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Lignin was modified by oxidation to prepare lignin-derived polycarboxylic acids (LPCAs). LPCAs can be introduced into rigid
polyurethane foams (RPUFs) via 1,4-dioxane. The expansion ratio and compressive strength of RPUFs were observed. When
the loading of LPCAs was 0.67wt% (based on polyol), the compressive strength of RPUF was the highest and was about 59.2%
higher than that of the blank RPUF. The reinforcing mechanism of LPCAs was supposed that the interactions between LPCAs
and RPUFs increased the strength of the cell walls. When the loading of LPCAs was less than 0.33wt%, the expansion ratio of
RPUFs increased slightly. The water resistance of RPUFs was not affected by LPCAs, suggesting that RPUFs with LPCAs could
be used in a humid environment. Besides, the application of the oxidative modification products of lignin was broadened.

1. Introduction

Rigid polyurethane foam (RPUF) is a widely used engineer-
ing material. Because of its outstanding performance of
thermal insulation, low-density, and high-mechanical prop-
erties, it can serve as a thermal insulation material, potting
material, load-bearing structure material, etc. It has been
produced in a large number and applied in many aspects
such as constructions, refrigerators, and automotive industry
[1–3]. Conventionally, polyurethane foams are manufac-
tured from petroleum-derived materials but they are hard
to recycle in general, which has brought about considerable
environment concerns. In recent years, rising petroleum
prices and sustainability issues remind people to focus on
biomass-derived materials. To decrease the use of fossil
resources, many kinds of renewable sources were introduced
into polyurethane foams [4, 5]. For example, bio-based poly-
ols were often used in synthesis of polyurethane foams to
reduce the use of petroleum-derived polyols [6, 7].

Lignin, an important and abundant bioresource in nature,
is the only natural polymer with aromatic structures [8].
Lignin is usually discarded with the pulping waste liquor or

burned with biomass fuels, causing a waste of resources
and a great deal of environment pollution problems. To
prevent waste and low-value utilization, lignin is under
growing considerations and researches [9]. Through differ-
ent isolation processes, the original lignin can be trans-
formed into various types like kraft lignin, lignosulfonate,
organosolv lignin, and steam explosion lignin [10]. With
several functional groups such as carboxyl, methoxyl, and
hydroxyl [11], lignin can be chemically modified by differ-
ent methods like hydroxymethylation, Mannich reaction,
alkylation, and oxidation [12, 13]. Therefore, lignin can
be used to prepare bio-based polyols and serve as a polyol
substitution in RPUFs, which can increase the degradabil-
ity of RPUFs [14]. As a modification method of lignin,
oxidation is also a promising way to obtain valuable pro-
ducts. Many reagents, like nitrobenzene, hydrogen perox-
ide, metal oxides, and laccase, have been used to oxidize
lignin, and the corresponding applications have been
achieved [9, 15, 16]. For instance, the solutions of oxidized
lignin could be used as a ready-to-use concrete plasticizer
[17]. Exploiting oxidative products of lignin contributes to
develop more high-value applications of lignin [18].
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In thiswork, lignin-derived polycarboxylic acids (LPCAs),
the oxidation products of lignin, were introduced into
RPUFs. NaOCl solution, an oxidant which can be utilized
under mild conditions in labs, was selected to perform oxi-
dative modification on steam explosion lignin to prepare
LPCAs. The changes of the expansion ratio and compression
properties of RPUFs with different loadings of LPCAs were
observed. In addition, the water resistance of RPUFs was
also studied.

2. Materials and Methods

2.1. Materials. Steam explosion lignin was donated by Jilin
KAIYU Biomass Development and Utilization Co. Ltd.
Methylene diphenyl diisocyanate (MDI) (model number:
PM-200) was provided by Jining Baichuan Chemical Co.
Ltd. Polyether polyol (model number: DV-125) was obtained
from Shandong Bluestar Dongda Co. Ltd. Silicone-based sur-
factant (model number: AK-158) was supplied by Jining
Hengtai Chemical Co. Ltd. All the other chemical reagents
were purchased in China and were of analytical grade. The
concentration of NaOCl solution was calibrated according
to the China National Standard GB 19106-2003.

2.2. Preparation of LPCAs. 5.00 g steam explosion lignin
and 150mL distilled water were placed into a 500mL
three-neck round-bottom flask. The mixture in the flask
was heated to 30°C in a water bath and was stirred
mechanically. Then NaOCl solution was added at a ratio
(n NaOCl /m lignin ) of 12mmol·g-1 in 10min. The total
time of stirring was 30min. Afterwards, 6mol·L-1 HCl
was added to achieve a pH of 2 (using pH test strips with a
range of 1 to 14). The precipitatewas centrifuged,washed once
with distilled water, dried at 80°C for 24 h, and ground to
obtain LPCAs. To compare the effect of oxidative modifica-
tion, some amount of acid-precipitated lignin was prepared
from steam explosion lignin.

2.3. Synthesis of RPUFs. In order to introduce LPCAs into
RPUFs, 1,4-dioxane (called “dioxane” for short in the follow-
ing) was used to dissolve LPCAs, which could prevent LPCAs
from becoming rigid particles and help LPCAs to modify
RPUFs at the molecular level. Firstly, 0.02 g LPCAs was
added into a test tube and then 0.70 g dioxane and 0.17 g dis-
tilled water were added successively to prepare the solution of
LPCAs (0.70 g dioxane and 0.17 g water made up 0.80mL
80% (v/v) dioxane-water solution). Secondly, 15.00 g poly-
ether polyol, 0.08 g dibutyltin dilaurate (DBTDL), 0.40 g
surfactant, 0.58 g distilled water, and the solution of LPCAs
prepared previously were placed into a 100mL beaker to
make up Solution A of RPUF. Solution A was stirred magnet-
ically for 10min, and then it was transferred into a cylindrical
mold, which was used for the foaming process. Next, 24.00 g
MDI (Solution B) was added into the mold. The mixture in
the mold was stirred mechanically for 30 s, and later, it
foamed in free space to produce RPUF. Besides, a blank bulk
of RPUF was synthesized, in which both LPCAs and dioxane
were not added.

The loading of LPCAs in RPUFs is expressed as the
weight ratio of LPCAs vs polyol, i.e., m LPCAs /m polyol
× 100%. For ease of expression, each RPUF is assigned with
a label. The label of RPUFs, the amount of LPCAs, and the
loading of LPCAs are shown in Table 1.

2.4. Characterization of LPCAs. The content of carboxyl was
measured by titration analysis [19]. 200mg LPCAs and
20mL 0.4mol·L-1 calcium acetate solution were mixed in a
100mL round-bottom flask. The mixture was heated at
85°C for 30min. Then it was cooled to room temperature
and filtrated. The filtrate was transferred into a 50mL
volumetric flask and was diluted by distilled water to reach
the graduation. 20mL distilled water and 10mL solution in
the volumetric flask were added into a 250mL conical flask.
0.05mol·L-1 NaOH solution was used in titration with
phenolphthalein as the indicator. Blank test was performed
meanwhile, in which the sample was not used. The content
of carboxyl was calculated according to the following:

w COOH = V1 −V0 × c × 5 × 45 018
m

× 100%, 1

where V1 and V0 were the volume of NaOH standard solu-
tion that LPCAs and the blank experiment consumed,
respectively, c was the concentration of the NaOH standard
solution, m was the mass of LPCAs in the round-bottom
flask, 5 was the conversion factor, i.e., 50mL/10mL, and
45.018 was the molar weight of carboxyl.

The molecular weight of lignin was determined by gel
permeation chromatography (GPC) using Agilent PL-GPC
220. The temperature of the column was 70°C. The type of
the column was PLgel. The solvent of lignin was DMF
(N,N-dimethylformamide, chromatographic pure). The poly-
mer standard used for calibration was PS (polystyrene). The
calibration range was from 1000 to 106. The software Cirrus
GPC version 3.3 was used for analysis.

2.5. Characterization of RPUFs. The expansion ratio of
RPUFs was the volume of RPUFs divided by the nominal
initial volume of the blank RPUF. The volume of RPUFs
was the volume of the spilled water when RPUFs were
put into a 3000mL beaker. The nominal initial volume
of the blank RPUF was the sum of the volume of poly-
ether polyol, DBTDL, surfactant, distilled water, and
MDI, and the result of the sum was approximately
34.22mL. For each RPUF, the volume was measured at

Table 1: The amount of LPCAs, the loading of LPCAs, and the label
of RPUFs.

RPUF label LPCA amount LPCA loading

F0 0 g 0wt%

F1 0.02 g 0.13wt%

F2 0.05 g 0.33wt%

F3 0.08 g 0.53wt%

F4 0.10 g 0.67wt%

F5 0.15 g 1.00wt%
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least 5 times to calculate the average value and the stan-
dard deviation of the expansion ratio.

The compression performance of RPUFs was character-
ized by a microcomputer-controlled electronic universal
testing machine (Jinan Liangong Testing Technology Co.
Ltd., CMT-20) with a compressive rate of 2mm·min-1

according to the China National Standard GB/T 8813-2008.
For each RPUF, at least 5 cubes with approximate dimen-
sions of 2 cm × 2 cm × 2 cm were cut from it and used to cal-
culate the average value and the standard deviation.

The water resistance test was carried out in room
temperature. A sample with an approximate dimension
of 2 cm × 2 cm × 2 cm was cut from each RPUF. Later,
the samples were placed into distilled water for 12h.
Afterwards, the samples were taken out and were wiped
up by filter paper and then the final weight of the sam-
ples were measured. The percentage of the weight change
was figured out according to the following:

W = m2 −m1
m1

× 100%, 2

where m1 was the initial weight of the sample and m2
was the final weight of the sample.

3. Results and Discussion

3.1. Characterization Results of Lignin. The content of car-
boxyl, number-average molecular weight (Mn), and weight-
average molecular weight (Mw) of acid-precipitated lignin
and LPCAs are shown in Table 2. After lignin was oxidized
by NaOCl solution, the content of carboxyl increased and
the molecular weight decreased, indicating that LPCAs were
prepared successfully.

3.2. Effect of LPCAs on the Expansion Ratio and the
Morphology of RPUFs. Table 3 shows the effect of LPCAs
on the expansion ratio of RPUFs. With the loading of
LPCAs increasing, the expansion ratio first increased
slightly and then decreased. As dioxane was used as the
solvent of LPCAs, when dioxane was added to Solution
A, the viscosity of the Solution A was decreased, so that
the expansion ratio of RPUFs increased when the loading
of LPCAs was relatively small. When the loading of LPCAs
was more than 0.53wt%, the expansion ratio of RPUFs was
less than the blank RPUF (F0), indicating that LPCAs hin-
dered the foaming process of RPUFs when the loading of
LPCAs was relatively large.

Figure 1 is the macrophoto of RPUFs with different load-
ings of LPCAs. The samples in the photo are as follows: (a)
F0, (b) F1, (c) F2, (d) F3, (e) F4, and (f) F5. The distance
between each two adjacent black lines in each subphoto is
1mm. Large foam cells will result in a large volume and a
large expansion ratio of the foams. The foam cells of (b) F1
and (c) F2 were larger than those of the others, which corre-
sponded with Table 3.

3.3. Effect of LPCAs on the Compressive Strength of RPUFs.
Figure 2 and Table 4 show the effect of LPCAs on the com-
pressive strength of RPUFs. When the loading of LPCAs

was between 0.53wt% and 0.67wt%, the expansion ratio of
RPUFs (e.g., F3 and F4) could be close to the blank RPUF
(F0), while the compressive strength increased obviously.
Particularly, when the loading of LPCAs was 0.67wt%, the
compressive strength of RPUF was the highest and was about
59.2% higher than F0. As a comparison, the compressive
strength of a bio-based polyurethane foam with a lignin con-
tent of 10wt% (based on the PEG/glycerol mixture) was
about 65.8% higher than that of the blank foam [20]. Thus,
although the loading of LPCAs was far less than 10wt%,
the increasing degree of the compressive strength of the
RPUF was similar to the example above, which is the high-
light in this study. As LPCAs were dissolved in 80% (v/v)
dioxane-water solution, the segments of LPCAs could fully
stretch in the solution, which contributed to form the
interactions between LPCAs and RPUFs via Van der
Waals forces. LPCAs had a relatively high content of car-
boxyl, which increased their polarity and helped to inter-
act with the hard and soft segments of RPUFs via
hydrogen bonds. Through the interactions with RPUFs,
LPCAs could increase the strength of the cell walls and
then increase the compressive strength of RPUFs. There-
fore, the reinforcing mechanism of LPCAs on RPUFs is
similar to the reinforcing mechanism of LPCAs on water-
borne polyurethane elastomers [21] and LPCAs can play a
positive role of modification on RPUFs.

When the loading of LPCAs was less than 0.33wt%, the
compressive strength of RPUFs was almost equal to F0, while
the expansion ratio of RPUFs (e.g., F1 and F2) was greater
than F0. When the loading of LPCAs was 0.13wt%, the
expansion ratio of RPUF was the highest and was about
5.7% higher than F0. It is implied that if the compressive
strength meets a certain requirement and the fill volume is
the same, a higher expansion ratio helps to save the
petroleum-derived materials of RPUFs and to lower the cost
of RPUFs. For example, the China National Standard GB/T
26689-2011 Rigid polyurethane cellular plastics used in

Table 3: Effect of LPCAs on the expansion ratio and the
compressive strength of RPUFs.

RPUF label LPCA loading Expansion ratio

F0 0wt% 28 1 ± 0 1
F1 0 13wt% 29 7 ± 0 1
F2 0 33wt% 29 3 ± 0 1
F3 0 53wt% 28 5 ± 0 1
F4 0 67wt% 27 4 ± 0 1
F5 1 00wt% 26 4 ± 0 1

Table 2: The titration analysis and GPC characterization results of
acid-precipitated lignin and LPCAs.

Acid-precipitated lignin LPCAs

w COOH (%) 9 02 ± 0 03 11 10 ± 0 03
Mn 2 91 × 104 1 23 × 104

Mw 3 48 × 104 1 25 × 104
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refrigerators and freezers requires the compressive strength of
the type II foams which must be no less than 110 kPa. In
Figure 2, the compressive strength of all RPUFs was above
110 kPa, which met the requirement of the standard.

(a) (b)

(c) (d)

(e) (f)

Figure 1: The macrophoto of RPUFs.

Table 4: Effect of LPCAs on the expansion ratio and the
compressive strength of RPUFs.

RPUF label LPCA loading Compressive strength (kPa)

F0 0wt% 144 0 ± 15 7
F1 0.13wt% 134 4 ± 19 7
F2 0.33wt% 141 9 ± 14 7
F3 0.53wt% 200 1 ± 12 3
F4 0.67wt% 229 2 ± 10 4
F5 1.00wt% 206 5 ± 15 8
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Figure 2: Effect of LPCAs on the compressive strength of RPUFs.
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3.4. Water Resistance of RPUFs. Figure 3 shows the result of
the water resistance test of RPUFs. Figure 3(a) is the photo
of RPUFs which were not immersed in water. After placed
in distilled water for 12 h, the state of RPUFs is shown in
Figure 3(b). Then the water in each beaker was removed
and the state is shown in Figure 3(c). The percentage of the
weight change of RPUFs with different loadings of LPCAs
is shown in Table 5. In Figure 3(b), it can be observed that
after RPUFs were immersed in water, almost no substance
was dissolved from RPUFs and the foam cells of RPUFs did
not collapse, indicating that the appearance of RPUFs was
kept nearly the same after contacting with water for a long
time. Besides, after LPCAs were introduced into RPUFs, the
percentage of the weight change of RPUFs increased to dif-
ferent degrees. As LPCAs had a relatively high content of car-
boxyl, LPCAs increased the amount of polar groups of the
cell walls of RPUFs, which could adsorb more water. In con-
clusion, the water resistance of RPUFs was not affected by
LPCAs, suggesting that RPUFs with LPCAs could be used
in a humid environment.

4. Conclusion

Lignin was oxidized to prepare LPCAs, which was then intro-
duced into RPUFs. When the loading of LPCAs was between
0.53wt% and 0.67wt%, the expansion ratio of RPUF could be

close to the blank RPUF, while the compressive strength
increased obviously. When the loading of LPCAs was
0.67wt%, the compressive strength of RPUF was the highest
and was about 59.2% higher than that of the blank RPUF.
The reinforcing mechanism of LPCAs was supposed that
the interactions (e.g., Van der Waals forces and hydrogen
bonds) between LPCAs and RPUFs increased the strength
of the cell walls. When the loading of LPCAs was less than
0.33wt%, the expansion ratio of RPUFs increased slightly.
Besides, the water resistance of RPUFs was not affected by
LPCAs, suggesting that RPUFs with LPCAs could be used
in a humid environment.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare that there are no conflicts of interest.

Acknowledgments

This work was partly supported by the National Natural
Science Foundation of China (no. 51502108), the Foundation
of Jilin Province Development and Reform Commission,
China (no. 2014N145), the Science and Technology Innova-
tion “Double Ten Project” (no. 55SS06), and the Changchun
Science and Technology Bureau (no. 15SS06).

References

[1] C. Yang, L. Fischer, S. Maranda, and J. Worlitschek, “Rigid
polyurethane foams incorporated with phase change mate-
rials: a state-of-the-art review and future research pathways,”
Energy and Buildings, vol. 87, pp. 25–36, 2015.

[2] S. H. Kim, H. C. Park, H. M. Jeong, and B. K. Kim, “Glass fiber
reinforced rigid polyurethane foams,” Journal of Materials Sci-
ence, vol. 45, no. 10, pp. 2675–2680, 2010.

[3] K. M. Zia, H. N. Bhatti, and I. Ahmad Bhatti, “Methods for
polyurethane and polyurethane composites, recycling and
recovery: a review,” Reactive and Functional Polymers,
vol. 67, no. 8, pp. 675–692, 2007.

[4] A. Agrawal, R. Kaur, and R. S. Walia, “PU foam derived from
renewable sources: perspective on properties enhancement: an
overview,” European Polymer Journal, vol. 95, pp. 255–274,
2017.

[5] M. S. Pawar, A. S. Kadam, B. S. Dawane, and O. S. Yemul,
“Synthesis and characterization of rigid polyurethane foams
from algae oil using biobased chain extenders,” Polymer Bulle-
tin, vol. 73, no. 3, pp. 727–741, 2016.

[6] Z. S. Petrović, “Polyurethanes from vegetable oils,” Polymer
Reviews, vol. 48, no. 1, pp. 109–155, 2008.

[7] A. Guo, I. Javni, and Z. Petrovic, “Rigid polyurethane foams
based on soybean oil,” Journal of Applied Polymer Science,
vol. 77, no. 2, pp. 467–473, 2000.

[8] D.Kai,M. J. Tan, P. L. Chee, Y. K. Chua, Y. L. Yap, andX. J. Loh,
“Towards lignin-based functional materials in a sustainable
world,” Green Chemistry, vol. 18, no. 5, pp. 1175–1200, 2016.

(a)

(b)

(c)

Figure 3: The photo of the water resistance test of RPUFs. In each
subphoto, from the left to the right, the samples are F0, F1, F2, F4,
and F5.

Table 5: The percentage of the weight change of RPUFs with
different loadings of LPCAs.

RPUF label LPCA loading W

F0 0wt% 24.3%

F1 0.13wt% 32.4%

F2 0.33wt% 41.1%

F4 0.67wt% 41.4%

F5 1.00wt% 42.1%

5International Journal of Polymer Science



[9] B. M. Upton and A. M. Kasko, “Strategies for the conversion of
lignin to high-value polymeric materials: review and perspec-
tive,” Chemical Reviews, vol. 116, no. 4, pp. 2275–2306, 2016.

[10] W. Schutyser, T. Renders, S. Van den Bosch, S. F. Koelewijn,
G. T. Beckham, and B. F. Sels, “Chemicals from lignin: an
interplay of lignocellulose fractionation, depolymerisation,
and upgrading,” Chemical Society Reviews, vol. 47, no. 3,
pp. 852–908, 2018.

[11] S. H. Ghaffar and M. Fan, “Structural analysis for lignin char-
acteristics in biomass straw,” Biomass & Bioenergy, vol. 57,
no. 10, pp. 264–279, 2013.

[12] S. Laurichesse and L. Avérous, “Chemical modification of lig-
nins: towards biobased polymers,” Progress in Polymer Science,
vol. 39, no. 7, pp. 1266–1290, 2014.

[13] A. R. Gonçalves and P. Benar, “Hydroxymethylation and oxi-
dation of Organosolv lignins and utilization of the products,”
Bioresource Technology, vol. 79, no. 2, pp. 103–111, 2001.

[14] B. L. Xue, P. L. Huang, Y. C. Sun, X. P. Li, and R. C. Sun,
“Hydrolytic depolymerization of corncob lignin in the view
of a bio-based rigid polyurethane foam synthesis,” RSC
Advances, vol. 7, no. 10, pp. 6123–6130, 2017.

[15] H. Lange, S. Decina, and C. Crestini, “Oxidative upgrade of lig-
nin – recent routes reviewed,” European Polymer Journal,
vol. 49, no. 6, pp. 1151–1173, 2013.

[16] C. Crestini, M. Crucianelli, M. Orlandi, and R. Saladino, “Oxi-
dative strategies in lignin chemistry: a new environmental
friendly approach for the functionalisation of lignin and ligno-
cellulosic fibers,” Catalysis Today, vol. 156, no. 1-2, pp. 8–22,
2010.

[17] A. Kalliola, T. Vehmas, T. Liitiä, and T. Tamminen, “Alkali-O2
oxidized lignin – a bio-based concrete plasticizer,” Industrial
Crops and Products, vol. 74, pp. 150–157, 2015.

[18] N. Mahmood, Z. Yuan, J. Schmidt, and C. (. C.). Xu, “Depoly-
merization of lignins and their applications for the preparation
of polyols and rigid polyurethane foams: a review,” Renewable
and Sustainable Energy Reviews, vol. 60, pp. 317–329, 2016.

[19] S. X. Ren, G. Q. Jiang, and H. J. Qu, Tutorials on Chemical
Experiments of Plant Fibers, Northeast Forestry University
Press, Harbin, China, 2008.

[20] X. Huang, C. F. de Hoop, J. Xie, C.-Y. Hse, J. Qi, and T. Hu,
“Characterization of biobased polyurethane foams employing
lignin fractionated from microwave liquefied switchgrass,”
International Journal of Polymer Science, vol. 2017, Article
ID 4207367, 8 pages, 2017.

[21] R. Wang, B. Zhou, Y. Zhu, and Z. Wang, “Effects of lignin-
derived polycarboxylic acids on the properties of waterborne
polyurethane elastomers,” International Journal of Polymer
Science, vol. 2018, Article ID 7989367, 7 pages, 2018.

6 International Journal of Polymer Science



Corrosion
International Journal of

Hindawi
www.hindawi.com Volume 2018

Advances in

Materials Science and Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Journal of

Chemistry

Analytical Chemistry
International Journal of

Hindawi
www.hindawi.com Volume 2018

Scienti�ca
Hindawi
www.hindawi.com Volume 2018

Polymer Science
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Advances in  
Condensed Matter Physics

Hindawi
www.hindawi.com Volume 2018

International Journal of

Biomaterials
Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Applied Chemistry
Journal of

Hindawi
www.hindawi.com Volume 2018

Nanotechnology
Hindawi
www.hindawi.com Volume 2018

Journal of

Hindawi
www.hindawi.com Volume 2018

High Energy Physics
Advances in

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Tribology
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemistry
Advances in

Hindawi
www.hindawi.com Volume 2018

Advances in
Physical Chemistry

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research InternationalMaterials

Journal of

Hindawi
www.hindawi.com Volume 2018

N
a

no
m

a
te

ri
a

ls

Hindawi
www.hindawi.com Volume 2018

Journal ofNanomaterials

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijc/
https://www.hindawi.com/journals/amse/
https://www.hindawi.com/journals/jchem/
https://www.hindawi.com/journals/ijac/
https://www.hindawi.com/journals/scientifica/
https://www.hindawi.com/journals/ijps/
https://www.hindawi.com/journals/acmp/
https://www.hindawi.com/journals/ijbm/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/jac/
https://www.hindawi.com/journals/jnt/
https://www.hindawi.com/journals/ahep/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/at/
https://www.hindawi.com/journals/ac/
https://www.hindawi.com/journals/apc/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jma/
https://www.hindawi.com/journals/jnm/
https://www.hindawi.com/
https://www.hindawi.com/

