blank in the UV–Vis

measurements.
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Results and discussion

The spectrum of RCOOMB in nanocellulose

Methylene blue (MB?Cl-) (its structural formula is

shown in Fig. 1) is a cationic basic dye that is soluble

in water. By exchange MB? ions with Na?or H?in the

carboxyl groups of cellulosic material, a new complex

(R-COO-MB?) is formed. The reaction can be

rewritten as

RCOONa þ MBþCl� � RCOOMB þ Naþ þ Cl�

ð1Þ

It is expected that the R-COO-MB? also has the

absorption in the visible wavelength range.

Figure 2 shows the spectrums of MB and R-COO-

MB?, in which the spectrum of R-COO-MB? was

obtained by adding an excessive concentration of

nanocellulose into the MB solution with a fixed

concentration (CMB = 10 mg/L) since nanocellulose

has no spectral absorption at this wavelength range.

Clearly, the R-COO-MB? has a spectrum with a

maximum absorbance at 565 nm, it also has significant

overlap with the spectrum of MB (from 500 to 750

nm).

The binding ratio of MB to –COO-

in nanocellulose

The binding ratio (n) of methylene blue to the carboxyl

group in nanocellulose was spectroscopically deter-

mined as follows. An experiment was performed by

adding different concentrations of nanocellulose with

known and varying carboxyl group content obtained

by the conductivity method to a methylene blue

solution with a fixed concentration (31.3 lmol/L). The

solutions’ absorbance at 565 nm were measured. As

previously noted, both RCOOMB and MB have the

spectral absorption at 565 nm. Because the contents of

carboxyl group added to the MB fixed solutions was

known, the absorbance of the residual MB at 565 nm

in the mixture solution can be calculated based on that

of the pure MB solution.

To calculate the binding ratio, we considered that in

a solution mixture, when the molar ratio of carboxyl

group to MB (C- COOH/CMB?) is less than 1, the

absorbance at 565 nm and concentration can be written

as

AM¼AResidual
MB þ ARCOOMB ð2Þ

or

ARCOOMB¼AM�AResidual
MB ð2 � 1Þ

and the concentration of the residual MB can be

written as

CResidual
MB ¼CMB � C�COOH ð3Þ

where AM; AResidual
MB ;ARCOOMB represents the total

absorbance in a mixture solution, the absorbance of

residual MB and the absorbance of the produced

complex RCOOMB at the wavelength of 565 nm,

respectively. CMB; CResidual
MB ;C�COOH represents the

initial concentration of MB, the residual concentration

of MB and the concentration of carboxyl group added

which is equal to the reacted amount of MB,

respectively.

According to Beer’s law, the spectral absorbance is

proportional to the concentration of the species in the

solution, i.e.,

A= k � C ð4Þ

N

CH3

CH3
S

N

N

CH3

CH3Cl

Fig. 1 Chemical structure of methylene blue

Fig. 2 Absorption spectra of MB and RCOOMB
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where k is a constant.

Divide both sides in Eq. (3) by CMB to obtain,

CResidual
MB

CMB

=1 � C�COOH

CMB

ð5Þ

Combining Eqs. (2-1), (3) and (5) to have

ARCOOMB = AM � AMB � ð1�C�COOH

CMB

) ð6Þ

Figure 3 shows the plot of the absorbance of

RCOOMB at 565 versus the molar ratio of carboxyl

group to MB (C- COOH/CMB) and it can be seen that

the absorbance is greatly increased with the molar

ratio of C- COOH/CMB before it is equal to 1. However,

such changes are not significant after the molar ratio of

C- COOH/CMB is greater than 1. It confirms that the

bounding ratio of carboxyl group to MB is 1 in the

solution at the given conditions. In Fig. 3, A and A0 are

the theoretical absorbance and real absorbance (due to

the dissociation) for the RCOOMB in the solution.

The dissociation constant of RCOOMB complex

The dissociation constant of the RCOOMB complex is

important to the accuracy of the method, because the

larger dissociation constant could cause a larger

negative error in the measurement. However, it can

be improved by choosing the proper conditions, such

as using an excess dosage of MB.

According to Eq. (1), the dissociation constant (K)

of RCOOMB can be calculated by

K =
[RCOO�][MBþ]

[RCOOMB]
ð7Þ

where [RCOOMB], [RCOO-] and [MB?] represent

the concentration of RCOOMB, and carboxyl group

and MB at equilibrium, respectively.

In a mixture of equal moles of carboxyl and MB, we

can obtain the following equations at the equilibrium,

i.e.,

½RCOOMB� ¼ 1 � að Þ � C ð8Þ

½RCOO�� ¼ MBþ½ � ¼ a � C ð9Þ

where C is the initial concentration of the carboxyl

group or MB, 15.6 lmol/L; a is the degree of

dissociation of the complex, which can be calculated

by,

a ¼A0 � A

A0 ð10Þ

Substituting Eqs. (8) and (9) to (7) to obtain

K =
½RCOO��½MBþ�

[RCOOMB]
¼ a2 � C

1 � a
ð11Þ

Based on the absorbance data showed in Fig. 3 and

Eqs. (10) and (11), the dissociation constant and the

degree of dissociation of RCOOMB is 7.38 9 10- 8

and 6.64 % (at equal molar ratio), respectively.

The selection of the condition to improve

the method accuracy

If the concentration of MB in the solution is

overdosed, i.e., it is m times of the content of carboxyl

group on nanocellulose, the degree of dissociation of

the complex will change and it can be calculated

according to

K ¼ ½RCOO��½MBþ�
[RCOOMB]

¼ m � a2 � C

1 � a
ð12Þ

where C is the initial concentration of the carboxyl

group.

Based on Eq. (12), the calculated a is 3.00 % if m is

5. Thus, the error caused by the dissociation of the

complex can be considered negligible under these

excess MB concentration conditions.

Fig. 3 Determination of binding ratio of RCOOMB complex
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Effect of possible interference on the spectral

measurement

Figure 4 shows the spectrums of nanocellulose

(80 mg/L) produced from the different pulp species

or methods, which are named as cellulose nanofibers

(CNF), Tempo-oxidized cellulose nanofibers prepared

from kraft pulp (KTCNF) and from gamma-valero-

lactone (GTCNF), respectively. It can be seen that any

solid impurity such as the presence of fiber fines could

cause the absorption in the whole wavelength range

due to the light scattering and result in a baseline shift.

if the interference is significant in a sample, it will

have an impact to the spectral measurement.

Figure 4 shows that the baseline shifting caused by

the solid impurity is approximately linear. Thus, the

wavelength-dependent absorbance of the interference

in the range of 500–750 nm can be expressed as

AT
ki
¼ A750 þ m � ðki � 750Þ ð13Þ

where m is the slope of the spectrum of nanocellulose

in the range of 400 to 750 nm, which is - 2.0 9 10- 5

based on the spectra shown in Fig. 4.

According to Fig. 3, it was observed that there was

no absorbances from either MB or RCOOMB at the

wavelength of 750 nm. Therefore, the absorbance at

750 nm can be used to subtract the spectral interfer-

ences caused by the impurity in nanocellulose samples

at the interest wavelength range.

Establishment of multi-wavelength spectroscopic

method for measuring carboxyl content

When the MB is in great excess, the absorbance of the

mixture at a given wavelength can be expressed by

Ak ¼ k1A
1
k þ k2A

2
k þ AT

k ð14Þ

Extending the above equation to a multicomponent

system, the absorbances at the multi-wavelength can

be expressed by the following matrix,

Ak1

Ak2

..

.

Akn

2
6664

3
7775 ¼

A1
k1

A2
k1

. . .

A1
k2

A2
k2

. . .

..

. ..
. . .

.

An
k1

An
k2

..

.

A1
kn

A2
kn

. . . An
kn

2
66664

3
77775

k1

k2

..

.

kn

2
6664

3
7775

þ

m � k1 � 750ð Þ
m � k2 � 750ð Þ

..

.

m � kn � 750ð Þ

2
6664

3
7775þ

ek1

ek2

..

.

ekn

2
6664

3
7775 ð15Þ

where Aj
ki

, ki and eirepresent the absorbance of the

component j at the wavelength of ki, the fitting

coefficient and error term, respectively (i = 1, 2, ..., n);

AT
k is the absorbance contributed by nanocellulose

turbidity at wavelength of ki in a mixed solution.

In this study, the absorbance values of the mixed

solution (two-component system of unknown concen-

tration) at 500–750 nm (i = 1–250) were measured,

and all the data were imported into Eq. (15). We can

solve the equation for k1 and k2 by seeking values that

minimize the sum of square of the errors (
P

e2
ki

) using

the numerical analysis software (Solver in Microsoft

Fig. 4 Spectra of the nanocellulose solutions

Fig. 5 Calculated (by Eq. 15) and measured spectrum for a

mixture solution
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Excel was used in this experiment). Figure 5 shows an

excellent match between the spectrum calculated by

Eq. (15) at a minimized sum of squared errors (
P

e2
ki

)

and the measured spectrum in a mixture solution of

MB and nanocellulose.

The k value is obtained by the best fitting, from

which the carboxylic acid content in the nanocellulose

sample can be calculated by

C�COOHðlmol=LÞ ¼ 1000 � k1CMB

C
¼ 3:13 � 104 � k1

C

ð16Þ

where CMB is the initial concentration of MB, 31.3 is

practical concentration used in this experiment (lmol/

L); C is the concentration of nanocellulose, mg/L.

Method evaluation

The repeatability of the proposed method was evalu-

ated using a quintuplicate test of MB and nanocellu-

lose mixed solution with the concentration of MB at

31.3 lmol/L (which was 5 times more concentrated

than the –COOH content in nanocellulose). As The

results shown in Table 1 indicate that the present

method has an excellent measurement precision, in

which the relative standard deviations (RSDs) are less

than 2.3 %.

To verify the accuracy of the method, the carboxyl

group contents of nanocellulose from two types of

pulps with different oxidation treatment were tested by

both the reference method (i.e., conductivity titration)

and the present spectroscopic method. The feasibility

study showed that the concentration of nanocellulose

in the testing solution can affect the results of the

method, the use of a lower sample concertation. e.g.,

less than 2.5 mg/L (assuming the content of –COO-

groups is 1 mmol/g), could achieve a good agreement

with those measured by the reference method.

Table 2 lists the comparison results between the

proposed and the reference methods for the nanocel-

lulose samples from the different process conditions.

Sample concentrations in the tested solutions were

within 2.5 mg/L. It can be seen from the table that the

relative differences between the data measured by

these two methods on these samples are less than

5.0 %, indicating that the developed method is suit-

able to be used for the determination of carboxyl group

content in nanocellulose samples.

Table 1 Repeatability

testing
Test no. –COOH content, lmol/g

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

1 820 1086 732 932 1223 890

2 802 1048 724 940 1199 872

3 814 1095 721 956 1194 882

4 932 1072 713 937 1260 869

5 827 1116 725 964 1218 903

Average 819 1083 723 946 1219 883

RSD, % 1.4 2.3 0.9 1.4 2.1 1.6

Table 2 Comparison of the methods

Sample type NaClO dosage to pulp mmol/g –COOH, lmol/g Relative difference, %

Present (n=3) Reference (n =3)

Bleached kraft pulp 2.4 819 ± 13 830 ± 10 - 1.32

4.8 1083 ± 9 1110 ± 70 - 2.40

GVL pulp 2.4 723 ± 23 700 ± 30 3.18

4.8 1219 ± 15 1170 ± 30 4.23
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Conclusions

A method for the determination of carboxyl group

content of nanocellulose has been developed, based on

a multi-wavelength spectroscopic measurement on a

solution with MB and nanocellulose mixture. The

method is simple to use in the determination of

carboxyl group content of nanocellulose for related

research and applications.
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