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With the development of global industrialization, the world
is facing an energy uncertainty and increasing environmental
concerns resulting from fossil energy use. Biomass-based
materials are known to have lower greenhouse gas emissions
than those from nonrenewable resources, such as petroleum
and coal. In recent years, biomass-based materials and
technologies have become one of the most important com-
ponents of sustainable systems due to biomass abundance
and renewability. Biomass-based materials and technologies
have drawn much attention from governments, academia,
and industry, having become one of the most active research
fields.

This special issue included some of the best contributions
from the researchers in the field. Through a thorough and
professional process, the best manuscripts were selected for
publication in this special issue. The papers in this special
issue present the state-of-the-art perspective on the wide
spectrum of biomass-based materials and technologies rang-
ing fromhigh value chemicals extraction,materials handling,
and chemical conversion to biomass-based composites for
various engineering applications.

Understanding and improving the biomass material
properties for hot molding processes are critical for effec-
tive utilization of biomass for composites. The article by
S. Kajikawa and T. Iizuka found that steam or short-time
dry heat treatments could improve the fluidity of bamboo
particles. The study by L. Peng et al. showed a great potential
of wood fiber for manufacturing high quality composites for
acoustic applications. The article entitled “Texture Feature

Extraction and Classification of SEM Images of Wheat
Straw/Polypropylene Composites in Accelerated Aging Test”
enlightens the readers with a novel and effective approach of
combining image analysis and artificial intelligence to classify
the aging status of biomass fiber/polymer composites.

Biomass is also a cost-effective resource for high value
chemicals with pharmacological properties. By combining
reduced pressure and ultrasonication, the study by P. Xie
et al. made an impressive progress on effectively extracting
oleuropein from olive leaves. The method not only reduced
the energy consumption for extracting chemicals but also
achieved higher yield than traditional methods.

In addition to applications in materials and chemicals,
biomass feedstocks play an important role in energy applica-
tions. The study by X. Song et al. revealed that larger particle
sizes of biomass could be more beneficial in terms of saving
milling energy and obtaining higher cellulose recovery and
total sugar yield. The article entitled “Microwave Assisted
Hydrolysis of Holocellulose Catalyzed with Sulfonated Char
Derived from Lignin-Rich Residue” by K. Wang et al.
introduced an efficient method (83% w.t. conversion within
60 minutes) to break the carbohydrate polymer in woody
biomass using the lignin-derived char as the catalyst.
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Wheat straw/polypropylene composites are green recycled and biomass-basedmaterial. After accelerated aging test of the composite
was done, practical and effective methods for characterization and extraction of texture feature of microscopic Scanning Electron
Microscopy (SEM) images of composites were investigated in this paper, and involved data compression and classification
recognition were studied as well. Through Angle Measure Technique (AMT) method, the complexity spectra, MA spectra, of
the preprocessed SEM images of the composites were derived and then the first four principal components of MA spectra using
Principal Component Analysis (PCA) were extracted accordingly. Two kinds of classifiers based on Extreme Learning Machine
(ELM) and Support Vector Machine (SVM) were introduced to classify the SEM images into five different aging periods in this
paper.The research results indicate that AMTmethod is a very novel and effective approach in texture feature characterization and
analysis of SEM images of composites and high classification accuracy of SEM images in different aging periods by using intelligent
recognition can be reached.

1. Introduction

Wheat straw/polypropylene composites are a new biomass-
based material substituting for the traditional wood/plastics
composites (WPCs) in many fields, which can be prepared
by using plastic or rubber as matrix and wheat straw plant
fiber, a usual agricultural residue, as filler. Compared with the
crude wood, these kinds of wood/plastics composites have
many advantages, such as better water resistance and anti-
corrosive property. Although the composites are green, recy-
cled, environmentally friendly material, they would exhibit
aging phenomenon unavoidably [1–3]. If the microscopic
SEM images of composites are effectively characterized and
correctly classified in different aging periods, it is easy to
accurately identify the aging stage of the material and to
determine the dynamic development of its aging process.

The topics of quantitative characterization and intelligent
modeling of microscopic surface topography and internal
structure of composite material have been of great impor-
tance in recent years; for example, digital image processing
of SEM was proposed to study relationship between cracks
shape and wearing loss in the preparation of carbon fabric-
epoxy composite [4]; SEM image processing and analysis
was introduced in structural characteristics analysis of anodic
porous alumina [5]; SEM microstructure characterization
and modeling were researched on the numerical study on
internal frost damage of digital cement paste samples with
cohesive zone; and so forth [6].

AngleMeasure Technique (AMT)method, first proposed
by Andrle in 1994, was used for quantitative characteri-
zation of curve complexity of geomorphic line [7]. This
technique can be considered as a characterization tool of
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Table 1: Raw materials of the experiment.

Main raw material Trade name Origin or manufacturer
Polypropylene (film) — Jiangyin Oriental Plastic Packaging Co., Ltd., China
Wheat straw — Tanghuang, Jiangyin, Jiangsu, China
Silane coupling agent KH550 Shanghai Yaohua Glass Co., Ltd., China
Zinc stearate Industrial grade Shanghai Yan’an Grease Chemical Plant, China

signal complexity through scale domain transform and then
was improved and introduced into many fields by some
researcher. For instance, Huang and Esbensen used AMT
and multivariate data analysis to characterize many types
of powders, such as sand, pellet, and rapeseed [8]. Indahl
and Næs characterized and built modeling of different sizes
of oil droplets in mayonnaise by using AMT and PCR [9].
Kucheryavski investigated discrimination and classification
of medical images by PLS-discrimination analysis after using
AMT andwavelet transformation to construct feature vectors
[10]. Fongaro and Kvaal studied surface texture characteri-
zation and multivariate feature extraction of texture images
of Italian pasta by means of Heterogeneity (HTG), gray level
cooccurrence matrix (GLCM), AMT, and so forth [11].

In the accelerated aging test, SEM images of the com-
posites in 5 different aging periods were shot, and then
AMT spectra of texture feature of microscopic SEM images
of composites were derived by AMT method and low-
dimension reduced spectra data were extracted by PCA.
According to the extracted feature matrix, the microscopic
SEM images of composites in different aging periods were
recognized and classified based on two kinds of intelligent
classifier, Extreme Learning Machine (ELM) and Support
Vector Machine (SVM). Our investigation can provide a
new way for quantitative characterization and depiction of
microscopic surface topography of SEM images of compos-
ite material in its aging test and precisely determine the
composites’ aging stage and indirectly reflect corresponding
mechanical, physical, and chemical properties accordingly by
using intelligent recognition and classification.

2. Experimental

2.1. Materials. Raw materials of sample preparation of wheat
straw/polypropylene composites were shown in Table 1.

2.2. Material Specimen Preparation and Its Accelerated Aging
Test. Wheat straw/polypropylene composites were prepared
by mixing molding method first; mass fraction of wheat
straw powder, zinc stearate, and polypropylene was 50%,
1.5%, and 48.5%, respectively. Then, the specimen of wheat
straw/polypropylene composites was made by hot press
molding with the size of 120mm × 100mm × 15mm.
According to the Chinese National Standard GB/T16422.3-
1997UVaccelerated aging test for wheat straw/polypropylene
composites was conducted. In the aging test, UV-A340
xenon lamp was used, and the temperature of blackboard
and condensation was set to 60∘C and 50∘C, respectively.
One aging cycle is 12 h (including illumination, 8 h, and

condensation, 4 h), and every 20 cycles were sampled once
totaling 100 cycles (i.e., 1200 h).The 5 different aging periods,
respectively, correspond to the 20th, 40th, 60th, 80th, and
100th aging period [12].

2.3. SEM Images Shoot. Before shooting SEM pictures of
composites sample, we need to spray gold on them first.
SEM photos of microscopic surface topography of the sam-
ple bars were acquired using JSW-6300 Scanning Electron
Microscope with accelerating voltage 20 kV, and photo mag-
nification is 50x, 100x, and 200x, respectively. Then, after
carefully observing the typical region of interest, we carefully
chose and took four SEM photos of the microscopic surface
topography of specimen of composites in five different aging
periods with the original size of 1232 × 912 pixels for each
magnification.

3. Methodology

3.1. Image Preprocessing and Its Subsamples Preparation.
Aftermicroscopic SEMphotos of the composites were shot in
five different aging periods, ROI (region of interest) images
or image subsamples at the same size (400 × 400 pixels)
were selected from the SEM raw images at the magnification
of 100x for the following textural feature extraction and
analysis based on AMT method. For each aging stage, 16
preprocessed subsamples of the SEM images (400 × 400
pixels) of material specimens were chosen out elaborately
for classification prediction (i.e., totally 80 subsamples in five
different aging periods).

For the entire samples, cross validation was introduced
to help construct predictive models and then to validate the
models in this work, through which we can assess how the
results of the predictive models will generalize to a separate
test dataset subsequently (to keep the classification models
from overfitting).

3.2. AMT Method. The calculating procedure of AMT
method is described below: for a 1D measurement series or
1D digital curve (2Dmeasurement series should be converted
to 1D ones first), in each scale factor 𝑠, one point from a
number of random sampling points (usually 500 points for
1D data series and above 2∼5% of the total number of pixels
for the unfolded imagery) is chosen as the starting point first
and also as the center of the circle with the radius 𝑠 (i.e., the
present scale). The circle intersects the 1D digital curve at 2
points which form an angle with the starting point, taking
its supplementary angle into consideration. The calculating
angle will change with the location move of the random
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Figure 1: Schematic diagram of AMT method.

sampling point in the digital curve at the present scale factor
𝑠; thereby, a series of anglemeasuring values will be generated
and then averaged into one angle, which is calledMeanAngle
(MA) or 𝛼(𝑠) as the function of the scale factor 𝑠 [8] (see
Figure 1). With continuous increase of the scale factor 𝑠, the
Mean Angle is changing also. The calculating formula of
Mean Angle or 𝛼(𝑠) according to AMT method is defined as
follows:

MA = 𝑘
𝑁

𝑁

∑

𝑖=1

(𝛼
𝑖
)
𝑠

, (1)

where (𝛼
𝑖
)
𝑠
is the 𝑖th measuring angle at the present scale 𝑠

and MA or 𝛼(𝑠) is the average of 𝑁 measurement angles; 𝑘
is a adjusting factor ranged from 0 to 1 which can enlarge
the variation in the unfolded 1D image pixels and it is set to
constant 1 in our work.

The production of AMT spectra of SEM images of
composites in different aging periods was evaluated using
the software ImageJ (NIH, USA, Version 1.46) with AMT
plugin script (http://arken.umb.no/∼kkvaal/eamtexplorer/
imagej plugins.html) written by Professor Knut Kvaal, Nor-
wegian University of Life Sciences (NMBU). The main
selected parameters of AMT spectra of SEM photos of
straw/polypropylene composites were as follows:

(1) Mean Angle measuring is done using AMT linear
method.

(2) Minimum scale radius is 1 pixel, maximum scale
radius is 500 pixels, and scale increment is 1 pixel.

(3) Total number of random sampling points is 5000
points.

(4) Unfolded type adopts “spiral” (outside to inside way)
converting 2D images to 1D digitalized curve.

(5) Number of sample pixels to unfold selects all.
(6) Correction option is considered and used to digitize

the line, and more information about this choice can
be found in [13].

3.3. MA Spectra Extraction Using PCA. AMT spectra (refer
to MA spectra commonly used) of SEM images of wheat
straw/polypropylene composites in different aging periods
have distinct texture features with the extension of material
aging cycles (Figure 5), so it is possible to extract the texture
characteristics by using AMT method. As the references

reported, MA data is a function depending on continu-
ous factor scale 𝑠, and therefore the exported measuring
angles 𝛼(𝑠) are high-dimensional data and it is possible that
multicollinearity of MA spectra might exist in some cases.
Raw AMT spectra seemed to be directly employed into the
classifier after simply selecting some scale range, but this
job was completed by naked eyes of observer resulting in
subjective differences and randomness to some extent and
possible time-consuming process sometimes. In addition,
scale number in the interval(s) of MA spectra might be
relatively large compared to the input of some classifier; for
instance, the input number of Artificial Neural Network is a
few or a dozen usually. It is important to eliminate possible
strong collinearity and at the same time to realize data com-
pression. As a matter of fact, the collinearity existed indeed
in the MA spectra by observation intuitively (Figure 6). In
consideration of these facts first four principal components
(PC1∼PC4) were extracted fromMA spectra by PCA quickly
and automatically in this work. After dimensional reduction
the compressed MA spectra data was loaded to input matrix
of the two following classifiers for the following analysis.

3.4. Classification Prediction Using ELM and SVM

3.4.1. ELM Classification Prediction. ELM is superior to the
traditional feed forward neural network in many aspects,
such as classification, regression, and artificial intelligence
[14, 15]. As a novel single hidden layer of Artificial Neural
Network, it can obtain a unique optimal solution finally
by randomly generating connection weights between the
input layers and hidden layers and thresholds of hidden
layer neurons. The weights of the output layer are calculated
according to the following formula:

̂
𝛽 = 𝐻

+

𝑇


, (2)

where𝐻+ is Moore-Penrose generalized inverse matrix.
The input of ELM neutral network is the first four

principal components of MA spectra of the SEM image of
composites extracted by PCA. Programming of ELM classi-
fication prediction of five different aging stages was realized
in MATLAB (MathWorks, USA, Version R2010a), and the
program of classification includes two main functions, that
is, ELM training function and ELM prediction one [16, 17].
Flow chart of ELM algorithm on predicting classification is
shown in Figure 2.

3.4.2. SVM Classification Prediction. SVM is a new data
mining technology which is very suitable for small sample
statistical analysis and can change the nonlinear classification
problem into linear classification one by high-dimensional
space transformation [18]. Because the aging period classi-
fication of wheat straw/polypropylene composites in aging
test is a multiclass classification problem, multiclass SVM
classification was utilized here. Algorithm programming of
SVM classification prediction of SEM images was realized
by using Libsvm software package (Libsvm, Version 3.1)
developed by Professor Lin Chih-Jen, National Taiwan Uni-
versity, providing interface with SVM MATLAB toolbox.
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Figure 2: Flow chart of ELM algorithm on predicting classification.

Prepare and
format dataset Normalize dataset Select activating function

(Sigmoid type is preferable)

using search algorithm after 
cross validation

Train SVM 
network

Test SVM 
network

Evaluate model 
performance 

Optimize parameters c and g

Figure 3: Flow chart of SVM algorithm on predicting classification.

Acquire composites SEM 
images in aging different 

stage

Preprocess image and 
prepare samples

Extract texture feature 
with AMT method

Export MA spectraCompress spectra data 
automatically by PCA

Classify material aging period 
by principal components based 

on ELM and SVM 

Evaluate and compare
two classification models

performances

Select a better predictive 
model to monitor the aging 

stage of the composites

Figure 4: System overall diagram of texture feature extraction and classification of SEM images of the composites.

Function SVMcgForClass should be called first when run-
ning the program. Using the optimal parameters returned
by SVMcgForClass function the classifier model was built
and trained through svmtrain function with cross validation
procedure; finally svmpredict function with the optimal
parameters estimated by the svmtrain function would predict
classification results [18, 19]. Flow chart of SVM algorithm on
predicting classification is shown in Figure 3.

System overall diagram of texture feature extraction and
classification of SEM images of the composites was given in
Figure 4.

4. Results and Discussion

4.1. Results

4.1.1. Export and Analysis of AMT Spectra of the Composites
SEM Images. For each of the five different aging periods, one
image sample which has relatively typical characteristics of
aging was picked out and illustrated. SEM image samples of

the composites in five different aging periods are shown in
Figure 5.

FromFigure 5, it can be easily found that, with the growth
of aging time of straw/polypropylene composites, the aging
cracks on the surface of the composites gradually appeared,
showing that their length, width, and depth were more and
more long, more and more large, and more and more deep.
At the end of the aging period, the material’s surface was
severely eroded, resulting in shedding in a huge area. It is
obvious that rather distinct texture features are presented
by the development and change of those aging cracks in
SEM pictures; in other words, the complexity of SEM images
of different aging periods is higher and higher. Mean MA
spectra of typical SEM image samples of the composites in
five different aging periods are shown in Figure 6.

From Figure 6, it is clearly the case where MA spectra
of the five SEM images of the composites lay orderly from
bottom to top inmost of the range of sale domain according to
the extension of aging period; that is, spectrum for 20th aging
period is at the bottom, the one for 100th aging period is at
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(a) (b)

(c) (d)

(e)

Figure 5: SEM image samples of the composites in 5 different aging periods: (a) in 20th aging period; (b) in 40th aging period; (c) in 60th
aging period; (d) in 80th aging period; and (e) in 100th aging period.
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Figure 6: MA spectra of SEM image samples of the composites in 5
different aging periods.
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Figure 7: PCA scores plot of AMT spectra of SEM image samples
of the composites in five different aging periods.

the top, and those for 40th, 60th, and 100th aging period are in
the middle, which means that spectrum of 20th aging period
has the lowest complexity, while spectrum of 100th aging
period has the highest complexity.The spectra correctly char-
acterize and represent the texture complexity of SEM images
of the composites in different aging periods. Therefore, it
is indicated that AMT spectra have very excellent ability
of characterization and discrimination of texture feature of
microscopic SEM images of composites in different aging
stage. Besides, it can be observed that the collinearity existing
among the spectra data ranged approximately from scale 130
to 200 and scale 275 to 500 as those curves in Figure 6 were
almost parallel to each other in these two intervals.

PCA analysis was applied to the exported MA spectra
of all SEM image subsamples of the composite, and the first
two principal components are good enough to explain 97.4%
variance of the samples (PC1 = 86.5%, PC2 = 10.9%). Figure 7
displayed PCA scores plot of the whole 80 SEM image

Table 2: Sensitivity and 1− specificity values of classification model
using ELM.

Image sample
Sensitivity 1− specificity

Calibration Cross
validation Calibration Cross

validation
Class 1 1.000 1.000 0 0
Class 2 0.938 0.688 0 0.016
Class 3 0.938 0.813 0.016 0.031
Class 4 0.938 0.875 0.016 0.109
Class 5 1.000 0.938 0 0

subsamples of the composites in five different aging periods.
It is possible to see that image samples of the composites in
20th, 80th, and 100th aging cycles are separated distinctly
from each other; although the ones in 40th and 60th aging
cycles are a little closer to each other, the observers can still
easily identify them by scores on PC2 causing a bit bigger
difference between the two neighbor groups.

4.1.2. ELM Classification Results. The main parameters of
program implementation of ELM classification were as fol-
lows: (1) Application type of training function is set to
classification recognition; (2) “train label” takes values from
“1” to “5” (corresponding to the five different aging periods;
namely, train label of 20th aging period of material SEM
images is labeled “class1”, train label of 40th aging period
of material SEM images is labeled “class 2,” and so on);
(3) type of hidden layer activation function chooses “sig”
(Sigmoid function); (4) neurons number of hidden layer
was set by cross validation approach after program repetitive
running. From repetitive running classification accuracy
results of classifiers based on ELM neural network can
reach relatively high value when the number of hidden
layer neurons approached 17 finally. In order to verify every
category classification precision, ROC (Receiver Operating
Characteristic) curves of ELM predictive model were used
here to evaluate the sensitivity and 1−specificity values of the
predictive model, and the curves of five different categories
(corresponding to the five different aging stages) using this
model are demonstrated in Figure 8.

Sensitivity and 1 − specificity values of predictive classi-
fication model using ELM (with optimal neuron number 17)
were reported in Table 2.

4.1.3. SVM Classification Results. The important input
parameters of SVM class function were set as follows: (1)
“train label” takes five different values just like the ones
in the training function of ELM; (2) 𝑐min = 𝑔min = −10,
𝑐max = 𝑔max = 10; (3) V (V-fold cross validation) = 5;
(4) 𝑐 step = 𝑔 step = 0.5. Optimal parameters of SVM
classification model, that is, 𝑐 (penalty factor) and 𝑔 (kernel
parameter), are determined by cross validation as well.
Parameters optimization of this model was realized by
using grid search method after running the function
SVMcgForClass. According to the found optimal parameters
𝑐 and 𝑔, that is, 𝑐 = 1, 𝑔 = 0.011, sensitivity and 1− specificity
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Figure 8: ROC curves of ELM classification model of SEM image samples of the composites in five different aging periods.

values (𝑐 changed with fixed constant 𝑔) and their ROC
curves of the second predictive model to predict the five
different classes are displayed in Figure 9.

Sensitivity and 1 − specificiy values of predictive classifi-
cation model using SVM (with optimal parameters 𝑐 and 𝑔)
were reported in Table 3.

In order to evaluate and compare the predictive ability
and performance of two classification models as a whole,
statistics results of overall classification accuracy of model
using ELM and SVM are reported in Table 4. Due to the
randomness of the weight matrix values, the results of
ELM class prediction were a little different every time after

program running, so the averaged five preferable running
results were taken into account.

4.2. Discussion. From Tables 2 and 3, it is obviously seen
that sensitivity values of SVM prediction model were always
higher than those of ELM model with respect to the five dif-
ferent classes. For example, sensitivity values of class 2, class
3, and class 4 using SVM model were 0.813, 0.876, and 1.000,
respectively, while the values of those three classes using
ELM model were only 0.688, 0.813, and 0.875. Meanwhile,
1−specificity values of the SVMmodel were commonly lower
than that of ELMmodel; for instance, 1− specificity values of
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Figure 9: ROC curves of SVM classification model of SEM image samples of the composites in five different aging periods.

the three middle classes using SVM model were only 0.016,
0.047, and 0.016, respectively, and nevertheless the values of
the same three categories using ELM reached 0.016, 0.031,
and 0.109. It was the true case that predictive classification
performance of SVMmodel is better than that of ELMmodel
for each class to be identified. Among the five different classes
especially the middle three classes, that is, class 2, class 3,
and class 4, it was often the case that, by using SVM model,
there is only one adjacent aging period gap between the true
categories and estimated ones. For example, the true category
of the sample image was “class 2,” while predictive category
of it was “class 3.”

Relating to the overall classification results, reported
in Table 4, it can be obtained that averaged classification
accuracy of calibration dataset using ELM can be 91.5%, and
that of validation dataset was 86.3%. Classification accuracy
of the classifier using SVM was relatively higher than that
of ELM; its averaged classification accuracy of calibration
dataset was 93.8%, and that of validation dataset reached
92.5%.

With regard to the first classifier, from the program run-
ning results of the classification using ELM neural network,
it can be known that this classifier can achieve acceptable
classification accuracy. In ELM neural network classification,
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Table 3: Sensitivity and 1− specificity values of classification model
using SVM.

Image sample
Sensitivity 1− specificity

Calibration Cross
validation Calibration Cross

validation
Class 1 1.000 1.000 0 0
Class 2 0.942 0.813 0 0.016
Class 3 0.961 0.875 0 0.047
Class 4 1.000 1.000 0 0.016
Class 5 1.000 1.000 0 0

Table 4: Statistics results of overall classification accuracy of model
using ELM and SVM.

Classifier type
Calibration dataset Validation dataset

Standard
deviation Average Standard

deviation Average

ELM 6.3% 91.5% 7.2% 86.3%
SVM 4.7% 93.8% 5.6% 92.5%

the number of hidden layer neurons of training function is a
very important parameter, and with regard to ELM classifier
this parameter value mentioned above has a very significant
impact. It showed that through training function repeatedly
running as the number of the hidden layer neurons was close
to 17 relatively high classification accuracy can be achieved.
However, continuing to increase the number of the hidden
layer neurons, classification prediction accuracy of test set
samples would not increase significantly consequently. As for
the second classifier, from the program running results of
the classifier using SVM, it can be seen that the classifier
can obtain higher classification accuracy than the former.
In other words, the number of misjudged samples by using
SVM model was a little lower than that of ELM. In view of
the classification prediction accuracy, accuracy of ELM was
slightly lower than that of SVM actually, and for the goal
of getting a higher classification accuracy determination of
the number of hidden layer neurons using ELM classifier
needs to run program repetitively, and it may take a very long
time. However, the number of called function and optimal
parameters of ELM classifier were much less than that of
SVM, so its parameter setting process was relatively simpler
and faster.

5. Conclusions

In summary, research results in this paper indicate that AMT
method can well describe the textural feature of SEM images
of microscopic surface topography of the composite. AMT
method is capable of expressing discriminating and quanti-
tative characterizations of texture complexity of SEM images.
The feasibility and effectiveness of textural feature extraction
using AMTmethod has been proved. According to extracted
AMT spectra of SEM images of wheat straw/polypropylene
composites in five different aging periods, two classifiers
based on ELM and SVM were applied to identify those

different aging stages. For the two models SVM model
performed better than ELM model in general according to
the sensitivity and 1 − specificity values and ROC curves and
the overall classification accuracy. Classification approach of
SEM images by using AMT spectra and classifier based on
this complexity scale data has been verified. It can be expected
that growing applications based on AMT method, including
research and development of new type composite material,
will be increasingly and intensively investigated in more and
more aspects.
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A sound-absorbing composite material made of wood fiber and polyester fiber was produced using polyester foam technology and
wood-based composite technology. This study investigated the physical and mechanical properties and the effects of the airflow
resistivity of the materials and the depth of the cavities behind on sound-absorbing performance of the composite material. The
results showed that the composite of best physical and mechanical properties and sound absorption was made with a 150∘C hot-
pressing temperature, 10min hot-press time, 3 : 1 the ratio of wood fiber to polyester fiber, foaming agent content of 8%, and the
nominal density of 0.2 g/cm3; the composite material yielded superior sound absorption property with the airflow resistivity of
1.98× 105 Pa⋅s/m2; the acoustic absorption peak moved to lower frequencies when length of the cavities was increased.

1. Introduction

Noise has become one of the four major pollution types
in the world. Constant exposure to noises can cause all
kinds of health problems, such as hearing loss, cardiovascular
disease, and sleep disorder [1]. It is imperative to produce
cost-effective and environmental-friendly materials that can
reduce noise pollution.

Natural fibers have been extensively used to produce
environmentally friendly compositematerials. Natural fibers,
such as wood, hemp, and coconut shells, hold great potential
for substituting the expensive synthetic fibers in manufactur-
ing acoustic absorption boards due to their abundance, low
cost to process, and the natural cellular structure, which can
effectively absorb acoustic energy.

Porous materials are important sound-absorbing mate-
rials. Studies on the sound absorption properties of various
porous materials have been done since 1970s. Delany and
Bazley’s study on glass fiber and mineral wool found that the
absorption coefficient of cellular sound-absorbing materials
was lower in low frequency, and it kept an upward tendency as
the frequency went up. They established an empirical model
of acoustic absorption coefficient with airflow resistivity [2].

However, this method was valid only for limited types of
materials with specific characteristics. Luo and Li proposed
that natural fiber reinforced composites had better acoustic
properties than their synthetic counterparts but still failed to
meet the requirements for acousticmaterials [3].The study by
Ersoy and Küçük indicated that the absorption peak moved
from 6300Hz to 4000Hz when the thickness of the tea-
fiber materials was doubled [4]. Zulkifli et al. worked on
coconut fiber and found that the absorption coefficient could
reach 0.70 to 0.80 in the frequency range of 1000–1800Hz
[5]. Narang studied the influence of the surface density,
fiber morphology, and bonding fiber content on the sound
absorption property of polyester fiberboard and found that
the absorption coefficient increases with increasing surface
density at low and medium frequencies. The best absorption
property was obtained when the bonding fiber content was
35% [6]. Küçük and Korkmaz’s study on the mix of natural
fiber and nonwoven materials showed that the physical
properties of the blending materials had a great influence on
the sound absorption property of the mixed material. The
results showed that as the thickness of thematerials increased,
the air permeability decreased and the flow resistance was
improved, leading to sound absorption enhancement [7].
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Table 1: The physical and chemical properties of the composite materials.

Text item Density (g/cm3) MC (%) 2 h thickness expansion
rate of water absorbing (%) MOR (MPa) IB (MPa) Formaldehyde emission

content (mg/100 g)
Standard (functions) 𝜌 < 0.35 4–12 ⩽12 ⩾2.0 — 9
Text value 0.20 3.7 5.9 2.6 0.42 0

Sound absorptionmechanisms of the composite were the
following three aspects: (1) when acoustic waves propagated
into the fibrousmaterial, the air in the fiber pores vibrated and
rubbed against cell walls. The generated viscous resistance
turned the acoustic energy into thermal energy attenuation.
(2) The air in the pores was heated when compressed and it
cooled when expanded.The thermal conduction in the mate-
rials made acoustic energy transform into thermal energy
gradually and it was irreversible. (3) The vibration of fiber
itself could also cause the dissipation of acoustic energy.These
three aspects cooperated andworked together on the acoustic
waves so that the acoustic energy was transferred [8–10].

Polyester fiber is widely used and the polyester fiber
board shows the characteristics of good sound absorption
property, while the chemically synthesized polyester fiber
has the problem of high environmental pollution and high
cost. Under the premise in sound absorption, wood fiber
was used to substitute parts of the polyester fiber, which
could reduce the pollution and lower the cost. In this
research, a series of tests were conducted to determine
the optimum process parameters for wood fiber/polyester
fiber composite sound-absorbing material. The physical and
mechanical properties of the material were measured based
on the relevant standards. The porous microstructure of the
materials was observed with scanning electron microscopy
to analyze the mechanism of sound absorption. The sound
absorption coefficients under different conditions were tested
in transfer function method with impedance tubes. The
relationships between the sound absorption properties of
composite materials and airflow resistance as well as the
thickness of the cavities were obtained after comparison and
analysis.

2. Material and Methods

2.1. Materials. Poplar wood fiber was obtained from the
research forest of Chinese Academy of Forestry. The wood
fiber was dried to the moisture content of 2%–5%. Polyester
fiber was purchased from Shandong Taian plastic factory
(PET, solid fiber, with circular cross section and diameter is
30 𝜇m, length is 6mm, and specific gravity is 1.36). Under
laboratory conditions the wood fiber and polyester fiber
were artificially premixed in a ratio of 3 : 1 and then mixed
uniformly through wind conveyer. Air-lay web technology
was used to get the isotropic structure of the composites.
Polyester fiber was fed into the air-laid web-formingmachine
for opening and mechanical beat and tear to loose fiber
bundle and then went through cardingmachine for combing.
Wood fiber was added and the hybrid went through the
opener again. Then the mixed fiber was formed under
centrifugal force and suction airflow. Isocyanate adhesive

(100% solid content, tech grade) for binding fibers was
purchased from Huntsman Polyurethanes Shanghai, Ltd.
The resin content was 12%. The dried hybrid fiber was
rolling in the blender while adhesive was sized in the form
of spray. Then 8% foaming agent (modified foamer ADC,
purchased from Shanghai Fine Raw Chemicals Co., Ltd., tech
grade) was added to improve the porosity. ADC released
nitrogen, carbon monoxide, and ammonia when heated.
ADC was an exothermic foaming agent which might release
uncontrollable heat and decreased the viscosity of melt. This
would generate a lot of bubbles and coupled together to
form a larger aperture, the material constituting the porous
internal structure of the voids increased. The decomposition
temperature of pure ADC was 190 to 210∘C, while it was 135
to 145∘C for modified ADC, which was consistent with the
curing temperature of adhesive.

The preformed fiber was preloaded and then hot pressed
for 10min under the hot press (produced by Shanghai wood-
based panel mechanical factory, Model QD) at 150∘C. The
target density of composite fiber boardwas 0.2 g/cm3, and the
finish sizewas 400mm× 400mm× 10mm.These panelswere
then cut into test samples fitting the relevant standard for the
following tests.

2.2. Methods
2.2.1. Sound Absorption Measurement. According to the rel-
evant testing standard [11], using impedance tubes (model
number: UA-1630, Bruel & Kjar Co., Ltd., Demark), the
experiment was conducted in a semianechoic room at 20.0∘C
and 50% relative humidity (RH). For each variable 1500
separate data points in the frequency range of 50–6400Hz
were obtained every 4Hz.

2.2.2. Airflow Resistance Measurement. According to the
relevant testing standard [12], the airflow resistivity was
measured with the test system of flow resistance instrument
adopting water tank method (Figure 1) in direct current
(DC) method. The differential pressure levels above and
beneath the specimen surface were measured by controlling
the transmit time of one-way flow through the cylindrical
tube.

3. Results and Analysis

3.1. Physical andMechanical Properties of Composite Material.
The properties of the composite material are listed in Table 1.
The standard values of the properties required by the Chinese
Industry Standard LY/T 1718-2007 light fiberboard [13] are
listed as well for comparison.The compositematerial samples
were manufactured using the following parameters: hot-
pressing temperature, 150∘C; composite time, 10min; wood
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Figure 1: Measurement equipment in cross section by DC method.
1: piston with thickness indicator. 2: measure specimen cylinder
barrel. 3: grid or perforation plate. 4: specimen. 5: grid or perforation
plate for supporting the specimen. 6: seal ring. 7: opening to the
atmosphere. 8: differential pressure measuring equipment. 9: flow
meter. 10: air supply.

Figure 2: SEM of composite material at 100x.

fiber to polyester ratio, 3 : 1; foaming agent content, 8%; and
the target density, 0.2 g/cm3.

As shown in Table 1, the moisture content (MC) of the
compositematerial was lower than the standard requirement.
This was due to the low hygroscopicity of polyester fiber
(MC < 0.5%) and the low moisture content of dried wood
fiber (2–5%). The 2-hour thickness expansion rate of water
absorption and the MOR of the composite material exceeded
the standard requirements. The IB of the composite material
was 0.42MPa, indicating that thematerial was strong enough
to survive regular handling and installation.

3.2. Acoustic Properties of the Composite Material. Figures
2 and 3 show the structures of the material under different
magnifications.

As shown in Figure 2, the material contained irregu-
lar pore structures composed of interlaced fibers. Figure 3
showed the holes formed from solidified adhesive under
the effect of foaming agent. These SEM images showed that

Figure 3: SEM of foaming structure of the composite at 3.10kx.
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Figure 4: The absorption coefficient of wood fiber/polyester fiber
composite materials.

the composite pores were made of the voids between the
fibers and those formed by the foaming agent.

The sound absorption coefficient of the wood fiber and
polyester fiber composite material is shown in Figure 4. The
composite material had higher sound absorption coefficients
at high frequency range. The absorption coefficient was
more than 0.8 in the frequency range of 2892–6500Hz, and
the highest absorption coefficient was 0.97 at 4660Hz. The
wood fiber/polyester fiber composite materials were fibrous
porous composite materials where interlaced wood fiber and
polyester fiber constituted similar pore structures inside and
outside; thus it created the conditions for the entrance to the
materials for acoustic waves.

3.3. Factors Affecting the Acoustic Properties of
the Composite Material

3.3.1. The Influence of Airflow. The air permeability of the
materials can be characterized in terms of airflow resistance,
which is measured by the ratio of static differential pressure
between both sides of the specimen to the airflow velocity
when air flows through the materials. Flow resistivity is the
flow resistance per unit thickness of the tested material.
The flow resistivities of 3 samples with different densities
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Figure 5: The relationship between the average sound absorption
coefficient and airflow resistivity of the composites of different
densities.

were measured. The average absorption coefficient was the
arithmetic mean of 6 sound absorption coefficient values at
the central frequencies of 1 octave bandwidth range 125∼4000
Hz. Figure 5 showed the relationship between the average
absorption coefficient and airflow resistivity of the composite.

The average absorption coefficients of each sample were
0.70, 0.56, and 0.44, respectively. As shown in Figure 5,
the sound absorption coefficient decreased sharply as the
flow resistivity went up. And there was a strong correlation
between airflow resistivity and density.

Actually, as the density and airflow resistivity increased,
the average sound absorption coefficient was firstly increased
and then decreased. In a certain range of the thickness of the
materials, the larger density means the denser structure. The
resistance of air particle through the material was increased,
and the average sound absorption coefficient was decreased.
There was a best airflow resistivity 𝛿

0
and corresponding

density 𝜌
0
for certain composite fibrous material. When

the composite density was less than 𝜌
0
, there was more

and larger voids inside the material and less acoustic wave
reflection and refraction. So it was easy for acoustic waves
to propagate through the material. Moreover, the internal
surface area was small; the friction and viscous resistance
between the vibrating air particle and fiber was low. Hence
the sound absorption property was poor. In addition, when
the density was larger than 𝜌

0
and the flow resistivity was

too high, most of the acoustic energy was reflected at the
surface rather than transmission so that the absorption
properties were decreased. According to Hong’s research, as
the flow resistivity went higher, the absorption coefficient
was reduced at almost all frequencies [14]. However, the
flow resistivity had only a small effect on the peak location
of the absorption coefficient. The above observation of the
decrease of absorption coefficient was reasonable as a high
flow resistivity tended to reflect the incoming acoustic wave
rather than absorbing the sound wave.The sound absorption
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Figure 6:The sound absorption coefficient of the composites under
different thickness of the cavity.

properties of the materials could be adjusted by controlling
the flow resistance. The best airflow resistivity for wood
fiber/polyester fiber composite sound-absorbing materials
was 1.98 × 105 Pa⋅s/m2.

3.3.2. The Influence of the Depth of the Cavity. As shown in
Figure 6, the absorption coefficient of material with a cavity
of 10mm thickness between the composites and rigid back
was higher than that of materials without cavities behind at
the frequency range of 0 to 3000Hz, and it was increased
significantly at the frequency range of 50 to 1500Hz. When
the thickness of the cavity between the composites and
rigid back was increased up to 20mm, the absorption
coefficient was higher than that of cavity thickness of 10mm
at the frequency range of 0 to 1500Hz, while it decreased
quickly at the frequencies from 1500Hz. Consequently, it
could largely enhance the sound absorption property of the
composite materials at low and medium frequency ranges by
setting cavities of a certain thickness behind them, whereas
the enhancement became less obvious when the thickness
increased up to a certain value; meanwhile the absorption
coefficient was decreased obviously at high frequency. In
a practical application, there is usually a certain depth of
cavity between material and rigid back to enhance the sound
absorption property in low frequency, which can be seen
as enlarging the thickness of the materials. In conformity
to the acoustic principle, when the thickness of the rear
air layer equaled odd-numbered quarter wavelength, the
sound absorption coefficient increased to the maximum. It
is because the sound pressure 1/4 far from rigid backing was
zero and the air particle vibration velocity was maximum so
that the sound energy loss caused by friction damping was
maximum. In other words, the acoustic energy was utmost
absorbed by the compositematerial, while the sound pressure
which was integer times of 1/2 wavelength far from the rigid
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backing was maximum and the particle vibration velocity
was zero. Accordingly, the sound absorption coefficient was
minimum at the relevant frequency. This character is often
used for material savings in construction.

4. Conclusions

Results obtained from this study led to the following conclu-
sions.

(1) The composite materials yield superior physical and
mechanism properties in the conditions in which the
hot-pressing temperature was 150∘C, composite time
was 10min, the ratio of wood fiber to polyester was
3 : 1, the resin content was 12%, foaming agent content
was 8%, and the density was 0.2 g/cm3.

(2) The sound absorption property of the wood
fiber/polyester fiber composite was related to the
airflow resistivity.The sound absorption coefficient of
the material increased as the airflow resistance values
decreased. When the airflow resistivity continued to
reduce and exceeded the optimum value, the sound
absorption coefficient of thematerials showed a trend
of decrease. The optimum airflow resistivity value of
the composite materials was 1.98 × 105 Pa⋅s/m2.

(3) When there were cavities behind the compositemate-
rial, the sound-absorbing peak value moved to lower
frequencies. As the thickness of the cavities increased,
the increase of the sound absorption coefficient in the
low frequency range became less obvious.
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Oleuropein was extracted from Frantoio olive leaves using reduced-pressure boiling extraction coupled with ultrasound-assist
(URPE). Four important factors, extraction temperature, ultrasonic power, ethanol concentration, and the ratio of solid to liquid,
were selected to carry out the response surface methodology (RSM) for seeking optimal conditions on high oleuropein extraction
yield at different levels. Box-Behnken design was employed to investigate the effects of the four factors on it. The results showed
that the ratio of solid to liquid was the most significant factor of all on oleuropein yield. The optimal operation conditions were
obtained as follows: ethanol concentration 75% (v/v), extraction temperature 53∘C, ultrasonic power 600W, and the ratio of solid to
liquid 1 : 31. Under these optimal conditions, oleuropein extraction yield was 7.08%, which was close to the predicted value 7.121%.
The scanning electron microscope (SEM) images of olive leaves after extraction were provided as well. It was seen that, compared
with the untreated leaves, URPE could effectively break cells within the olive leaves.

1. Introduction

The olive trees (Olea europaea, Oleaceae) are widely dis-
tributed in China, Spain, Italy, Greece, and so forth [1].
The fruits of the trees could be squeezed into olive oil for
edibility. It was considered as the main resource of dietary
fat in Mediterranean countries and the most popular edible
oil in the world [2]. However, full advantages of the leaves
from the olive trees were not taken in the oil extraction
process from olive fruit in most of oil mills. Olive leaves
were burned or directly thrown away from the mills as
environmentally detrimental waste products. In fact, it was
discovered that olive leaves could be used as a folk remedy to
treat fever and other diseases, such asmalaria [3]. Beside olive
oil, recent studies showed that many bioactive components
such as oleuropein, hydroxytyrosol, verbascoside, rutin, and
olive biophenols (OBPs), were found in oil leaves [4]. For

OBPs indicated a few of pharmacology properties for healthy
benefits, that is, antioxidant [5–10], anti-inflammatory [11],
antimicrobial [12–16], antitumor [17], anticancer [18], pro-
tection of cardiovascular disease [9, 19], and antidiabetics
[20]. Nowadays, bioactive components, that is, oleuropein,
have also been seen in cosmetics and pharmaceutics field.
The chemical structure of oleuropein was shown in Figure 1
[21, 22]. Moreover, it was observed that oleuropein content
in olive leaves was greater than that in olive oil, and also
the highest of all the different parts of the same olive tree,
that is, olive fruit, bud and bark [23]. Therefore, it was very
important for the researcher to find a highly effective and
timely extraction method with the low cost in the processing
of olive leaves.

It is known that, in the plant extraction field, conventional
solvent extraction (CSE) was at a disadvantage of being time
consuming, with a low extraction yield [24]. Ultrasonication
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Figure 1: Chemical structure of oleuropein.

assisted extraction (UAE) could significantly improve the
process due to oscillating and acoustic cavitation [25–27].
Additionally, reduced-pressure boiling extraction (RBE) was
regarded as a relatively new extraction method, with process
advantages of relatively low temperature requirements and
high extraction effectiveness. Therefore, a combination of
RBE and UAE (ultrasound-assisted extraction) was coupled
for the extraction of oleuropein. To the best of our knowledge,
ultrasound-assisted boiling extraction at reduced pressures
(URPE) is being proposed for the first time and has not been
investigated in the extraction of oleuropein from olive leaves.

In this paper, four important parameters, solvent, temper-
ature, power, and the ratio of solid to liquid, were selected
for optimization using response surface methodology (RSM)
on the basis of a Box-Behnken design. In addition, visual
evidence of the disruption of the cell way by URPE was
provided by SEM images obtained by a scanning electron
microscope.

2. Materials and Methods

2.1. Materials. Olive leaves (Frantoio) were purchased from
Wudu County, Gansu, China, and dried in their natural
condition without sunlight. They were milled (40–60mesh)
by high-speed drug crusher and stored in the dry and dark
location at room temperature. All chemical reagents were
purchased by Nanjing Chemical Reagents Co., Ltd., in China.
A 1200W, 20 kHz ultrasonic generator (model FS-1200N,
Shanghai Sonxi Co., Ltd., China) assembled with a probe
transducer and a flat tip of 13.0mm was used in the URPE
experiments.

The HPLC equipment of Shimadzu Prominence LC-20A
(Japan) was purchased from Shanghai Shimadzu Co., Ltd.,
in China. The HPLC system included a LC-20AT Solvent
Delivery Unit, LC-20AT pump, 0–10mL/min, a SPD-20A
UV-VIS Detector, CBM-20Alite System Controller, LCsolu-
tion Single, Ver1.24 Workstation, and a 7725i Manual Sample
Injector (Position Sensing Switch Incorporated) with a 20𝜇L
sample loop, Hamilton 702SNR (100 𝜇L). SEM was used to
view surface structure of samples (model S-3400N, Hitachi
High Technologies Corporation, Japan).

2.2. Methods
2.2.1. Reduced-Pressure Boiling ExtractionOleuropein Coupled
with Ultrasound-Assist. In URPE experiments, a standard

ultrasonic probe with a flat tip of 13.0mm in diameter was
directly inserted into the mixture of olive leaves powder
and extraction solvent and used as an ultrasonic source.
The distance from flat top to flask bottom was controlled
to about 3–5mm. A small fraction of artificial zeolite was
put into a three-mouth flask with the samples and solvent.
The specimens were boiled and irradiated under a vacuum
degree at 75 kPa and continuous ultrasonic waves for 3min
at a frequency of 20 kHz with different levels (0–1200W) of
output power. Meanwhile, the temperature was varied by the
experiment and was controlled within ±1∘C.The treatment of
the extract on oleuropein content was detected by HPLC.

2.2.2. Extraction Yield Equation. Consider

Yield (%) =
𝑊
𝑜

𝑊
𝑡

× 100%, (1)

where 𝑊
𝑜
is the content of oleuropein obtained from one

extraction trial and𝑊
𝑡
is the weight of the total raw mass of

olive leaves.

2.2.3. HPLC Analysis. The HPLC conditions were set on the
basis of Xie’s method for the determination of oleuropein
[28]. Isocratic elution was implemented withmethanol-water
solution of 40 : 60 (v/v) at a flow rate of 1mL/min and the
runs could be achieved in 15min under 232 nm detection.
The retention time for oleuropein was about 11.5min. The
method was precise, sensitive, and reproducible. Calibration
for oleuropein was determined using the range from 1.06 to
10.6 𝜇g in six intervals; and the equation developed was linear
and could be expressed by the following formula:

𝑌 = 163365 + 1305700𝑋 (𝑅
2

= 0.9992) , (2)

where 𝑋 is the amount of standard used in calibration
experiments and 𝑌 is the relevant peak area in HPLC
chromatographs. 𝑅2 is very close to 1, which means that there
is a linear relationship between 𝑌 and 𝑋, and the equation is
adequate for quantitative analysis.

2.2.4. SEM Imaging. Samples particles treated by URBE were
placed into a silicon wafer special in SEM equipment and
subsequently analyzed with the microscope. The samples
were first sputtered and then coated with a thin layer of
conductive gold at a thickness of 50–100 nm. The shape and
surface characteristics of the samples were observed and
digitally recorded.

2.2.5. Trials of RSM. Optimization trials of extracting oleu-
ropein from olive leaves were carried out using RSM, which
is used as amethod of optimization incorporating interaction
effect between factors. For this purpose, a four-factor and
three-level Box-Behnken design consisting of 29 experimen-
tal runswas employed including 5 center point replicates [29].
Four independent variables of the design were temperature
(𝑋
1
, ∘C), ultrasonic power (𝑋

2
, W), ethanol concentration

(𝑋
3
, % (v/v, ethanol/water)), and the ratio of solid to liquid

(𝑋
4
, g/mL), and the response variable was the oleuropein

extraction yield. In addition, the levels of the select factors
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Table 1: Design of factors and levels coded table.

Independent variables Units Symbol Coded levels
−1 0 1

Temperature ∘C 𝑋
1

40 50 60
Ultrasonic power W 𝑋

2

480 600 720
Ethanol concentration % (v/v) 𝑋

3

65 75 85
Ratio of solid to liquid g/mL 𝑋

4

1 : 20 1 : 30 1 : 40

Table 2: Design and results of the RSM.

Number
𝑋
1

Extraction
temperature

𝑋
2

Ultrasonic
power

𝑋
3

Ethanol
concentration

𝑋
4

Ratio of solid to
liquid

Yield/%

1 −1 −1 0 0 6.71
2 1 −1 0 0 6.77
3 −1 1 0 0 6.64
4 1 1 0 0 6.79
5 0 0 −1 −1 6.03
6 0 0 1 −1 5.95
7 0 0 −1 1 6.46
8 0 0 1 1 5.93
9 −1 0 0 −1 6.29
10 1 0 0 −1 6.39
11 −1 0 0 1 6.55
12 1 0 0 1 6.68
13 0 −1 −1 0 6.65
14 0 1 −1 0 6.81
15 0 −1 1 0 6.59
16 0 1 1 0 6.63
17 −1 0 −1 0 6.61
18 1 0 −1 0 6.59
19 −1 0 1 0 6.88
20 1 0 1 0 6.93
21 0 −1 0 −1 6.01
22 0 1 0 −1 5.91
23 0 −1 0 1 6.59
24 0 1 0 1 6.39
25 0 0 0 0 7.09
26 0 0 0 0 7.13
27 0 0 0 0 7.22
28 0 0 0 0 6.99
29 0 0 0 0 7.08

and the coding results were shown in Table 1. The design
arrangement and the experimental results of the optimization
design were displayed in Table 2. A second-order polynomial
equation was used to fit the experimental data given in
Table 2.The generalizedmodel proposed for the responsewas
given in the following equation:

𝑌
𝑖
= 𝛽
0
+ 𝛽
1
𝑋
1
+ 𝛽
2
𝑋
2
+ 𝛽
3
𝑋
3
+ 𝛽
4
𝑋
4

+ 𝛽
11
𝑋
1

2

+ 𝛽
22
𝑋
2

2

+ 𝛽
33
𝑋
3

2

+ 𝛽
44
𝑋
4

2

+ 𝛽
12
𝑋
1
𝑋
2
+ 𝛽
13
𝑋
1
𝑋
3
+ 𝛽
14
𝑋
1
𝑋
4

+ 𝛽
23
𝑋
2
𝑋
3
+ 𝛽
24
𝑋
2
𝑋
4
+ 𝛽
34
𝑋
3
𝑋
4
,

(3)

where 𝑌
𝑖
is considered as predicted response value, 𝛽

0
is the

value of fitting response at the center point of the design, 𝛽
𝑖
’s

are the linear coefficients, 𝛽
𝑖

2’s are the quadratic coefficients,
and 𝛽

𝑖𝑗
’s are the interaction coefficients, respectively. The
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Table 3: The variance analysis and significance test table of regression coefficient of response surface design.

Source of variation Degree of freedom Sum of squares Mean squares 𝐹-test 𝑃 value
𝑋
1

1 0.018 0.018 0.60 0.45
𝑋
2

1 0.0019 0.0019 0.062 0.81
𝑋
3

1 0.0048 0.0048 0.16 0.70
𝑋
4

1 0.34 0.34 11.16 0.0049∗∗

𝑋
1

𝑋
2

1 0.0020 0.0020 0.066 0.80
𝑋
1

𝑋
3

1 0.0012 0.0012 0.040 0.84
𝑋
1

𝑋
4

1 0.0002 0.0002 0.0074 0.93
𝑋
2

𝑋
3

1 0.0036 0.0036 0.12 0.74
𝑋
2

𝑋
4

1 0.0025 0.0025 0.082 0.78
𝑋
3

𝑋
4

1 0.051 0.051 1.66 0.22
𝑋
1

2 1 0.026 0.026 0.85 0.37
𝑋
2

2 1 0.34 0.34 11.32 0.0046∗∗

𝑋
3

2 1 0.52 0.52 17.21 0.0010∗∗

𝑋
4

2 1 2.69 2.69 88.36 <0.0001∗∗

Model 14 3.41 0.24 7.99 0.0002∗∗

Residual 14 0.43 0.03
Lack of fit significant 10 0.40 5.72 0.053 0.0537
Pure error 4 0.028 0.0070
Corrected total 28 3.83
∗∗Significant at 0.01.

computational software for this study was Design-Expert,
version: 8.0.5.0, by Stat-Ease, Inc.

2.2.6. Verification of the Optimal Conditions. To check the
validity of the model, the predicted value of the oleuropein
yield was compared with the practical value under the opti-
mal conditions, obtained by the second-order polynomial
model of RSM.

3. Results and Discussion

3.1. Design and Results of RSM Experiments. Four important
factors, temperature, ultrasound power, ethanol concentra-
tion, and the ratio of solid to liquid, as well as the ranges
of these four factors were selected to take the experiments
of RSM to simulate a mathematic relationship about the
four factors and oleuropein yield. The different variances of
regression and significance were shown in Table 3. As it was
shown in Table 3, 𝑋

4
, 𝑋
2

2, 𝑋
3

2, and 𝑋
4

2 were significant
at level 𝑃

0.01
, and the 𝐹

0.05
value for lack of fit indicated

that the lack of fit was not significant. The model itself
was significant at level 𝑃

0.01
, which implied that the model

was dependable. Thus, the fitted model was appropriate
for describing the response surface. According to Table 3,
a second-order polynomial equation for extraction yield of
oleuropein was obtained for the factors coded as shown in
the following equation:

𝑌 = 7.10 + 0.039 𝑋
1
− 0.012 𝑋

2
− 0.020

𝑋
3
+ 0.17 𝑋

4
+ 0.022 𝑋

1
𝑋
2
+ 0.018𝑋

1
𝑋
3
+ 0.0075

𝑋
1
𝑋
4
− 0.03 𝑋

2
𝑋
3
− 0.025 𝑋

2
𝑋
4
− 0.11

𝑋
3
𝑋
4
− 0.063 𝑋

1

2

− 0.23 𝑋
2

2

− 0.28

𝑋
3

2

− 0.64 𝑋
4

2

(𝑅
2

= 0.89) .

(4)

Bymeans of𝐹-test and𝑃 value, as it was shown in Table 3,
it was seen that the quadratic term of the ratio of solid to
liquid (𝑋

4

2) had the most significant effect on the extraction
yield of oleuropein, followed by the quadratic term of ethanol
concentration (𝑋

3

2), the quadratic term of ultrasonic power
(𝑋
2

2), and the ratio of solid to liquid (𝑋
4
).

3.2. Analysis of RSM Experiments. As it was shown in
Figure 2, six group graphs from the four factors were depicted
by three-dimensional plots in order to illustrate the RSM
problem. Two factors changed, while the other two were kept
constant at zero, also called the central point. Figure 2(a)
showed that the interactive effect between temperature and
ultrasonic power was not significant and extraction yield
increased when the temperature increased for all ultrasonic
powers, while this law was not the same as ultrasonic power
for all the temperatures. Optimal ultrasonic power 600W
could be the best of extraction yield for all the temperatures.
Figure 2(b) displayed the interactive effects of temperature
and ethanol concentration, and they also were not significant.
When temperature was constant, extraction yield obtained
7.1% when ethanol concentration was 75%. The relationship
of extraction temperature and the ratio of solid to liquid
with extraction yield of oleuropein was shown in Figure 2(c).
The results showed that extraction yield increased with the
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(a) Untreated samples (b) Samples treated by URPE

(c) Samples treated by RBE

Figure 3: Displaying samples after being treated by URPE and RBE, compared with untreated ones.

increasing of the ratio up to 1 : 30, followed by decrease
afterwards. From the graph it is also determined that the
factor of the ratio of solid to liquid had a profound effect
on the extraction yield. The interactive relationship between
ultrasonic power and ethanol concentration was displayed in
Figure 2(d). As the graph showed, extraction yield improved
with the increase of ethanol concentration, followed by a
slight decrease. The same situation was found with the
ultrasonic power. Thus, ultrasonic power 600W and 75%
of ethanol concentration were optimal conditions for the
extraction. Figure 2(e) showed the interactive relationship
between ultrasonic power and the ratio of solid to liquid.
The extraction yield almost formed a linear relationship with
ultrasonic power and was not significant, while the yield
displayed a quadratic relationship with the ratio of solid
to liquid and was extremely significant. The relationship
of ethanol concentration and the ratio of solid to liquid
was shown in Figure 2(f). The effect of the ratio of solid
to liquid was also significant as mentioned above and the
ethanol concentration had an important influence on the
extraction yield. From the graph, the optimal conditions were
75% ethanol concentration and a 1 : 30 solid to liquid ratio,
respectively.

According to the calculation of software Design-Expert
version 8.0.5.0, optimal conditions of extraction were
obtained when temperature was at 53.1∘C, ultrasonic power

599.8W, ethanol concentration 74.5%, and the ratio of solid
to liquid 1 : 31.4. Considering the practical operation, the
final optimal conditions were revised to temperature: 53∘C,
ultrasonic power: 600W, ethanol concentration: 75%, and the
ratio of solid to liquid: 1 : 31.

3.3. Verification of the Results. Predicating optimal response
values of the model for the suitability was tested by rec-
ommending the optimal conditions. The set of optimal
conditions decided by RSM optimization method, together
with the other two central points, extraction time 3min, and
vacuum degree 75Kpa, were tested experimentally compared
with the predicted value of extraction yield and with these
optimal conditions, the predicted value of extraction yield
of oleuropein was 7.121%, while the experimental value was
7.08% which was close to predicted value.

3.4. SEM of Olive Leaves after URPE. From the SEM, com-
pared with Figure 3(a), the samples cell walls processed by
URPE and RBE were broken, just as Figures 3(b) and 3(c)
showed. The graphs obviously observed that the damage
degree of the sample processed by URPE was stronger than
that of RBE. One possible reason for the broken cell walls
broken by URPE was that extraction solvent first infiltrated
the cell wall and then produced boiling bubbles inside the cell
when the outside conditions reached the boiling point of the
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solvent. The continuous bubbling caused a cracking of cell
walls. Also, UAE could create this physical effect in the cell
wall, when coupled with the other extractionmethods, where
the samples were broken by the ceaseless shock.

4. Conclusions

In this paper, four important factors (i.e., extraction temper-
ature, ultrasonic power, ethanol concentration, and the ratio
of solid to liquid) were selected to carry out experimental
optimization using Box-Behnken design. Based on the 𝐹-
test analysis and 𝑃 value results of RSM, the quadratic term
of the ratio of solid to liquid (𝑋

4

2) had the largest effect
on oleuropein extraction yield. The optimization conditions
were determined as follows: extraction temperature 53∘C,
ultrasonic power 600W, ethanol concentration 75%, and the
ratio of solid to liquid 1 : 31. With these optimized conditions,
the experimental value of oleuropein extraction yield (7.08%)
was very close to the predicted value of 7.121%. A second-
order polynomial equation for extraction yield of oleuropein
was obtained by expounding the following equation:

𝑌 = 7.10 + 0.039 𝑋
1
− 0.012 𝑋

2
− 0.020

𝑋
3
+ 0.17 𝑋

4
+ 0.022 𝑋

1
𝑋
2
+ 0.018

𝑋
1
𝑋
3
+ 0.0075 𝑋

1
𝑋
4
− 0.03 𝑋

2
𝑋
3
− 0.025

𝑋
2
𝑋
4
− 0.11 𝑋

3
𝑋
4
− 0.063 𝑋

1

2

− 0.23

𝑋
2

2

− 0.28 𝑋
3

2

− 0.64 𝑋
4

2

(𝑅
2

= 0.89)

(5)

which fits the data well. In addition, the SEM images have
provided excellent visual evidence of the effectiveness of
URPE. Consequently, it is determined to be a feasiable, effi-
cient, and promising extraction technology for the extraction
of bioactive ingredients from natural plants.
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[23] J. A. del Rı́o, A. G. Báidez, J.M. Bot́ıa, andA.Ortuño, “Enhance-
ment of phenolic compounds in olive plants (Olea europaea L.)
and their influence on resistance against Phytophthora sp,” Food
Chemistry, vol. 83, no. 1, pp. 75–78, 2003.

[24] E. Q. Xia, X. X. Ai, S. Y. Zang, T. T. Guan, X. R. Xu, and H. B.
Li, “Ultrasound-assisted extraction of phillyrin from Forsythia
suspensa,”Ultrasonics Sonochemistry, vol. 18, no. 2, pp. 549–552,
2011.

[25] F. Chemat and M. K. Khan, “Applications of ultrasound in food
technology: processing, preservation and extraction,”Ultrason-
ics Sonochemistry, vol. 18, no. 4, pp. 813–835, 2011.

[26] N. Y. Yuhana, S. Ahmad, and A. R. Shamsul Bahri, “The
effect of ultrasonic treatment on thermal stability of the cured
epoxy/layered silicate nanocomposite,” Advances in Materials
Science and Engineering, vol. 2012, Article ID 789815, 5 pages,
2012.
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A microwave assisted green process has been developed for production of sugars through liquefying holocellulose catalyzed with
sulfonated char derived from the lignin-rich residue produced during pretreatment of lignocellulose. Various reaction parameters
including the hydrolysis temperature, hydrolysis time, catalyst content, and the ratio of water to feedstock were evaluated. The
maximum sugars yield of 82.6% (based on the dry mass of holocellulose) was obtained under the optimum reaction conditions.
The sulfonated char showed superior catalytic performance to that of dilute sulfuric acid in converting holocellulose into sugars
under microwave irradiation.

1. Introduction

Hydrolysis of holocellulose (cellulose and hemicellulose) is
a key technology to obtain the sugars which are pivotal
platform compounds for a range of industrially important
chemicals, such as ethanol, butanol, and hydrocarbon [1–
3]. Substantial effort has been made to develop appropriate
hydrolysis processes using liquid acids [4–6], enzymes [7,
8], supercritical water [9, 10], and solid catalysts [11–18] for
hydrolysis of cellulose. Although liquid acid hydrolysis has
received considerable attention and has been implemented
on relatively large scales, the process is energy-inefficient,
requiring separation, recycling, and treatment of the waste
sulfuric acid. Enzymatic hydrolysis has been proven to be
one of the most promising green hydrolysis technologies
and operated in commercial applications. However, the high
cost of enzymatic hydrolysis cannot be ignored. Supercritical
water treatment for holocellulose hydrolysis has also received
attention in recent years. The process, however, is carried
out at extremely high temperatures and short residence time,
causing partial degradation of the produced sugars [9, 10].

Themove towardmore environmentally benign processes
has stimulated the development of solid acid catalysts, which

are nontoxic and easy in separation and have a high strength
of acidity. Solid acid catalysts, including inorganic oxides [11],
zeolites [12], cation-exchanged resins [13], polymers [14], and
heteropolyacids [15], have been studied on the hydrolysis of
cellulose. However, these heterogeneously catalytic processes
show poor hydrolysis efficiency due to a mass transfer resis-
tance between solid acids and the insoluble cellulose in water.
Recently, Suganuma et al. [16], Wu et al. [17], and Gupta and
Lee [18] have developed a carbonaceous solid acid bearing
SO
3
H, COOH, and phenolic hydroxyl (OH) groups in the

framework of the amorphous carbon. This carbonaceous
solid acid was proved to be an excellent candidate for the
catalytic hydrolysis of cellulose. The amorphous carbon is a
solid Bronsted acid catalyst consisting of flexible polycyclic
carbon sheets with SO

3
H, COOH, and phenolic hydroxyl

(OH) groups in a three-dimensional network that can be
readily prepared by partial carbonization of natural organic
compounds, such as sugar, cellulose, and starch, followed by
sulfonation of the resulting amorphous carbon [19].

In this study, we developed an environmentally benign
hydrolysis approach for the saccharification of holocellulose.
As shown in Figure 1, the green and effective hydrolysis
process was catalyzed by a sulfonated char derived from
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Figure 1: Schematic route of the holocellulose hydrolysis catalyzed by sulfonated char derived from lignin-rich pretreatment residues.

lignin-rich pretreatment residues with a small amount of
water under microwave irradiation. After reaction, the cat-
alyst can be easily separated from the products by filtration
and effectively reused for further hydrolysis. This hydrolysis
approach may also be employed as the guidance for efficient
pretreatment and comprehensive utilization of lignocellu-
losic biomass.

2. Experimental

2.1. Materials. The hybrid poplar was collected from West
Virginia University Experimental Forest. The holocellulose
was separated from raw poplar particles and the composition
of holocellulose was analyzed (mass percent: cellulose 63.2%,
xylan 32.7%, and others 4.1%). Sulfuric acid and other chem-
icals (if applicable) were purchased from Sigma-Aldrich, Inc.

2.2. Preparation of Sulfonated Char. According to the typical
procedure [18], the carbonaceous catalyst with SO

3
H groups

was prepared from the poplar (Populus cathayana) pretreat-
ment residues (mass percent: lignin 65%, cellulose 25%, and
others 10%). In a typical preparation procedure [19, 20], 30 g
of the poplar pretreatment residue was heated for 5 h at 723K
under N

2
flow to produce a black solid, which was then

ground into powder using universal high-speed smashing
machine (QE-500, Zhejing Yili Industry and Trade Co. Ltd.).
10 g of the powder was then boiled in fuming sulfuric acid
(15 wt% SO

3
) at 353K under N

2
for 8 h. After cooling to room

temperature, the suspension was filtered using cellulose filter
paper (pore size of 30–50 𝜇m) to yield a black precipitate that
was washed repeatedly with hot distilled water (>353K) until
no sulfate ions could be detected.The washed precipitate was
dried at 383 k for 12 h to obtain a sulfonated char bearing
SO
3
H, OH, and COOH groups.

2.3. Characterization of Sulfonated Char. The specific surface
area of the sulfonated char was obtained by Brunauer Emmett
Teller surface analyzer (BET, ASAP2020M, Micromeritics).
Scanning electron microscopy (SEM) analysis was con-
ducted on a Hitachi 3400-1 electronic microscope work-
ing at 30 kv. FTIR spectrum was recorded on a Fourier
transform infrared spectroscopy (FTIR, I80, Nicolet) using
the standard KBr disc method. The samples were scanned
between 400 and 4000 cm−1 with a resolution of 0.4 cm−1.
X-ray diffraction (XRD) patterns were collected on a Bruker
D8 Focus Advance diffractometer using Cu K𝛼 radiation
(wavelength 𝜆 = 1.5406 Å). According to the FT-IR analysis
result, the sulfonated char possesses three functional groups:
SO
3
H, COOH, and phenolic OH. The amount of groups

was estimated by elemental analysis (EA, Thermo Scientific
Flash 2000 CHNS/O) and cation-exchange analysis [16]. The
densities of SO

3
H groups were estimated based on the sulfur

content determined from sample compositions obtained by
elemental analysis. The total SO

3
H+ COOH and SO

3
H+

COOH+ OH contents were estimated from the exchange of
Na+ in aqueous NaCl and NaOH solutions, respectively.

2.4. Hydrolysis of Holocellulose and Analysis of the Produced
Sugars. The holocellulose was separated from raw poplar
(Populus cathayana) particles [18]. In a typical experimental
run, 0.2 g oven-dried holocellulose powder and 0.2 g car-
bonaceous catalyst were mixed and milled for 10 minutes in
an agate mortar and then placed into a Pyrex tube. Distilled
water (3mL) was then added to the powdered mixture before
the Pyrex tube was sealed and placed in a microwave reactor
(CEM, Discovers). The mixture was stirred by a magnetic
stirrer during the reaction. After the desired reaction time,
the reactionmixturewas neutralizedwith 0.4mol/L ofNaOH
solution (10mL) and filteredwith filter paper (pore size of 30–
50 𝜇m).

The aqueous filtrate was analyzed using the Dionex
Capillary Ion Chromatography System (ICS5000 Thermo
Fisher) with a pulsed amperometric detector and a CarboPac
PA-10 (4mm) column. NaOH (18mM) aqueous solution was
used as elution solvent at a flow rate of 1.0mLmin−1. The
yield of total sugars (based on the dry mass of holocel-
lulose) was calculated using the following equation: Total
sugars yield (%) = [amount (g) of oligose + amount (g) of
monose]/amount (g) of holocellulose.

The catalytic performance of the sulfonated char was
examined by the microwave assisted hydrolysis of holocel-
lulose under various conditions. The experimental parame-
ters were evaluated as follows: hydrolysis temperature from
373K to 403K, reaction time from 20min to 100min,
catalyst/substrate (holocellulose) ratio from 0.25 to 1.5, and
liquid/solid (catalyst + holocellulose) ratio from 2.5 to 12.5.
The reusability of the sulfonated char was also studied and
the respective catalytic performance was compared with that
of dilute sulfuric acid.

3. Results and Discussion

3.1. Properties of the Sulfonated Char. The BET analysis
showed that the specific surface area of sulfonated char was
2m2 g−1, which is in the range of a typical lignin carbon
processed at similar temperatures [21]. The SEM analy-
sis (Figure 2(a)) showed that the sulfonated char particles
exhibited an irregular morphology with the particle size
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Figure 2: The SEM image (a), FTIR spectrum (b), and XRD pattern (c) for the prepared sulfonated char.

ranging from 30 to 100 𝜇m.The FTIR spectrum (Figure 2(b))
showed two vibration bands at 1040 cm−1 (SO

3
-stretching)

and 1377 cm−1 (O=S=O stretching in SO
3
H) which veri-

fied the existence of SO
3
H groups. The vibration bands at

1606 cm−1 (–OH) and 1715 cm−1 (C=O) can be assigned to
the –COOH groups in the sulfonated char. The broadband at
2300–2700 cm−1 suggested an overtone (Fermi resonance) of
the bending mode of strong hydrogen bond [16]. The XRD
pattern (Figure 2(c)) of the sulfonated char exhibited two
broad diffraction peaks at 22.5∘ and 42.0∘ of 2𝜃, which is
typical for amorphous carbon composed of aromatic carbon
sheets oriented in a considerably random pattern [22]. Ele-
mental analysis results (C 53.745; H 3.389; O 37.868; S 4.998)
and cation-exchange experiment revealed that the samples
composition is CH

0.757
O
0.528

S
0.034

and that the amounts of
SO
3
H, COOH, and phenolic OH groups bonded to the char

are 1.53, 0.30, and 1.69mmol g−1, respectively.

3.2. Hydrolysis of Holocellulose under Microwave Irradiation.
As shown in Figure 3, the sugar yield of holocellulose
increased with increasing reaction temperature in the first
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Figure 3: Effect of reaction temperature on the sulfonated char
catalyzed hydrolysis of holocellulose. Reaction conditions: 0.2 g
holocellulose, 0.2 g catalyst, 3mL H
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O, and microwave irradiation

(300W) for 60min.
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Figure 4: (a) Effect of catalyst/substrate ratio on the sulfonated char catalyzed hydrolysis of holocellulose. Reaction conditions: 0.2 g
holocellulose, 3mLH

2
O, 393K, andmicrowave irradiation (300W) for 60min. (b) Effect of liquid/solid ratio on the sulfonated char catalyzed

hydrolysis of holocellulose. Reaction conditions: 0.2 g holocellulose, 0.2 g catalyst, 393 K, and microwave irradiation (300W) for 60min.

40 minutes of the reaction. However, it started to decrease
with longer reaction time, indicating thermal degradation of
monose at elevated temperature. The highest sugar yield of
82.6% was obtained when the holocellulose was treated at
393K for 60 minutes. This optimum reaction temperature
and reaction time were used in our studies on other reaction
parameters. The results indicated that saccharification of the
polysaccharides and thermal degradation of the produced
monose and oligose were taking place synchronously in the
reaction system.

The effects of catalyst/substrate (holocellulose) ratio and
liquid/solid (catalyst + holocellulose) ratio were evaluated
using the optimal reaction temperature and time. As shown
in Figure 4(a), the yield of monose and oligose increased
with increasing catalyst/substrate ratio up to 1.00. Increasing
the liquid/solid ratio significantly increased the sugar yield
when the ratio was lower than 5.0 as shown in Figure 4(b).
No further increase in the sugar yield was apparent for
liquid/solid ratios above 7.5.

To evaluate reusability, sulfonated char samples (reused
up to three times) were investigated by reacting a mixture
of 0.2 g catalyst, 0.2 g holocellulose, and 3mL water under
300W microwave irradiation for 60min. The unreacted
sulfonated char and those recovered once, twice, and 3
times were designated SC0, SC1, SC2, and SC3, respectively.
Additionally, the catalytic performance of the sulfonated char
was compared with that of dilute sulfuric acid. After the first
run at 393K for 60min, the sulfonated char was recovered
from the hydrolytic solution by filtration followed by washing
with distilled water. The recovered catalyst was reused by
directly mixing with fresh holocellulose and water. As shown
in Table 1, the catalytic performance of the sulfonated char
decreased with the recovery times, indicating reduced active
sites on the surface of the sulfonated char. It is possible that

Table 1: Comparison of the catalytic performance of reused sul-
fonated char and dilute sulfuric acid.

Yield/% SC0a SC1a SC2a SC3a H
2
SO
4

a H
2
SO
4

b

Monose 26.8 23.9 20.4 16.1 12.2 4.9
Oligose 55.8 54.6 52.5 49.1 10.3 27.2
Sugars 82.6 78.5 72.9 65.2 22.5 31.7
aReaction at 393 K; breaction at 423 K.

some active acid sites were blocked by the unreacted holo-
cellulose residues left in aqueous solution [18, 23]. However,
even after being recovered three times, the sulfonated char
still has much higher catalytic ability than dilute sulfuric acid
in hydrolysis of holocellulose.The poor performance of dilute
sulfuric acid in hydrolysis of holocellulose was attributed to
the low catalytic activity at 393K and the degradation of
produced sugars when high temperature (423K ormore) was
employed.

4. Conclusions

An environmentally friendly hydrolysis process alternative
to dilute sulfuric acid was developed to efficiently convert
holocellulose into useful sugars undermicrowave irradiation.
The catalyst, a sulfonated char, was produced from lignin-rich
residues from pretreatment of lignocellulosic biomass. The
catalyst showed excellent catalytic performance in hydrolysis
of holocellulose and low toxicity for microbial activity, which
is different from sulfuric acid. This approach may also be
exploited for the direct hydrolysis of lignocellulosic biomass
into sugars and other useful chemicals.
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In hot molding processes of woody material, it is important to understand the effect of oven-dry heating on the property of woody
biomass material, such as thermal fluidity. In this study, thermal flow tests of untreated and steam treated bamboo powder were
conducted to investigate the effects of heating at an oven-dry state on thermal fluidity.The test temperature was set to 200∘C. Before
the thermal flow test, powder was dry-heated in a capillary rheometer at 200∘Cwith a variable heating time.Thermogravimetry was
conducted to understand the thermal changes of the powder during an increasing temperature and constant temperature. Fluidity of
untreated powder was improved with a short dry-heating but decreased with a long dry-heating. In contrast, steam treated powder
fluidity was high compared to untreated one, but its fluidity did not improve from dry-heating. From these thermogravimetry
results, the chemical changes associated with component volatilization relate with the thermal fluidity. Therefore, the decrease in
fluidity from dry-heating occurred because fluidity related components escape from the powder through volatilization.

1. Introduction

Effective use of woody biomass resources is environmentally
friendly because woody biomass resources are carbon neutral
and sustainable. However, applications for woody biomass
materials are limited because of some inherent practicality
issues. One issue is material workability. Woody biomass is
generally processed through machining, bending, or com-
pacting. However, processing complex shapes is difficult,
and some problems, such as limited extraction rates and
productivity, exist with these methods.

In order to resolve these problems, various research
studies on woody material processing methods have been
conducted. For example, wood plastic composites (WPC),
which are made by mixing woody materials and plastics,
can be processed with general plastic processing methods
such as extrusion or injection molding [1–3]. Methods where
petroleum-derived materials were not used have also been
developed. It was reported that molding of only woody
materials containing water was possible at 170–180∘C because

woody materials have thermal fluidity and self-adhesiveness
due to the hydrolysis of the material’s chemical components
[4–6]. In addition, it was reported that thermal fluidity and
self-adhesiveness could be improved by steam treatment [7–
10]. It is considered that these woody properties changes
occur due to water soluble components increasing with
the hydrolysis of the materials chemical components, such
as hemicellulose, during steam treatment [11–13]. Injection
molding is possible without water by using steam treated
woody powder, and strength of injection molded product
came up to that of polypropylene [14, 15]. This way, ther-
mal fluidity of woody material can be controlled for the
improvement of moldability by heating at the wet state, such
as steaming.

Woody material properties are affected by heating not
only during the wet state, such as steaming, but also during
the dry state. For example, research about woody material
dry-heating has shown that dynamic viscoelastic properties
of dry wood change in relation to its heating temperature
or time [16]. In addition, thermal changes to the physical
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Figure 1: Particle size distribution of bamboo powder.

property, such as thermal softening, in the dry state are
different from those in the wet state [10, 17]. Accordingly,
it is possible that the thermal flowability of woody material is
affected by dry-heating. However, the effect of dry-heating on
the thermal fluidity ofwoodymaterial is not fully understood.
For actual hot molding processes for woody material, it is
important to understand these effects.

In this study, a thermal flow test for woody materials
dry-heated for different treating time was conducted using a
capillary rheometer. Bamboo powder, which was untreated
or steam treated, was studied because an effective use of
the timber from bamboo thinning is desired in Japan [18].
In addition, it was reported that bamboo fluidity is high
compared to other woody materials [19]. This reason is the
fact that hemicellulose of bamboo is mainly xylan [20] and
xylan having acetyl group produces acid which catalyzes
hydrosis [12]. Thermogravimetry for bamboo powder was
conducted in order to investigate the thermal change effects
during dry-heating. From these results, the relationship
between thermal fluidity and chemical changes in bamboo
powder during dry-heating is discussed.

2. Materials and Methods

2.1. Preparation of the Materials. Moso bamboo powder was
used. To obtain the powder, a stem was shaved and shavings
were then milled in a pin mill. The powder passed through a
𝜙300 𝜇m screen during the milling stage. Figure 1 shows the
powder particle size distribution, which was predominately
in the range of 75–300𝜇m.

Figure 2 shows a schematic diagram of the bamboo
powder steam treatment. The powder was treated with
saturatedwater vapor at a high temperature by heating a small
pressure vessel containing the powder and water. First, the
vessel was heated to a target temperature of 𝑇

𝑠
(∘C). Next, the

temperature 𝑇
𝑠
was held for a predefined time 𝑡

𝑠
(min). The

vessel was then cooled to 100∘C. The powder was tapped off
from the vessel and air-dried at room temperature. Air-dried
powder was dried additionally in an oven at constant 105∘C
to achieve an oven-dry state before the thermal flow test.

Thermocouple
(water)

Powder
(50g)

Heater Water

Thermocouple
(air)

Figure 2: Schematic diagram of steam treatment.

Thermocouple

Cylinder
8

m
m

Nozzle

Heater

Piston

𝜙 2mm

100mm2

Figure 3: Schematic diagram of the capillary rheometer.

2.2. Thermal Flow Test. A capillary rheometer (CFT-500D,
Shimadzu) was used to dry-heat the powder and for the
thermal flow test. Figure 3 shows a schematic diagram of the
capillary rheometer. First, the capillary rheometer was heated
to a test temperature of 200∘C because bamboo fluidity is
activated at 200∘C [4]. Powder with a mass of 1.5 g was placed
in the cylinder followed by a piston. The powder was then
heated for a predefined time 𝑡

ℎ
(min) in the cylinder. The

piston was compressed at 49MPa and material was extruded
from the nozzle. The piston movement during the material
extrusion was evaluated.

2.3. Thermogravimetry. Thermogravimetry was conducted
with a thermogravimetry/differential thermal analyzer
(TG/DTA 6200, Seiko Instruments Inc.). The air-dried
bamboo powder was placed in an aluminum pan, and an
empty aluminum pan was used as a reference. Figure 4 shows
the temperature program. First, drying at 105∘C for 30min
with a dry nitrogen gas purge was performed to ensure that
moisture state of the powder was oven-dry in the device.
The temperature was raised to 200∘C at a constant rate of
10∘C/min and held for 60min. Changes in mass loss rate
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(%/min) based on the oven-dry mass were evaluated during
the warm-up period and the constant temperature period.

3. Results and Discussion

3.1. Thermal Flow Curve of Untreated and Steam Treated
Bamboo Powder. Flow behavior of untreated and steam
treated bamboo powder was investigated. Figure 5 shows the
relationship between press time and piston stroke motion
when the steam temperature 𝑇

𝑠
was changed. The steam

treatment time 𝑡
𝑠
was set at 20min and the heating time 𝑡

ℎ
was

set at 5min. It was considered that the powder temperature
achieved 200∘C with a 5min heating interval because we
confirmed that the temperature of the powder near the
surface was 200∘C after 3-4min.
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As shown in Figure 5, the untreated and 𝑇
𝑠
= 180∘C

powder did not flow immediately but rapidly increased in rate
when the pressing time reached about 20min. It was deter-
mined that the fluidity was provided by thermal decomposi-
tion fromheat caused by the piston pressure. Gas is exhausted
during thermal decomposition of wood biomass material
[21], but it is difficult for the gas to escape from the cylinder
until the flow starts because the powder is in a high pressure
state. Therefore, the material flowed drastically when the gas
could escape once the flow started. In contrast, the𝑇

𝑠
= 200∘C

powder flowed immediately once pressed but at a slower flow
rate. Accordingly, it was determined that powder fluidity is
simple to increase because the powder has flow components
produced by the preliminary steam treatment. In addition, a
rapid flow rate increase could not have occurred because the
gas was able to escape gradually with material flow.

Figure 6 shows the relationship between pressing time
and piston stroke motion when the steaming time 𝑡

𝑠
was

changed. In this experimental series, 𝑇
𝑠
was set at 200∘C

because flow behavior changed largely with a steam treatment
of 200∘C, as shown in Figure 5. The flow rate slows with an
increase in 𝑡

𝑠
.This result suggests that a long steam treatment

has a negative effect on thermal fluidity.

3.2. Effects of Dry-Heating Time on the Bamboo Powder Ther-
mal Flow Curve. Figure 7 shows the thermal flow curve
changes for each powder by dry-heating time 𝑡

ℎ
. The range

of 𝑡
ℎ
tested was from 1 to 20min. For untreated powder, flow

started sooner when 𝑡
ℎ
increased from 1 to 5min, but the start

was delayed with a further increase in 𝑡
ℎ
over 5min as shown

in Figure 7(a). In contrast, for steam treated powder, the flow
began soonest when 𝑡

ℎ
was 1min, while the flow start was

delayed with an increase in 𝑡
ℎ
as shown in Figures 7(b)–7(e).

In particular, powder steam treated at 200∘C for 10 and 20min
had no flow when 𝑡

ℎ
was 20min and that for 40min had no
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flow when 𝑡
ℎ
was over 10min. The powder temperature did

not reach 200∘C yet when 𝑡
ℎ
was only 1min. Accordingly,

powder fluidity at 𝑇
𝑠
= 200∘C, which flowed immediately for

𝑡
ℎ
= 1min, could have become activated at a temperature

under 200∘C.These results suggest that untreated powder can
be activated by heating under ordinary pressure for a short
time. For steam treated powder, it was confirmed that dry-
heating has a negative effect on thermal fluidity regardless of
steam treatment temperature or time.

3.3. BambooPowderMass Loss duringWarm-Up andConstant
Temperature Periods. Figure 8 shows the mass loss rate for
bamboo powder during the temperature increase to 200∘C
and when being held constant at 200∘C for a variable steam
treatment temperature 𝑇

𝑠
. The steam treatment time 𝑡

𝑠
of

steam treated powder was 20min. The mass loss rate shows
the chemical change intensity because component volatiliza-
tion occurs from woody material thermal decomposition
[21]. As shown in Figure 8(a), mass loss starts when the
temperature reaches about 140∘C. The amount of mass lost
for steam treated powder was higher than that of untreated
powder. In particular, the mass loss rate for 𝑇

𝑠
= 180∘C

surpassed that of untreated powder when the temperature
reached about 160∘C, where it continued to increase until
200∘C. This result suggests that chemical changes in powder
are activated by a 180∘C steam treatment. For 𝑇

𝑠
= 200∘C,

the mass loss rate surpassed the untreated powder at about
145∘C, and it continued to increase until 190–195∘C. This
suggests that the chemical changes become active at a lower
temperature and the intensity relaxes at 190–200∘C. With
constant temperature, the mass loss rate of each powder
decreases with time and ceases after about 30min as shown
in Figure 8(b). The mass loss rate for 𝑇

𝑠
= 180∘C powder

is comparatively high until 30min. This result indicates that

chemical changes continued for 30min after increasing the
temperature to 200∘C, and 𝑇

𝑠
= 180∘C powder was the most

active at constant temperature.
Figure 9 shows the bamboo powdermass loss rate for𝑇

𝑠
=

200∘C during the temperature increase to 200∘C and when
being held constant at 200∘C for a variable steam treatment
time 𝑡

𝑠
. In the warm-up period, as shown in Figure 9(a),

the amount of mass lost decreases with increasing 𝑡
𝑠
. The

mass loss rates for 𝑡
𝑠
= 10 and 20min become constant at

190–195∘C, while 𝑡
𝑠
= 40min becomes constant at about

185∘C.This result suggests that the chemical change intensity
decreases with an increase in 𝑡

𝑠
. For constant steam treatment

temperature, as shown in Figure 9(b), the mass loss rate for
each powder decreases and becomes constant at 30min.

It was reported that water-soluble components are pro-
duced from hemicellulose by steam treatment and some of
these components change to volatile components, such as
furfural, from high temperature at a prolonged exposure time
[11]. Thus, an increase in mass loss from steam treatment
could have been due to an increase in volatile water-soluble
components. For long 𝑡

𝑠
, it is possible that powder loses its

water-soluble components through dissolving with water or
volatilization during steam treatment. For this reason, it was
determined that the amount of mass loss decreases with an
increase in 𝑡

𝑠
.

Relationship between thermal fluidity and mass loss dur-
ing warm-up and constant temperature periods is discussed.
As shown in Figures 5 and 8, 𝑇

𝑠
= 200∘C powder flow starts

early compared to the other steam treatment temperatures
and mass change begins at a lower rheometer temperature. It
was reported that chemical changes associated with compo-
nent volatilization relatewithwoodymaterial thermal fluidity
[13, 19]. It was determined that 𝑇

𝑠
= 200∘C powder fluidity

was adequately activated during the 5min dry-heating. For
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Figure 9: Mass loss rate for steam treated bamboo powder with a variable steam treatment time 𝑡
𝑠
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𝑠

= 200∘C).

untreated and steam treated powder at 180∘C, fluidity was
not adequately activated after 5min of dry-heating. Thus,
flow started after about 20min of pressing time and 𝑇

𝑠
=

180∘C powder flow start began earlier than the untreated
powder because chemical changes at 𝑇

𝑠
= 180∘C were more

active with a constant rheometer temperature. The thermal
fluidity changes from 𝑡

𝑠
, as shown in Figure 6, were also

caused by the intensity differences in the chemical changes
associated with the component volatilization. 𝑇

𝑠
= 200∘C

powder flow started immediately after pressing because the
chemical changes caused by the 5min dry-heating activated
the fluidity, but the chemical change intensity decreases with
an increase in 𝑡

𝑠
as shown in Figure 9(a). Therefore, the flow

rate decreases with an increase in 𝑡
𝑠
.

Next, we discuss the effect of dry-heating time on thermal
fluidity in an oven-dry state and the chemical changes during
dry-heating. For untreated powder as shown in Figure 7(a), it
was determined that the flow started early when 𝑡

ℎ
increased

from 1 to 5min because the fluidity was activated by a
5min dry-heating. However, the flow started later with an
increase in 𝑡

ℎ
from 5 to 20min. It is possible that this is

because of component volatilization. It was considered that
volatile components have a large effect on thermal fluidity,
but the volatile components escape from the powder dur-
ing dry-heating because dry-heating was conducted under
atmospheric pressure. As shown in Figure 8(b), it can be
seen that volatilization occurred for 30min in each powder.
Accordingly, the powder fluidity decreaseswith an increase in
𝑡
ℎ
because of volatile components escaping from the powder

during dry-heating. By contrast, component volatilization
could have been inhibited during pressing due to the powder’s
high pressure state. Thus, fluidity was activated through
pressing and heating from occurring chemical changes, while
the volatile components remain in the powder.

For steam treated powder, the flow showed a tendency to
start later at a slower rate as 𝑡

ℎ
changed from 1 to 20min as

shown in Figures 7(b)–7(e). The volatilization amount was
larger than that of untreated powder until the temperature
reached 200∘C, as shown in Figures 8(a) and 9(a). Therefore,
the fluidity of steam treated powder was activated with ease
until the temperature reached 200∘C, but the negative effect
volatilization has on fluidity was greater than the heating
effect for fluidity activation when the temperature reached
200∘C.

4. Conclusions

In this study, thermal flow tests of untreated and steam
treated bamboo powder were performed using a capillary
rheometer to investigate the effect of heating at an oven-dry
state on thermal fluidity.The test temperature and dry heating
temperature were set at 200∘C. Untreated and steam treated
bamboo powder at 180∘C started to flow several minutes after
the start of pressing. Steam treated powder at 200∘C flowed
immediately after pressing. When the powder dry-heating
time increased in an oven-dry state before pressing, the
untreated powder flow began earlier with an increase in dry-
heating time from 1 to 5min but started later with an increase
in dry-heating time from 5 to 20min. The flow of the steam
treated powder started later with an increase in dry-heating
time from 1 to 20min. From the thermogravimetry results
during the increasing and constant temperature periods, it
was confirmed that chemical changes associatedwith compo-
nent volatilization relate with thermal fluidity. For untreated
powder, fluidity is improved from chemical changes during a
short dry-heating, but fluidity decreases because the powder
loses its fluidity related components from volatilization with
a long dry-heating. For steam treated powder, fluidity was
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high when the dry-heating was short because of the chemical
change intensity associated with volatilization. It was easy
to slow fluidity with dry-heating because the powder readily
loses its fluidity related components due to the large amount
of volatilization.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This work was supported by JSPS KAKENHI (Grant nos.
24360309 and 26-9571).

References

[1] S.Migneault, A. Koubaa, F. Erchiqui et al., “Effect of fiber length
on processing and properties of extruded wood-fiber/HDPE
composites,” Journal of Applied Polymer Science, vol. 110, no. 2,
pp. 1085–1092, 2008.

[2] M. Seki, T. Miki, S. Tanaka, I. Shigematsu, and K. Kanayama,
“Effect of thermoplastic binder on flow deformation behavior
of wood,” Procedia Engineering, vol. 81, pp. 855–860, 2014.

[3] N. M. Stark, L. M. Matuana, and C. M. Clemons, “Effect of
processing method on surface and weathering characteristics
of wood-flour/HDPE composites,” Journal of Applied Polymer
Science, vol. 93, no. 3, pp. 1021–1030, 2004.

[4] O. Yamashita, Yokochi, H. Imanishi, and K. Kanayama, “Trans-
fer molding of bamboo,” Journal of Materials Processing Tech-
nology, vol. 192-193, pp. 259–264, 2007.

[5] S. Ellis and L. Paszner, “Activated self-bonding of wood and
agricultural residues,” Holzforschung, vol. 48, pp. 82–90, 1994.

[6] O. V. Startsev, B. N. Salin, Y. G. Skuridin, R. M. Utemesov, and
A. D. Nasonov, “Physical properties and molecular mobility of
the new wood composite plastic ‘thermobalite’,” Wood Science
and Technology, vol. 33, no. 1, pp. 73–83, 1999.

[7] I. Takahashi, Y. Takasu, T. Sugimoto, Y. Kikata, and Y. Sasaki,
“Thermoplastic flowbehavior of steamedwoodflour under heat
and compression,”Wood Science and Technology, vol. 44, no. 4,
pp. 607–619, 2010.

[8] N. Laemsak and M. Okuma, “Development of boards made
from oil palm frond II: properties of binderless boards from
steam-exploded fibers of oil palm frond,” Journal of Wood
Science, vol. 46, no. 4, pp. 322–326, 2000.

[9] I. Takahashi, T. Sugimoto, Y. Takasu,M.Yamasaki, Y. Sasaki, and
Y. Kikata, “Effect of wood species on thermal flow behavior and
physical properties of thermoplastic moldings,” Wood Science
and Technology, vol. 46, no. 1–3, pp. 419–429, 2012.

[10] W. E. Hillis and A. N. Rozsa, “High temperature and chemical
effects on wood stability,”Wood Science and Technology, vol. 19,
no. 1, pp. 57–66, 1985.

[11] M. Tanahashi, “Characterization and degradation mechanisms
of wood components by steam explosion and utilization of
exploded wood,”Wood Research, no. 77, pp. 49–117, 1990.

[12] B. F. Tjeerdsma andH.Militz, “Chemical changes in hydrother-
mal treatedwood: FTIR analysis of combinedhydrothermal and
dry heat-treated wood,”Holz Als Roh- undWerkstoff, vol. 63, no.
2, pp. 102–111, 2005.

[13] S. Kajikawa and T. Iizuka, “Effect of water-soluble components
mass on the fluidity of the steam-treated bamboo powder
caused by heating and compression,” Journal of the Society
of Materials Science, Japan, vol. 64, no. 5, pp. 381–386, 2015
(Japanese).

[14] S. Kajikawa and T. Iizuka, “Injection molding using only
200∘C steamed bamboo powder by controlling metal mold
temperature,” Procedia Engineering, vol. 81, pp. 1186–1191, 2014.

[15] S. Kajikawa and T. Iizuka, “Effect of molding temperature on
fluidity and injection moldability of oven-dry steam-treated
bamboo powder,” Journal of Materials Processing Technology,
vol. 225, pp. 433–438, 2015.

[16] K. Kojiro, Y. Furuta, and Y. Ishimaru, “Influence of heating
history on dynamic viscoelastic properties and dimensions of
dry wood,” Journal of Wood Science, vol. 54, no. 3, pp. 196–201,
2008.

[17] D. A. I. Goring, “Thermal softening of lignin, hemicellulose and
cellulose,” Pulp Paper Magazine of Canada, vol. 64, no. 12, pp.
T517–T527, 1963.

[18] H. Hiura, T. Arikawa, and D. D. Bahadur, “Risk of sediment
related disasters due to the abandoned expanding bamboo
stands at the foot of slopes surrounding city area,” Journal of
the Japan Landslide Society, vol. 41, no. 4, pp. 323–334, 2004
(Japanese).

[19] E. Udaka, T. Miki, H. Sugimoto, and K. Kanayama, “Ryu-
dou seikei ni okeru baiomasu no ryudou mekanizumu no
kaimei,” Kagawa Prefectural Industrial Technology Research
Center Kenkyu Houkoku, vol. 9, pp. 11–14, 2009 (Japanese).

[20] W. Liese, “Research on bamboo,”Wood Science and Technology,
vol. 21, no. 3, pp. 189–209, 1987.

[21] W. Jim, K. Singh, and J. Zondlo, “Pyrolysis kinetics of physical
components of wood-polymers using isoconversion method,”
Agriculture, vol. 3, pp. 12–32, 2013.



Research Article
Effects of Screen Size on Biochemical Conversion of
Big Bluestem Biomass for Biofuel Production

Xiaoxu Song,1 Meng Zhang,1 Ke Zhang,2 Z. J. Pei,1 and Donghai Wang2

1Department of Industrial and Manufacturing Systems Engineering, Kansas State University, Manhattan, KS 66506, USA
2Department of Biological and Agricultural Engineering, Kansas State University, Manhattan, KS 66506, USA

Correspondence should be addressed to Meng Zhang; meng@ksu.edu

Received 29 January 2015; Revised 30 May 2015; Accepted 2 June 2015

Academic Editor: Jiang Jianchun

Copyright © 2015 Xiaoxu Song et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Biomass size reduction is the first step for biofuel production from cellulosic biomass through biochemical pathway, and it is
usually performed on a mill with screen installed to control the size of the produced particles. The absence of in-depth knowledge
about the effects of screen size throughout the biochemical conversion of cellulosic biomass makes it difficult to choose the screen
size to conduct biomass size reduction to minimize the energy consumption on mills, maximize the cellulose recovery rate after
pretreatment, and maximize the enzymatic hydrolysis efficiency. The objective of this work is to address this issue by generating
new knowledge on the effects of screen size in these three processes: size reduction, pretreatment, and enzymatic hydrolysis in
conversion of big bluestem biomass for biofuel production. Four screen sizes used in this study were 1, 2, 4, and 8mm. It was found
that using a larger screen size saved energy in biomass size reduction on a knifemill.Moreover, particles producedwith larger screen
sizes achieved higher cellulose recovery rate after pretreatment, higher enzymatic hydrolysis efficiency, and higher total sugar yield.

1. Introduction

There is a growing need to find alternatives to petroleum-
based liquid transportation fuels [1, 2]. Recognized as promis-
ing alternatives are biofuels produced from cellulosic biomass
(including dedicated energy crops such as big bluestem,
forest residues, and agricultural residues) [3–5]. Using cel-
lulosic biomass as the feedstock for biofuel production
is advantageous because of its low cost, abundance, and
sustainability [6]. An investigation jointly supported by the
U.S. Department of Energy and Department of Agriculture
shows that land resources in the U.S. are sufficient to sustain
production of enough cellulosic biomass (about 1 billion dry
tons) annually to replace 30% or more of the nation’s current
consumption of liquid transportation fuels [3–5].

Conversion of dedicated energy crops such as big
bluestem (Andropogon gerardii) to biofuels offers major
economic and environmental benefits [7]. Big bluestem is a
dominant grass in the tallgrass prairies of North America
and comprises up to 80% of the prairie biomass in the
midwest grassland in the United States [8, 9]. Big bluestem
biomass can be converted into ethanol biofuels through

biochemical pathway. Figure 1 illustrates the major steps in
the conversion. First, big bluestem biomass size reduction
is necessary because current conversion technologies cannot
efficiently convert whole stems of big bluestem biomass into
ethanol biofuels [10, 11].The biomass size reduction is usually
conducted on a knife mill [12] or hammer mill [13–16] to
produce particles with sizes from 0.1 to 10mm [17]. In knife
milling (Figure 2), biomass comes into contact with cutting
knives equipped on a rotor in the chamber. Biomass is cut
between the knives and the cutting bars. Particles that are
smaller than the screen size will pass through the openings
on the screen; those larger than the screen size will be
recirculated and continue being milled. In hammer milling
(Figure 3), hammers are mounted on a rotating drum. Size
reduction is performed through impact-induced material
fragmentation. Second, pretreatment can make cellulose
biomass more accessible to enzymatic hydrolysis through
various mechanistic effects including enzyme accessible sur-
face area increases, cellulose decrystallization, hemicellulose
removal, lignin removal, and lignin structure alteration [18].
Hydrolysis breaks polysaccharide into component sugars that
are convertible to ethanol by fermentation [6]. Finally, the
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Figure 1: Major steps in biochemical conversion of big bluestem
biomass into biofuels.
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Figure 2: Illustration of a knife mill.

Screen

Swinging hammer

Drum

Figure 3: Illustration of a hammer mill.

fermented liquid is moved into a distillation system where
the liquid is heated to take advantage of the different boiling
points of ethanol and water. The difference will enable the
extraction of about 95% pure fuel-grade ethanol [6]. It is also
known that fermentable sugar yield in hydrolysis is approxi-
mately propositional to the biofuel yield in fermentation [19].

The effect of screen size on energy consumption in
biomass size reduction has been studied in the literature. It
has been consistently observed that energy consumption in
biomass size reduction increased greatly when smaller screen
sizes were installed [20–22]. Nevertheless, these studies
either were not for biofuel production purpose or did not
include the biochemical conversion of produced particles
to fermentable sugar. Many other reported studies included
biomass biochemical conversion to ethanol biofuels with
biomass particles produced by size reduction but did not
cover energy consumption in biomass size reduction [23–25].

The absence of in-depth knowledge about the effects
of screen size throughout the biochemical conversion of
cellulosic biomass makes it difficult to choose the screen
size to conduct biomass size reduction in order to minimize
the energy consumption on mills, maximize the cellulose
recovery rate after pretreatment, andmaximize the enzymatic
hydrolysis efficiency. The objective of this work is to address
this issue by generating new knowledge on effects of screen
size in these three processes: size reduction, pretreatment,
and enzymatic hydrolysis, using big bluestem biomass.

2. Material and Methods

2.1. Material. The material used in this study was big
bluestem harvested from the United States Department of
Agriculture Plant Material Center (Manhattan, KS, USA).
The entire plant except the root was used. The moisture
content of the big bluestemwas 5%. Biomassmoisture content
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Table 1: Chemical compositions (% dry weight basis) of big
bluestem.

Component Percentage
Cellulose 35.9 (0.4)
Hemicellulose 25.4 (0.5)
Lignin 24.0 (0.7)

was determined by following the laboratory analytical proce-
dures developed by the National Renewable Energy Labora-
tory [28]. Chemical compositions of cellulose, hemicellulose,
and lignin are listed in Table 1 [29].

2.2. Biomass Size Reduction. The experimental setup for size
reduction is shown in Figure 4. A knifemill (SM 2000, Retsch
GmbH, Haan, Germany) was used. It was powered by a
1.5 kW electric motor. The milling chamber of the mill is
pictured in Figure 5. The knife mill is equipped with three
knives (95 × 35mm) on the rotor and four cutting bars
mounted on the inside wall of the milling chamber. Big
bluestem biomass was cut and sheared into particles between
the knives and the cutting bars. A screen (145 × 98mm) was
installed at the bottom of the milling chamber. Four screen
sizes (1, 2, 4, and 8mm) were used in this study. Figure 6
shows a 4mm screen as an example.

Before starting one size reduction test, the knife mill was
run for 10 seconds without loading any biomass to avoid
current spikes. Figure 7 shows a typical current chart when
the knife mill was running empty. There was a current spike

Knife

Screen

Cutting bar

Rotor

Figure 5: Milling chamber of the knife mill.

Figure 6: Screen used on the knife mill (screen size = 4mm).
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Figure 7: A typical current chart for 30 seconds after the knife mill
starts without load.

in the first few seconds after the knife mill was turned on.
After 10 seconds, the current stayed stable and ten stems
of big bluestem were loaded into the milling chamber (one
stem is about 50 cm long and 0.5–1 cm wide). During the
milling process, more big bluestem stems were loaded into
themilling chamber manually by a mill operator at a rate that
could keep the milling chamber full. For one size reduction
test, the total amount of big bluestem loaded was 400 grams.
The mill was turned off after 10 seconds when all the 400
grams of biomass was loaded into the milling chamber. After
each test, the weight of the big bluestem particles collected
from the receiving container was measured. Not all the 400
grams of biomass could be collected from the receiving
container, because there was still biomass retained in the
milling chamber when the mill was turned off. Between of
two consecutive size reduction tests, themilling chamber was
opened to remove any biomass left there, and the chamber
was cleaned with compressed air.

2.3. Sugar Conversion. In this study, big bluestem sugar
conversion consisted of dilute sulfuric acid pretreatment and
enzymatic hydrolysis. In dilute sulfuric acid pretreatment, 10
grams (dry weight) of big bluestem particles produced with
each screen size and 200mL of 2% (w/v) sulfuric acid were
loaded in a 600mL glass liner of a Parr pressure reactor
(4760A, Parr Instrument Co.,Moline, IL, USA). Pretreatment
time was 30min, and pretreatment temperature was 140∘C.
This pretreatment condition was selected based on a previous
study conducted by the authors using the same type of
biomass [30].

After pretreatment, big bluestem particles were washed
with 50–60∘C distilled water using a suction filtration system
with P4 grade filter paper (Fisher Scientific Inc., Waltham,
MA, USA) to conduct solid-liquid separation. The solid
biomass after filtration was carefully collected from the
filter paper using a stainless steel micro spatula. The dry
weight of the collected solid biomass was measured; then
a small portion of the solid biomass was used for biomass

composition analysis, and the rest was used for subsequent
enzymatic hydrolysis.The liquid after filtration was removed,
which included dissolved sugars, acid residues, and inhibitors
(substances that could decrease enzymes’ ability to break
cellulose into glucose) formed during pretreatment.

Enzymatic hydrolysis was carried out in eight 125mL
flasks in a water bath shaker (C76, New Brunswick Scientific,
Edison, NJ, USA) at 50∘C for 48 h. The agitation speed of
the water bath shaker was 110 rpm. There were two flasks
containing big bluestem particles produced with each of the
four screen sizes. Each flask contained 50mL of hydrolysis
slurry. The slurry consisted of 4% (w/v) biomass on dry
weight base, sodium acetate buffer (50mM, pH = 4.8), and
0.02% (w/v) sodium azide to prevent microbial growth dur-
ing hydrolysis. Accellerase 1500 enzyme complex (Danisco
USA, Inc., Rochester, NY,USA)was used.The enzyme loaded
was 0.5mL for each gram of dry biomass.

3. Measurement and Calculation

3.1. Energy Consumption in Biomass Size Reduction. Energy
consumption in biomass size reduction was measured as the
electricity consumed by the electric motor of the knife mill.
As illustrated in Figure 4, electric current to the motor was
measured using a Fluke 200 AC current clamp connected
to a Fluke 189 multimeter (Fluke Corp., Everett, WA, USA).
The 3-phase AC power supply in this study was in a Y
configuration with four wires (3 phases: L1, L2, L3, and
neutral). Electric current readings were collected by software
(FlukeView Forms Basic, Fluke Corp., Everett, WA, USA)
with a sampling rate of two readings per second. Data
acquisition began after the initial ten stems of big bluestem
were loaded into the milling chamber and stopped until the
mill was turned off.

The data acquisition software recorded the average cur-
rent (𝐼AVE). The voltage (𝑉) was 208V.The energy consumed
in one size reduction test (t seconds) (𝑃) was calculated as
follows:

𝑃 =

√3 ⋅ 𝐼AVE ⋅ 𝑉 ⋅ 𝑡
3600

(Wh) . (1)

Dividing 𝑃 by the weight (𝑤) of the big bluestem particles
collected after the test would give energy consumption (𝐸)
per unit weight as follows:

𝐸 =

𝑃

𝑤

(Wh/g) . (2)

3.2. Biomass Composition. Carbohydrates (cellulose and
hemicellulose) and lignin make up a major portion of
cellulosic biomass. Cellulose can be converted to fermentable
sugar (glucose) in enzymatic hydrolysis. Hemicellulose is also
sugar component; however, almost all of the hemicellulose
will be decomposed by dilute sulfuric acid pretreatment.
Lignin contains no sugar [31]. Biomass composition analysis
is needed for the analyses in Section 4. After measuring the
dry weight of biomass before and after pretreatment (𝑊BP
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and 𝑊AP), biomass weight loss in pretreatment (L) (%) was
calculated as follows:

𝐿 (%) =
𝑊BP −𝑊AP
𝑊BP

× 100%. (3)

In this study, biomass composition after pretreatment was
determined according to the laboratory analytical procedures
developed by the National Renewable Energy Laboratory
[32]. Briefly, after pretreatment, biomass collected for com-
position analysis was dried in an oven (Isotemp 500 Series,
Fisher Scientific Inc., Waltham, MA, USA) at 40∘C for 48 h.
About 0.3 g of oven-dried biomass sample was soaked in 72%
sulfuric acid at 30∘C for 1 h with constant stirring. Then,
it was diluted to a 4% acid solution and heated at 120∘C
for another 1 h. After heating, the liquid and solid parts of
the biomass sample were separated by suction filtration. The
liquid part was adjusted to pH neutral by adding calcium
carbonate; then the cellulose and hemicellulose contents
in the liquid part were measured by a high-performance
liquid chromatography (HPLC) system (Shimadzu, Kyoto,
Japan), and the acid-soluble lignin content in the liquid
was detected by a UV-visible spectrophotometer (BioMate
3, Thermo Electron Corp., Madison, WI, USA). The solid
part was placed in a furnace at 575∘C for 24 h. The weight
difference between the dry solid and ash residue after furnace
heating was reported to be acid-insoluble lignin. The sum
of the acid-soluble and acid-insoluble lignin contents was
the total lignin content. Two duplications for each biomass
sample weremeasured. Biomass composition reported in this
study was the weight percentage of cellulose, hemicellulose,
and lignin.

3.3. Sugar Analysis. After 48 h of enzymatic hydrolysis, sugar
contents in the biomass samples were determined by analyz-
ing the supernatant from the hydrolysis slurry using anHPLC
system (Shimadzu, Kyoto, Japan). HPLC is an analytical
tool for separating and quantifying components in complex
liquid mixtures. The HPLC system was equipped with an
RCM-monosaccharide column (300 × 7.8mm; Phenomenex,
Torrence, CA, USA) and a refractive index detector (RID-
10A, Shimadzu, Kyoto, Japan). The column was eluted with
double distilled water at a flow rate of 0.6mL/minute, and the
temperature of the column was maintained at 80∘C.

Cellulose recovery rate after pretreatment (𝑅
𝑃
) is used

to evaluate how much cellulose can be recovered in the
pretreatment. It is calculated as the ratio of the cellulose
weight after pretreatment to the cellulose weight before
pretreatment:

𝑅
𝑃
(%) =
𝐶AP
𝐶BP
× (1−𝐿) , (4)

where 𝐶AP (%) is the cellulose content in the biomass after
pretreatment, 𝐶BP (%) is the cellulose content in the biomass
before pretreatment, and L (%) is the biomass weight loss
in pretreatment. These two cellulose contents were obtained
by biomass composition analysis. Higher 𝑅

𝑃
means that

there was less loss in potential sugar (cellulose) during
pretreatment.

Enzymatic hydrolysis efficiency (𝐸
𝐻
) is expressed in

terms of the percentage of cellulose converted to glucose
by enzymatic hydrolysis and calculated using the following
equation:

𝐸
𝐻
(%) = 𝑐 × 𝑉

1.11 ×𝑊
𝐻
× 𝐶AP
× 100%, (5)

where c (g/L) is the concentration of glucose in the flask slurry
after 48 h hydrolysis, V (L) is the total volume of the slurry,
𝑊
𝐻
(g) is the dry weight of the biomass loaded into the flask,

and 𝐶AP (%) is the cellulose content in the biomass before
hydrolysis (after pretreatment).The factor 1.11 is the cellulose-
to-glucose conversion factor, which reflects theweight gain in
converting cellulose to glucose in hydrolysis.

Total cellulose conversion rate (𝑅
𝑇
) is used to evaluate the

overall efficiency of pretreatment and enzymatic hydrolysis
in converting cellulose to glucose. It is the percentage of
cellulose in unpretreated biomass that is converted to glucose
after enzymatic hydrolysis. It is the product of enzymatic
hydrolysis efficiency (𝐸

𝐻
) and cellulose recovery rate after

pretreatment (𝑅
𝑃
):

𝑅
𝑇
(%) =
𝐸
𝐻
× 𝑅
𝑃

100%
. (6)

In this study, total sugar yield (𝑌
𝑇
) provides a straightforward

interpretation about how much glucose a unit dry weight of
biomass (before pretreatment) can yield through biochemical
conversion. Its calculation is described as follows:

𝑌
𝑇
(

g glucose
g biomass

) =

𝑐 × 𝑉 ×𝑊AP
𝑊
𝐻
×𝑊BP
. (7)

3.4. Statistical Analysis. Chemical compositions in Tables 1
and 3 are reported as the means with standard deviations
in brackets. Multiple comparisons using one-way analysis of
variance (ANOVA) were conducted using Minitab software
(Version 16,Minitab Inc., StateCollege, PA,USA) to check the
existence of significant differences within the means. Error
bars in figures are drawn using standard deviations. Different
letters (a, b, c, and d) indicate that the means are significantly
different in the order of a > b > c > d based on Fisher LSD test
at level of 𝛼 = 0.05. The same letters indicate that means have
statistically no difference.

4. Results and Discussion

4.1. Effects of Screen Size on Energy Consumption in Biomass
Size Reduction. Figure 8 shows that screen size had a signif-
icant effect on energy consumption in size reduction of big
bluestem. Energy consumption decreased greatly as screen
size increased. Energy consumption was as high as 0.13 and
0.12Wh/g for screen sizes of 1 and 2mm, respectively. When
using 4 and 8mm screens, energy consumption decreased to
0.09 and 0.08Wh/g, respectively. It was observed that amajor
factor that caused the high energy consumption when using
a smaller screen size was that it took longer time to produce
the same weight of particles than using larger screen sizes.
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Table 2: Energy consumption in biomass size reduction using Retsch SM2000 knife mill.

Biomass material Moisture content (% dry weight basis) Screen size (mm) Energy consumption (Wh/g) Reference

Big bluestem (whole stems) 5

1 0.13

This study2 0.12
4 0.09
8 0.07

Miscanthus (segments) 7–10

1 0.28

[20, 21]2 0.10
4 0.06
8 0.04

Switchgrass (segments) 7–10

1 0.27

[20, 21]2 0.12
4 0.06
8 0.03

Wheat straw (whole stems) 12
1 0.16

[26]2 0.12
8 0.06

Sorghum stalk (whole stems) 9 1.5 0.09 [27]
8 0.04

Kochia (whole stems) 10 1.5 0.07 [27]
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Figure 8: Effects of screen size on energy consumption in size
reduction of big bluestem.

Table 3: Chemical compositions (% dry weight basis) of big
bluestem after pretreatment.

Component Screen size (mm)
1 2 4 8

Cellulose 56.4 (1.2)a 58.6 (0.9)a 58.4 (0.5)a 58.9 (0.6)a

Hemicellulose 5.7 (0.6)b 5.2 (0.3)b 4.9 (0.7)b 4.6 (0.2)b

Lignin 28.6 (0.7)c 28.0 (1.3)c 29.8 (0.2)c 29.6 (1.0)c

The same letters indicate that means have statistically no difference based on
Fisher LSD test at level of 𝛼 = 0.05.

In the literature, there are no reports on energy consump-
tion in size reduction of big bluestem.There are some reports

on energy consumption about size reduction of other types
of herbaceous biomass using the Retsch SM 2000 knife mill.
Energy consumption data when using different screen sizes
on the knife mill were summarized in Table 2. As indicated
in the table, using smaller screen size would consume more
energy to produce the same amount of biomass particles. It
was noticed that, in previous studies reported by Miao et al.
[19, 20], herbaceous biomass loaded into the knife mill was
biomass segments prepared by a chopping machine before
knife milling, whereas other studies in Table 2 used whole
stem of herbaceous biomass as input materials to the knife
mill.

4.2. Effects of Screen Size on Cellulose Recovery Rate after Pre-
treatment. Table 3 lists big bluestem chemical composition
after pretreatment. It was noticed that chemical compositions
of particles produced with different screen sizes are approxi-
mately the same.

Figure 9 shows that there was more biomass weight loss
in pretreatment for particles produced with a smaller screen
size. The major weight loss in pretreatment was caused by
the decomposition of hemicellulose. The primary objective
of dilute sulfuric acid pretreatment is to break down the
shield formed by highly associated lignin and hemicellulose
by decomposing hemicellulose to acid-soluble products (i.e.,
xylose), so that cellulose can be released and become more
accessible to enzymes in enzymatic hydrolysis [33]. However,
a side effect is that a small amount of cellulose may be
degraded to hydroxymethyl-furfural (HMF) [33]. HMF is
soluble in the pretreatment liquid and will be separated from
the solid biomass after pretreatment. Only the solid biomass
collected after pretreatment goes into enzymatic hydrolysis.
Thedegradation of cellulose toHMF results in potential sugar
(cellulose) loss and leads to decreasing total sugar yield [27].
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Figure 9: Effects of screen size on biomass weight loss in pretreat-
ment.
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Figure 10: Effects of screen size on cellulose recovery rate after
pretreatment.

Figure 10 shows that cellulose recovery rate after pre-
treatment was higher for big bluestem particles produced
with a larger screen size. It is believed that biomass with a
smaller particle size will be more amenable to pretreatment;
as a result, higher cellulose degradation and hemicellulose
decompositionwill happen for smaller particles comparing to
larger ones under the same severe pretreatment. Ballesteros
et al. [34] reported the same trend from a similar study.
They used softwood chips of three size levels (2–5, 5–8, and
8–12mm) treated with steam-explosion pretreatment. They
observed that chip size had a significant influence on cellulose
recovery rate after pretreatment. As chip size increased,
cellulose recovery rate after pretreatment increased.

As lignin has a complex three-dimensional aromatic
structure and heterogeneity, its structural properties might
be altered differently by experiencing different degree of
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Figure 11: Effects of screen size on enzymatic hydrolysis efficiency.

mechanical comminution when using three screen sizes in
size reduction and later by dilute acid pretreatment. As a
future research question, these structural property changes
can be further investigated by conducting FTIR spectroscopy
of lignin processed with different screen sizes before and after
pretreatment [35].

4.3. Effects of Screen Size on Enzymatic Hydrolysis Efficiency.
As shown in Figure 11, big bluestem particles produced with
4 or 8mm screen sizes had higher enzymatic hydrolysis
efficiency than the particles produced with 1 or 2mm
screen sizes.The difference in enzymatic hydrolysis efficiency
between particles produced with 4 and 8mm or between
those produced with 1 and 2mm screen sizes was insignifi-
cant. One possible explanation given by Sarkar et al. [16] is
that fine biomass particles may impose negative effects on
the subsequent processing. They may cause the generation
of clumps during enzymatic hydrolysis. Theerarattananoon
et al. [30] reported similar results. Three types of biomass
materials (big bluestem, corn stover, and wheat straw) were
size reduced on a hammer mill with screen sizes of 3.2 and
6.5mm. Particles produced with screen size of 6.5mm had
higher enzymatic hydrolysis efficiency than those produced
with screen size of 3.2mm. In their experiments, there was
a pelleting process (the agglomeration of small particles into
firm, uniformly shaped granules by the means of mechanical
processes) between size reduction and pretreatment.

4.4. Effects of Screen Size on Total Cellulose Conversion Rate
and Total Sugar Yield. As shown in Figure 12, big bluestem
particles produced with larger screen sizes achieved higher
total cellulose conversion rate. Nearly 70% of the cellulose in
particles produced with the 8mm screen size was converted
to glucose, which was about 20% higher than that produced
with the 1mm screen size.
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Figure 12: Effects of screen size on total cellulose conversion rate.
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Figure 13: Effects of screen size on total sugar yield.

Figure 13 shows total sugar yield results. As screen size
used in size reduction increased, total sugar yield of the pro-
duced particles increased. Big bluestem particles produced
with 8mm screen size yielded 20% more sugar than those
produced with 1mm screen size.

5. Conclusions

This study presents the first effort in investigating the effects
of screen size used in biomass size reduction throughout the
biochemical conversion of big bluestem to fermentable sugar.
Major conclusions are as follows:

(1) Energy consumption in biomass size reduction
increased greatly as screen size became smaller (from
8 to 1mm).

(2) Big bluestem particles produced with a larger screen
size had higher cellulose recovery rate after pretreat-
ment.

(3) Big bluestem particles produced with larger screen
sizes (4 and 8mm) had higher enzymatic hydrolysis
efficiency, higher total cellulose conversion rate, and
higher total sugar yield than those produced with
smaller screen sizes (1 and 2mm).
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