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Abstract As an important commodity wood mate-

rial, poplar has porous structure, which is worthy of

being investigated. Especially, the lignin concentra-

tion is closely related to the formation and change of

pores. Although a few studies reported the relation

between the pore volume and the lignin removal of the

ground wood (Stone and Scallan in J Polym Sci C

Polym Symp 11(1):13–25, 1965), no information of

the distribution of pore sizes versus the whole

delignification process steps was reported. This study

initially explored the effect of delignification level on

the pore size distribution and pore structure in poplar

cell walls using nitrogen absorption measurement. It

was found that delignification increased the N2

adsorption amount and specific surface area of poplar.

It also caused a large number of mesopores in the cell

wall, mainly in the 2–10 nm pore size range, and

decreased the average pore size. The whole deligni-

fication process can be roughly divided into three

major phases, namely, the initial phase, the transi-

tional phase and the stable phase, in which, the change

process was not completely uniform. During the

delignification, the size of poplar cell wall pores

continued reducing, and finally a large number of

uniform pores of about 2.1 nm was formed.

Keywords BJH method � N2 adsorption method �
Poplar � Mesopore structure � Pore diameter

distribution � Pore volume � Progressive delignification

Introduction

Porosity is one of the most important features of

cellulosic material, which affects its properties and

utilization prospect (Meng et al. 2013). As one of the

cellulosic materials, wood has not only macroscopic

pores, but also pores with specific multi-scale pore

structure of macroscopic–mesoscopic–microscopic

systems (Ruelle 2014; Sarkar and Auer 2017). The

porosity of wood, especially microscopic pores, is an

important indicator of the wood properties. The

microscopic and mesoscopic pores of wood have a

great influence on the performances of the water

movement, heat transfer in wood and the permeability

of wood. In general, pores were classified according to

micropores (\ 2 nm), mesopores (2–50 nm), and

macropores ([ 50 nm) (Barrett et al. 1951). The

studies of wood pores have evolved from macroscopic

to nanoscale, mainly for the distribution and variation
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of micropores and mesopores (Stone 1964; Akitomo

et al. 2006).

At present, the examination of microscopic pores in

wood cell walls cannot be directly observed by the

electron microscopy (Fahlén and Salmén 2005).

Therefore, gas adsorption is often used to obtain the

pore data. Generally, CO2 and N2 are often used as

adsorption media for the measuring of micropores and

mesopores, respectively (Nakatani et al. 2008; Kojiro

et al. 2010). The N2 adsorption method is a physical

adsorption type that can be used for a single layer and

multilayer adsorptions (Brunauer et al. 1938). This

method is highly accurate in the determination of the

characteristics of porous materials, and many calcu-

lation models can be applied to pores measuring in

different states (Galarneau et al. 1999; He et al. 2004;

Rouquerol et al. 2013). The pores of the wood cell wall

are generally considered to be slit-like or directly

simplified into a cylindrical shape. The two models of

pore morphology, Innes and BJH (Barrett–Joiner–

Halenda) methods, can be found to be similar in their

results, so the BJH model is commonly used for

mesoporous analysis of wood (Innes 1957; Kimura

et al. 2016).

Porosity in the wood cell wall helps to analyze the

maturity of the tension wood, especially in the

structural correlation of the G-layer. Tension wood

is a special type of wood, in which the source and

mechanism of tension are of concern. The introduction

of the mesoporosity concept supported the hypothesis

of G-layer matrix swelling during maturation (Chang

et al. 2009, 2011a, 2015).

Wood chemical treatment and carbonization lead to

changes in the pore structure of the wood cell wall,

mainly during the heat treatment, the high temperature

makes the pores closed, so the dried wood has much

less pores than the wet one (Kojiro et al. 2008, 2010).

Moreover, the reduction number of micropores is

larger than that of mesopores, and this phenomenon

can be reproduced by wetting and drying (Borrega and

Kärenlampi 2011). However, the pore volume

increases as the temperature rises to thermal degrada-

tion (Monteiro 2018).

The formation of wood pores is strongly related to

the chemical composition. Many studies pointed out

that lignin and cell wall pores are inextricably linked

(Yin et al. 2015; Shi and Avramidis 2018). Moreover,

the difference in pore structure between heartwood

and sapwood, softwood and hardwood, also validated

this theory (Donaldson et al. 2018). Lignin was

associated with micropores smaller than 0.6 nm, so

delignification reduced micropores and increased

mesopores (Stone and Scallan 1965; Nakatani et al.

2008; Kojiro et al. 2010).

There are many applications related to lignin in the

processing and utilization of wood, such as paper

pulping, production of activated carbon, silicification

of wood, preparation of transparent wood, biological

conversion of biomass, etc. The studies on the pore

distribution of pulp have been always reported. A large

amount of lignin is removed and a large number of

mesopores is created during the pulping process

(Stone and Scallan 1965; Kimura et al. 2014). Lignin

is also a useful biological resource for the production

of activated carbon. The higher lignin content can

make the activated carbon that has larger micropore

specific surface area with ability to effectively adsorb

metal impurities in water (Dizhbite et al. 1999; Basso

et al. 2005; Carrott and Carrott 2007). In addition to

this, some new materials are involved in the prepara-

tion of delignification. On the one hand, silicification

of wood can be used to preserve fossil wood to help

examine the microstructure of wood (Persson et al.

2004a, b; Dietrich et al. 2013); on the other hand,

wood template can be used to make advanced ceramic

materials (Mizutani et al. 2005; Deshpande et al. 2006;

Dietrich et al. 2015). The process of making wood

template from delignification was also used in the

preparation of transparent wood. Transparent wood

not only breaks through the traditional appearance of

wood, but also has great promise in terms of optical

properties, architectural applications, and the addition

of particles for special performance (Fink 1992; Zhu

et al. 2016; Wang et al. 2018b; Wu et al. 2019).

Pretreatment not only affected the surface area and

pore distribution, but also controlled cellulase access

to cellulose. The accessibility of enzymes is an

important factor in the conversion of biomass

(Ishizawa et al. 2007; Meng et al. 2013, 2015).

Therefore, the relation between lignin and the pore

structure in wood cell wall is crucial. Furthermore,

lignin is one of the three major chemical components

of wood, and its existence and corresponding pore

change laws are worthy of being further investigated.

However, in terms of pore structure, there were more

studies on softwoods while less on hardwoods. Interest

has recently arisen in the delignification of wood,

driven by the development of functional wood
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products (e.g. paper pulping and transparent wood),

which needs to be pre-treated by delignification.

However, the studies regarding the relationship

between delignification process and the pore structure

of wood were limited. Although a few studies reported

the relation between the pore volume and the lignin

removal of the ground wood (Stone and Scallan 1965),

no information of the distribution of pore sizes versus

the whole delignification process steps was reported.

This study initially explored the effect of delignifica-

tion level on the pore size distribution and pore

structure in poplar cell walls using nitrogen absorption

measurement, which is of great significance for

expanding the application range of fast-growing

poplar.

Materials and methods

Materials

The samples were hybrid poplar clones collected from

the Jiaozuo forest farm in Henan Province, China. The

tree height was 18.8 m, the breast diameter was

22.4 cm, and the tree age was 10 years. A two-meter-

long section from 3.5 to 5.5 m along the longitudinal

direction of the tree was taken. The experimental

samples were cut from the fourth annual ring near the

bark (sapwood). A plurality of sections was continu-

ously taken along one end of the trunk and air-dried

under the laboratory atmospheric condition. After the

drying, a sufficient amount of material in fourth annual

ring was cut. In order to carry out the delignification

and nitrogen adsorption experiments, the wood blocks

were cut into small strips with a cross section of about

2 9 2 mm.

Delignification

The small wooden strips were divided into five groups,

15–20 g each. For the progressive delignification

treatment, it was expected the gradient interval of

about 25%, which means five groups would be

removed about 0%, 25%, 50%, 75%, and 95% lignin,

respectively. The delignification treatment used a

dissociation solution of 1:1 configuration of 30%

hydrogen peroxide and glacial acetic acid (Franklin

1945). The five groups of wood strips were completely

immersed in the dissociation agent and placed in a

constant temperature water bath at 40 �C for reaction

of 0 h, 1 h, 6 h, 10 h or 32 h, respectively. After the

reaction, the fiber samples were rinsed by deionized

water. During the 48-h rinsing process, the deionized

water was changed every 8 h to remove the compo-

nents of the dissociation, hydrogen peroxide and

glacial acetic acid. To avoid damaging the cell wall

structures, samples were then dried at 65 ± 2 �C in an

oven because 65 �C is a relatively low temperature for

drying. Under this condition, generally, the compo-

nents of wood cell wall would not be degraded, so the

pore structure could be protected (Dawson and

Pearson 2017). During the progressive delignification

process, middle lamellas of samples were not totally

separated. In this way, pores could be produced in

middle lamellas. However, generally speaking, the

middle lamella is also a part of the structure of the

wood cell walls; therefore, pores of poplar included

the pores of the middle lamellas after the

delignification.

Determination of lignin content

The method referred to Sluiter et al. (2010). The dried

and weighed sample was placed in a taring pressure

tube. Firstly, 72% sulfuric acid was added to poplar

samples in the tube, and hydrolysis was carried out for

60 min in a water bath at 30 ± 2 �C, in which the

mixture of the sulfuric acid and poplar samples was

well mixed by stirring. Thereafter, the test tube was

taken out and deionized water was added to dilute the

acid to a concentration of 4% and placed in a high

temperature sterilizer at 121 ± 2 �C for 1 h. When the

reaction was completed, the solution was separated by

filtration. After diluting the supernatant, the content of

acid-soluble lignin was measured to be 205 nm using

an ultraviolet spectrophotometer (UV-1800). The

residue was placed in a 105 ± 2 �C oven and weighed

constantly, and then placed in a muffle furnace at

575 ± 2 �C. The organic matter was pyrolyzed at a

high temperature, and after 3 h of reaction, the sample

was cooled and weighed again. The weight difference

between before and after treatment was the acid

insoluble lignin content.

Pretreatment for N2 adsorption measurement

Five finished delignified samples were separately

ground using the RHP-400 high-speed multi-function
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grinding machine (RONGHAO, Chain) and passed

through a 150-mesh screen. The weight of each sample

was approximately 1.5 g. The water in each sample

was replaced with ethanol (i.e., dehydrated) and

subjected to successive 30%, 50%, 70%, 90%,

100%, 100%, and 100% gradient dehydration dis-

placements with ethanol. The dehydrated sample was

then subjected to the next degassing treatment. The

K850 model critical point dryer (CPD) manufactured

by British EMITECH was used to dry samples at a

liquid carbon dioxide temperature for more than 8 h.

This procedure ran under the temperature of around

- 3 to 42 �C. The supercritical drying method is

currently the most suitable drying method for nitrogen

adsorption measurement. By controlling the pressure

and temperature to reach the critical point of the

material, the sample without structural damages can

be obtained, which was more accurate and reliable in

the adsorption measurement (Chang et al 2011b).

N2 absorption measurement

The pretreated samples were tested using the

ASAP2020 HD88 fully automated specific surface

area and pore size profiler (Micromeritics, USA). It

should be noted that, in order to ensure not be

contaminated, the sample must be stored and tested in

a test tube as soon as it is removed from the

supercritical dryer. It is best to operate in a low

temperature carbon dioxide environment to avoid the

prolonged exposure in air. The sample was tested for

adsorption of nitrogen molecules in the instrument at

the liquid nitrogen temperature of 77 K, isothermal

adsorption, desorption line was drawn, and more

sample information was obtained by the further

analysis. The entire test process lasted approximately

8 h.

BET and BJH method

Many characterization methods can be used to exam-

ine various ultrastructural properties of wood material

(Wang et al. 2018a). In order to study the effect of the

delignification on the pore structure of poplar cell

wall, the N2 adsorption volume, specific surface area,

pore volume and mesoporous distribution of the

progressive delignification treatment of poplar were

examined by the N2 adsorption method. The BET and

BJH (Brunauer–Emmett–Teller) model were

respectively used to investigate the surface area and

the pore size distribution of the mesopores during the

lignin removal process in this study.

The BET theory (Quirk 1955) is based on the multi-

molecular-layer adsorption model, and derives the

relationship equation between the single-layer adsorp-

tion amount Vm and the multi-layer adsorption amount

V, which is the BET equation as shown in Eq. (1):

P

Vads P0 � Pð Þ ¼
1

VmC
þ C � 1

VmC

P

P0

� �
ð1Þ

where P: nitrogen partial pressure; P0: saturation vapor

pressure; V: amount of vapor adsorbed at P; Vm:

quantity of adsorbate forming a monolayer; C: con-

stant related to sample adsorption capacity.

The model of pore size analysis used the principle

of capillary condensation and volume equivalent

substitution, where the Kelvin equation was basic for

calculating the aperture. The BJH (Barrett–Joiner–

Halenda) pore size distribution calculation model used

the cylindrical model, which is a widely used meso-

porous analysis method. This model simplified the

shape of the hole and was confirmed that the analysis

results were highly efficient and reliable (Kimura et al.

2016). Here is the BJH Eq. (2):

Vn ¼ RnDVn � RnDtn
Xn�1

j¼1

cjAPj ð2Þ

where Vn: the volume of the pores involved in the nth

desorption step; Rn, cj: constants related to the average

pore size and average thickness of the physically

adsorbed multilayer; Dtn: decrease in thickness of the

multilayer; Ap: the area of each pore, from Ap ¼
2Vp=rp (Barrett et al. 1951; Masthan et al. 1992).

In many cases, in order to show the pore size

distributions clearer, derivation will be performed,

such as dV/dD.

Result and discussion

Examination of conditions

In order to determine the appropriate treatment time to

achieve the desired delignification percentages, a

preliminary experiment was performed. It was hoped

that the experimental conditions would be determined

by this empirical method. In the first pre-experiment,
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the delignification treatment time of the samples was

set to be 0, 2, 4, …, 32, or 34 h, and the lignin content

was measured. Lignin concentrations were tested

using a two-step acid hydrolysis according to the

method of Sluiter et al. (2010).

The delignification results are shown in Table 1.

During the preliminary experiment, the interval

between each treatment initially was set to 2 h.

However, it was found that the removal amount of

lignin between 0 and 2 h was too large, resulting in

some useful information loss possibly. Therefore, the

treatment of delignification for 1 h was added between

0 and 2 h. Finally, treatment times of 0, 1, 6, 10 and

32 h were selected as samples in this study. Moreover,

named these five samples from Del-1 to Del-5

according to 0, 1, 6, 10 and 32 h treatment, respec-

tively. The 25% span selected here was moderate as a

gradient between samples.

Table 1 only shows the data of lignin, because it

was the emphasis in this study. Besides that, during the

delignification, the hemicellulose reduced by 9%, and

cellulose content remained unchanged.

N2 adsorption isotherm

As shown in Fig. 1, with the decrease of lignin residue,

the adsorption amount of N2 in the sample obviously

increased, and the maximum adsorption volume also

basically increased. This finding was confirmed in

most delignified wood species (Kimura et al

2014, 2016). When five samples were sorted into

two groups, i.e., Del-1 and Del-2 as the first one and

Del-3 to Del-5 as the second one, it was found that the

maximum adsorption capacity of the second one was

prominent higher than the first one. Moreover, the

internal data of each group were relatively close, and

stable at 3.8 and 5–6 cm3 g-1, respectively. It was

indicated that, in the range of 25–50% of delignifica-

tion, the N2 adsorption capacity of poplar was changed

in a larger degree. In addition, during the adsorption

measurement, the amount of adsorption in the previ-

ous stage of Del-1 to Del-4 was small, and there was

no prominent increase. Basically, a large adsorption

volume occurred at the relative pressure P/P0 & 0.8. It

was illustrated that there were more mesopores in the

samples than micropores. However, the growth of the

isotherms of the Del-5 samples was relatively flat, and

the first four samples had a distinct hysteresis loop.

According to the classification from International

Union of Pure and Applied Chemistry (IUPAC), the

hysteresis loop was similar to the H2 type (Sing 1985).

The shape of the hole can be analyzed based on the

type of the hysteresis loop. The hysteresis loop refers

to the loop formed in the isotherm between the

Table 1 Delignification under different treatment times

Treatment time (h) Lignin (%) Delignification degree (%)

0 27.3 0

1 22.6 22.0

2 18.7 31.4

4 16.5 39.7

6 14.8 45.8

8 9.1 66.6

10 5.6 79.6

12 3.2 88.3

14 3.2 88.4

16 3.1 88.8

18 2.9 89.3

20 2.6 90.7

22 2.5 90.9

24 1.9 92.9

28 1.6 94.2

32 1.4 94.9

34 0.2 99.4

Delignification degree = 1 - (current lignin/lignin of

untreated sample) 9 100%
Fig. 1 Adsorption and desorption isotherms of Del-1 to Del-5

samples
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adsorption and desorption lines. Actually, the cause of

the H2 type is complicated, and the shape can be

simplified to a narrow ink bottle shape in general

(Groen and Pérez-Ramı́rez 2004).

To evaluate the effect of different treatment time

durations (Del-1 to Del-5), the Duncan’s multiple

range test (Duncan 1955) was utilized for the multiple

comparison as shown in Table 2. According to the

measurement of the BET specific surface area, the

specific surface area of the five samples basically kept

increasing. In particular, the Del-5 sample of 95%

delignification achieved the highest value of

3.78 m2 g-1, which was three times as much as the

untreated sample. Del-1 to Del-2 and Del-4 to Del-5

had larger changes in specific surface area, which can

be proved by the statistical differences in Table 2. And

it can be seen that the removal of lignin between these

two spans increased more pores. This finding was also

consistent with the results of previous reports.

Therefore, the amount of N2 adsorption increased

with the delignification, but their relationship was

nonlinear, and there was a big gap between 25 and

50% of delignification. The specific surface area

increased as the lignin content decreased.

As shown in Table 3, many studies on wood cell

walls were completed. The structure of the micro-

scopic pores can be explored according to different

treatment methods including delignification, heat

treatment, and different parts of the wood. Although

the treatment methods were different, it was still

related to the chemical composition of wood, espe-

cially the lignin. Therefore, delignification was the

most direct method. Among them, the progressive

delignification was a relative convincing treatment

method, and it was generally to control the number of

treatments or directly control the lignin content.

Nakatani et al. (2008) and Kimura et al. (2014) used

the number of delignification treatments, that pointed

out micropores were present in lignin and 4–5 nm

mesopores were concentrated. In addition, Stone and

Scallan (1965) directly controlled the degree of

delignification, and concluded that the 2–10 and

2–4 nm pores appeared were also consistent. More-

over, the detailed lignin content of this study was more

quantitative and accurate. The whole process of pore

change was also explored by the processive deligni-

fication. The relationship between lignin and pore

structure was further improved.
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In addition, the heat treatment test also confirmed

the relationship between lignin and pore structure.

During the heat treatment, especially at lower tem-

peratures, the chemical composition of the lignin was

not altered. However, micropores were greatly

reduced due to moisture and other physical changes

(Nakatani et al. 2008; Kojiro et al. 2010). For pulp,

pores mostly appeared within 10 nm and the pore size

was slightly different due to the lignin concentration

(Kimura et al. 2016). However, the higher heat

treatment temperatures resulted in larger mesopores,

and pores above 25 nm were rarely seen in other

treatments (Monteiro 2018). The changes brought

about by the drying process were reversible, but only

indicated the existence of relationship between lignin

and pore structure, without further explanation. The

different pore structures of different parts of wood

were also related to the lignin content. The pore

structures of G-layer in the heartwood and sapwood

were consistent with other research results due to the

chemical composition. Studies on extracts have also

been shown to be associated with micropores (Shi and

Avramidis 2018).

BJH pore size distribution and pore volume

The available aperture range of the BJH model was

approximately 1.7–300 nm. That was more suitable for

mesopores, so the accuracy in 2–50 nm range was

higher, which was the research object of this study.

The portion smaller than 2 nm was only selected from

the data point closest to 2 nm, which had the pore

diameters of 1.97–2 nm. This can better reflect the

characteristics of the change process while ensuring

accuracy.

As shown in Table 2, the BJH mesoporous pore

volume of Del-2 to Del-4 was significantly increased

and was consistent with the variation of the maximum

adsorption volume of N2. This was because the

assumption of N2 adsorption was to some extent the

pore volume. The pore volume directly expressed the

total volume of the pores, but did not completely

reflect the number of mesopores because the mor-

phology and depth of the different pores were

unknown.

In Fig. 2, the untreated Del-1 sample contained

almost no pores of 10 nm or smaller, and the

mesopores were only distributed at 10–50 nm. The

mesopores with 2–10 nm pore size appeared after the

delignification, and pore volume of the pores in this

range increased rapidly with the decrease of lignin

content. The pore volume of Del-5 at 2–5 nm and

5–10 nm reached 0.000939 cm3 g-1 and 0.001431

cm3 g-1, respectively, and the sum of the two

accounted for one-third of the total pore volume.

There was also a study reporting that the 50 nm pore

volume of 100% lignin removal sample was smaller

than that of 80% lignin removal sample (Stone and

Scallan 1965). Also, based on that, another explana-

tion was proposed. It might be because some hemi-

cellulose degraded and fell into the large pores

([ 50 nm). These decomposition components filled

the large pores and reduced their diameters. Therefore,

the final result was that the pore volume of Del-5 at

50 nm was rather reduced.

The pore volume distribution of the five samples

was similar in the 10–50 nm and[ 50 nm intervals.

There were two reasons for the decrease of Del-2 pore

volume:

1. the formation of new pores on the cell wall, which

caused a large number of pores around 2 nm;

2. the removal of lignin to enlarge the original

pores.

For the first hypothesis, the part of the wood cell

wall that was originally filled with lignin formed a new

hole due to the delignification treatment. This was

related to the lignin content and distribution of the cell

wall, and the surface layer and the high lignin

concentration may be more effective, such as in the

Fig. 2 Sample pore volume distribution under different pore

sizes
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high-lignin composites, compound middle lamella and

the cell corners (Fromm et al. 2003).

Moreover, it can be assumed that two variables, the

amount of lignin removed and the pore size, were

proportional. So that the pores of the original pore size

in the pores of 10 to 50 nm were expanded to 50 nm or

larger, and the pores of[ 50 nm became larger and

beyond the test range. The treatment of Del-3 and Del-

4 then allowed the pore volume in these two intervals

to increase further. Finally, the lignin content of the

Del-5 sample was extremely low, and the pores were

basically composed of cellulose and hemicellulose

after the influence of lignin was excluded.

As seen in Table 2, the average pore size of the BJH

mesopores was decreased, which was contrary to the

pre-test before the experiment. Why did the pores

increase but the average pore size decreases? Because

the number of holes formed in different pore size

ranges was inconsistent. Obviously, the smaller

mesoporous pore volume of 2–10 nm grew faster.

Therefore, with the delignification, the pore volume

of 2–10 nm pore size continued to grow rapidly, which

was consistent with the result of 2–4 nm pores after

the removal of black spruce (Stone and Scallan 1965).

Most pores in the pulp belonged to mesopores of

10 nm and larger, as shown in Table 3 (Stone and

Scallan 1968; Scallan 1978; Alince and Van de Ven

1997). The pores of 10–50 nm and larger increased but

decreased at the end. In general, the delignification

caused a large number of mesopores in the wood cell

wall, mainly concentrated in the 2–10 nm pore

diameter range, and the average pore size decreased

during the delignification.

Pore size distributions

Figure 3 demonstrates the pore size distributions of all

samples, in which, the pore volume/pore diameter

(dV/dD) is the vertical ordinate, and the pore diameter

(D) is the horizontal ordinate. The direct meaning of

the ordinate was the rate of change of the aperture,

which can visually display the pore size distribution.

The first point of the x-axis in the figure is 1.97 nm,

which is slightly smaller than 2 nm.

From the curve shape of Del-2 to Del-5, it can be

seen that the amount of micropores at 1.9–2 nm was

extremely large, which was several times of the

mesoporous value. The second curve had a unique

peak at 5–15 nm, then the number cut back. Del-1 had

different behaviors, since its data appeared after

10 nm and there was no micropores of 1.9–2 nm.

However, after that it had the characteristics of the

unique peak and the shape of the curve was consistent

with other samples. The delignificated poplar would

have a large number of 1.98–10 nm pores, meaning

that the surface lignin was detached and the mesopores

were exposed.

In general, the low lignin concentration corre-

sponded to a smaller pore size peak, and studies have

certified that eucalyptus pulp (HBKP) had a smaller

pore diameter than mixed softwood pulp (SBKP)

during pulping (Kimura et al 2016), and hardwood

also contained more micropores (Kojiro et al 2010).

The peak analysis of the five samples in this study

found that Del-2 had a special curve, and the peaks of

the other four samples continued to move to the left

and upward. Firstly, the changes of Del-1, 3, 4, and 5

samples were that, as the degree of delignification

increased, the pore sizes corresponding to the peaks of

Del-1, 3, 4, and 5 samples were 17.35, 11.47, 2.56 and

2.22 nm, respectively, and the pore size was steadily

decreased. The height value of the peak also had a

clear upward trend, indicating that the number of pores

in the cell wall was larger and the concentration

became higher. The width of the peak turned to

smaller, namely, narrower, and it was shown that the

uniformity of the pores became higher.

Followed by the Del-2 curve, its overall character-

istics were consistent with other samples, but its

unnormal high peak reflected to the smaller aperture

and larger quantity, which were clearly different from

the trends of Del-1, 3, 4, and 5 samples. In this aspect,

Fig. 3 BJH pore size distributions of Del-1 to Del-5 samples

123

Cellulose (2020) 27:1921–1932 1929



this study revealed that the reason was that the Del-2

sample was in the primary stage of delignification, and

the internal structure was not shaped, so a mutation

appears during the delignification process. Compared

with the Del-1 sample, the biggest change of the Del-2

sample was that the pores with smaller pore sizes

(1.9–2.1 nm and about 7 nm) appeared in large

quantities, so its maximum adsorption volume of N2

was not much changed but the specific surface area

was obviously increased. It was further speculated that

this part of the pore may be the one of the sources of

pores at the peaks of the Del-2 to 5 samples.

Thereafter, as the delignification treatment continued,

the sample settled to the Del-2 phase, and the change

of Del-2 to 5 was carried out within the shaped pore

structure.

Therefore, the delignification reduced the pore size

of the poplar cell wall pores, and finally formed a large

number of uniform pores of about 2.1 nm. The change

process did not happen completely smoothly, but with

a mutation at 25% delignification.

By classifying the pore size distributions, the

percentage of each pore size interval of the sample

was obtained and is shown in Fig. 4. It can still be

found that the poplar cell wall pore structure changed

from Del-1 (initial phase) to Del-2 (transitional phase)

during the delignification and was shaped in Del-3, 4,

5 (stable phase). There was a clear difference among

the three phases, while the distribution ratios and

trends of Del-3, 4, and 5 in the same stable phase were

consistent. Figure 5 shows the most representative

three samples, Del-1, Del-2 and Del-5, in every phase.

From which, it was clearly revealed that the main pore

diameters of the three phases were 10–50 nm,

1.9–2 nm and 2–5 nm, respectively.

Conclusions

The results obtained were concluded as follows:

1. Delignification increased the N2 adsorption vol-

ume and specific surface area of poplar. These two

were not completely linear relation with the

delignification degree, and the increase in some

intervals was uneven.

2. Delignification caused a mass of mesopores in the

cell wall, mainly concentrated in the 2 to 10 nm

pore size range, and the average pore diameter

decreased as the progress of the delignification.

3. The whole delignification process can be roughly

divided into three phases, i.e., initial phase,

transitional phase and stable phase, with pore

sizes of 10–50 nm, 1.9–2 nm and 2–5 nm, respec-

tively. The change of process was not completely

uniform. After the three phases, the pore size of

the poplar cell wall pores was reduced, and finally

a good deal of uniform pores about 2.1 nm were

formed.
Fig. 4 Pore size distribution ratio

Fig. 5 Del-1, Del-2, Del-5 pore size distribution pie chart
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