
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=gpac20

International Journal of Polymer Analysis and
Characterization

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/gpac20

Development and characterization of a novel
activated biochar-based polymer composite for
biosensors

Abdus Sobhan, Kasiviswanathan Muthukumarappan, Lin Wei, Quinn Qiao,
Md Tawabur Rahman & Nabin Ghimire

To cite this article: Abdus Sobhan, Kasiviswanathan Muthukumarappan, Lin Wei, Quinn Qiao, Md
Tawabur Rahman & Nabin Ghimire (2021) Development and characterization of a novel activated
biochar-based polymer composite for biosensors, International Journal of Polymer Analysis and
Characterization, 26:6, 544-560, DOI: 10.1080/1023666X.2021.1921497

To link to this article:  https://doi.org/10.1080/1023666X.2021.1921497

Published online: 11 May 2021.

Submit your article to this journal 

Article views: 339

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=gpac20
https://www.tandfonline.com/loi/gpac20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/1023666X.2021.1921497
https://doi.org/10.1080/1023666X.2021.1921497
https://www.tandfonline.com/action/authorSubmission?journalCode=gpac20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=gpac20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/1023666X.2021.1921497
https://www.tandfonline.com/doi/mlt/10.1080/1023666X.2021.1921497
http://crossmark.crossref.org/dialog/?doi=10.1080/1023666X.2021.1921497&domain=pdf&date_stamp=2021-05-11
http://crossmark.crossref.org/dialog/?doi=10.1080/1023666X.2021.1921497&domain=pdf&date_stamp=2021-05-11


Development and characterization of a novel activated
biochar-based polymer composite for biosensors
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Md Tawabur Rahmanb, and Nabin Ghimireb

aDepartment of Agricultural and Biosystems Engineering, South Dakota State University, Brookings, SD, USA;
bDepartment of Electrical Engineering and Computer Science, South Dakota State University, Brookings,
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ABSTRACT
The aim of this study is to develop and characterize an activated biochar-
based polymer composite for biosensors in smart food packaging. Biochar
was made from corn stover and activated using the steam-activation
method. The activated biochar (ABC) was synthesized with polylactic acid
(PLA) by a solvent casting method. While ABC ranged from 85% to 50%,
PLA content varied from 15% to 50% (w/w) in the polymer composite. The
electrical conductivity of the developed ABC/PLA composite was measured
through differential plus voltammetry (DPV) and cyclic voltammetry (CV)
using a potentiostat. It was found that the current increased from 0.3 to
2.31mA for CV and 0.16 to 1.02mA for DPV when ABC contents changed
from 50% to 85%. The tensile strength (TS) and Young ’s modulus of the
ABC/PLA composite film increased from 0.81 to 3.04MPa and 56.31 to
102.69 MPa respectively when PLA contents increased from 15% to 50%.
The biosensor was fabricated with 85% ABC/PLA-based composite using a
drop-casting method. The resistance of the fabricated biosensor increased
as the concentration of NH3 increased over the range of 80 to 170ppm.
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Introduction

Over the last few decades, food scientists have been increasingly interested in developing a variety
of food safety measures to serve the qualitative foods.[1] Particular interest in this regard is the
development of a biosensor for smart food packaging, which could be a rapid, concise, reliable,
cost-effective and nondestructive tool.[2,3] Smart food packaging is an upgraded packaging
nanotechnology that enables a communication between consumers and packaged foods about the
condition of the packaged product.[4] Some film indicators have been developed for smart food
packaging, such as pH-sensitive nanocomposite,[5] polyamide composite film,[6] time-tempera-
ture-based indicator (TTI)[7] and Al-doped ZnO composite film.[8] However, most of these film
indicators contain costly raw sensing ingredients,[9] impair processing difficulties,[10] and cannot
be reused.[11] Biosensors are a new alternative method, as they can easily detect the analytes
within a second,[12] are easy to use and do not need complicated sampling steps.[13]

The market of petroleum-based polymers such as polystyrene, polypropylene, polyvinyl chlor-
ide, etc., has expanded in the twentieth century due to construction, automation and packaging
industries.[14] However, the petroleum-based polymers have some drawbacks, such as they are
non-biodegradable; affect the environment after their burning; and impede land fertility in
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contact with soil.[15] Therefore, we need to reduce our reliance on petroleum-based polymers to
mitigate the environmental crisis. There is a growing interest in research into environmentally
friendly and biodegradable polymers, which have become a popular topic worldwide.[16] Of the
biodegradable polymers, polylactic acid (PLA) is the most widely used eco-friendly polymer and
occupies an important position in the market due to its biomedical, tissue engineering, food ser-
vice wares and packaging film application.[17,18] Despite having suitable packaging related proper-
ties, PLA has some drawbacks also, such as brittleness,[19] poor processability, poor heat
resistance [20,21] and low toughness.[22] To mitigate these problems, PLA can be mixed with dif-
ferent carbon components, that is, multi-walled carbon nanotube, graphene, activated carbon and
biochar that comes with some benefits as they improve the mechanical, thermal and electrical
properties.[23,24] Among the carbon items, biochar from corn stover is an inexpensive and renew-
able source materials. In this study, PLA has been considered for using with biochar for biosensor
construction as a cost-effective and rapid sensor tool for smart food packaging.

Biochar is one of the richly carbonaceous items which is derived from anaerobic thermal decom-
position of biomass feedstocks such as agricultural crops, wood, leaves, woodchips, and waste.[25,26]

For years, it has been using as pollutant adsorbent.[27] Biochar has some advantages over other carbon
items (single or multi carbon nanotubes, activated carbon and graphene), such as it bears high specific
surface area; has a highly porous structure, good stability, and cost-effectiveness.[28–30] The conven-
tional biochar is normally in millimeter-scale and not electrically conductive; therefore, it shows the
difficulty in constructing biosensors.[31] Rather, with its activation, the biochar with size reduced to
nano or micro-scale can create electrical conductivity and formulate the biosensor and biosensing
composite. In addition, after activation, biochar can obtain a greater surface area and more adsorption
sites for target analytes, and promote rapid electron transfer during sensing and biosensing.[30]

In this study, PLA has been imparted with activated biochar to produce the conductive com-
posite and this composite was used to develop a biosensor for smart food packaging. To the best
of our knowledge, this is the first study on the development of activated biochar-based composite
for biosensors and no research has been performed yet on its use and characterization for smart
food packaging. Therefore, the goal of this work is to develop the composite materials using acti-
vated biochar and PLA blends and characterize their physical and electrical properties for biosen-
sors. The objectives of this study are to 1) activate the biochar from corn stover and characterize
their physical and electrical properties; 2) characterize the activated biochar-based composites for
biosensor development; and 3) characterize the developed biosensor depending on the ammonia
concentrations.

Materials and methods

Materials

Polylactic acid (PLA) employed in this research work was procured from Sigma Aldrich (St.
Louis, MO, USA). The density, melting point and glass transition temperature of PLA were
1.24 g/cm3, 160 �C and 57.8 �C, respectively. The potassium chloride (KCl) with purity with
99.0%) and potassium ferrocyanide (K4 [Fe (CN) 6]) were procured from Sigma Aldrich (St.
Louis, MO, USA) and used for biosensor characterization. Phosphate-buffered saline (PBS) was
purchased from Thermo Fisher Scientific and made by combining with purified water at 10%
(v/v).

Preparation of biochar from corn stover

Biochar was derived from corn stover, locally accumulated from corn fields at Brookings, SD
57007, using the accurate control pyrolysis (ACP) method developed by Dr. Lin Wei.[32] The
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corn stover was weighed first and transferred into the hopper of ACP reactor (Figure (1)).
Second, the corn stover inside the hopper was fed via a feeder and transferred in the reaction
chamber of the ACP reactor, where corn stover was pyrolyzed to a vapor phase containing
organic compounds and water vapor. The heat conduction within the reaction chamber was
occurred and made the pyrolysis process easier and speedier. After pyrolysis, the hard biochar
was produced and moved from the reaction chamber to a char bin chamber where the solid bio-
char particles were isolated from the vapor streams. Afterwards, the vapor streams were exited
and condensed into liquid bio-oil in a condenser. The biochar particles were collected from char
bin and used for activation using steam-activation method.

Biochar activation using steam-activation method

To activate the biochar sample, a steam-activation system was designed and fabricated for the
activation process. The configuration of this system is shown as Figure 2, which consists of: (1)
high-temperature steam chamber; (2) N2 gas flow chamber; (3) tubular reactor and (4) gas outlet
line. First, the biochar particles obtained from corn stover were finely milled using the omni
mixer homogenizer (Waterbury, Ct., USA). Thereafter, the fine biochar particles were suspended
in distilled water and centrifuged at 5000 rpm for 5 min. Following this, the supernatants contain-
ing biochar were collected and dried in an oven at 100 �C overnight. Second, 2 grams of dried
biochar sample was taken into a tubular reactor (3). Then, the tubular reactor was placed into the
reactor chamber. Thereafter, N2 gas with 200 cm/min from the gas chamber (1) and steam with
2mL/min via steam chamber (2) were continuously flowed to the tubular reactor during the acti-
vation process. Biochar activation was monitored at different temperatures, from 600 to 1000 �C
of the tubular reactor, for 1 h. It is noted that this transmitted steam to tubular reactor allowed
the activation of the biochar particles and the flowed N2 gas evacuated the steam from the tubu-
lar reactor through the outlet line. After that, tubular reactor with activated biochar was taken
out from reaction chamber and the activated biochar (ABC) was collected for further analysis.

Biochar þ Steam �����!800�C
Activated biochar þ Carbon di� oxide (1)

Characterized analysis of activated biochar (ABC)

Raman spectroscopy analysis
Raman spectroscopy is one of the spectroscopic techniques used to determine chemical and struc-
tural properties of sample molecules. To identify the structural characteristics of ABC, ABCs gen-
erated at different temperatures were analyzed using Raman spectroscopy (LabRAM HR,
HORIBA Scientific). A linearly polarized laser light with a wavelength of k ¼ 532 nm was consid-
ered by a diffraction-limiting spot size (0.61 k/NA). The wavenumber range was taken between
1000 and 2000 cm�1 for IR spectrums.

Figure 1. Biochar preparation from corn stover using accurate control pyrolysis (ACP) reactor system.
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Brunauer–Emmett–Teller (BET) analysis
The surface area and pore size distributed in the activated biochar sample were evaluated using a
Surface Area and Porosity Analyzer (Micromeritics ASAP 2020, USA) which was automated with
the nitrogen gas sorption system. For this test, the activated biochar samples were degassed under
vacuum at 110 �C overnight to remove residual moisture prior to nitrogen gas adsorption. The
adsorption curves of nitrogen gas obtained for each biochar sample was used to compute the spe-
cific BET surface area, and the pore grades.

Scanning electron microscopic analysis
Microstructural analysis of ABCs has been observed by scanning electron microscopy (SEM)
(Hitachi-S-3400, filament-based SEM, MO, US). For ABCs, the ABCs samples were first smeared
on the SEM observation template with 2mm � 2mm. Afterwards, the surfaces of ABC were
observed at a working distance of 10mm with a magnification of 1500� under 10 kV elec-
trical voltage.

Development of biosensor for ABCs characterization
The biosensor consisted of Au-electrodes upon alumina substrate and was used as the primary
sensing platform. To construct the biosensor platform, Au-electrodes were threaded over the alu-
mina substrate using electron-beam evaporator (Case Western Reserve University, Ohio, USA).
Afterwards, the Au-electrodes were dried using N2 and kept into vacuum chamber after electrical
testing. The electrical conductivity of the Au-deposited platform was also tested to ensure that

Figure 2. Configuration of biochar activation followed by the steam-activation method.
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the Au-electrodes were able to work effectively. The biosensor fabrication was performed accord-
ing to a drop casting method (Figure (3)).[13,33,34] First, ABC samples activated at 600–1000 �C
were individually sonicated for 1 h at the concentration of 1mg/mL in DMF (N, N-dimethylfor-
mamide). Afterwards, an aliquot of 15 lL of sonicated ABC suspensions was dropped onto the
biosensor surface for alignment. The aligned biosensor was annealed at 80 �C for 10 min in a
dryer to bond the ABC residuals to the electrode surface. Following this step, the annealed elec-
trode was rinsed with deionized water to elute the unbound ABCs from the biosensor surface.
After following this step, linear sweep voltammetry (LSV) measurements were performed from
0.0 to 0.1 V for each measurement to estimate electrical conductivity of ABCs.

Preparation of ABC/PLA composite film

Composite film is a type of film which is a flat, thin, and dry form of composite. A schematic diagram
of the fabrication of ABC/PLA composite film has been shown in Figure 4. This composite film was
synthesized using a solvent casting method. First, different ABC/PLA labels (w/w) were prepared,
which were 85% (85% ABC with 15% PLA), 70% (70% ABC with 30% PLA) and 50% (50% ABC with
50% PLA). Next, ABC/PLA mixtures were homogenized for 15min with a handheld homogenizer
(PRO scientific, USA). After homogenization, the homogenized mixture was poured into the stainless-
steel petri-dish and dried at room temperature (�20 �C) for at least 1 day. The dried films were peeled
from the stainless-steel petri-dish and then conditioned with 50–60% relative humidity (RH). ABC/
PLA films were prepared in triplicate for film characterization. The thickness of the film was measured
using a handheld micrometer (Esslinger, MN, USA).

Characterized analysis of ABC/PLA composite film

Mechanical analysis
Mechanical analysis is a technique which is used to measure the tensile properties of composite
film. ABC/PLA composite film was mechanically analyzed by following the method developed
previously.[9] A texture analyzer fitted with Texture Exponent 32 software (Texture Technologies
Corp., Scarsdale, NY, USA) was used to compute tensile force and deformation. Before the test,

Figure 3. Schematic illustration of biosensor fabrication process using drop casting.

Figure 4. Stepwise fabrication process of ABC/PLA composite film.
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the film strips had been cut consistently to 50mm long and 20mm wide. The crosshead speed
was set to 60mm/min. Tensile strength (TS), strain, and Young’s modules were determined based
on the strength and deformation data recorded by the following equation.

TS ¼ Maximum applied force
Film thickness � Film width

(2)

Strain ¼ Elongation
Original leanth of film

(3)

Young’s modulus ¼ TS
Strain

(4)

Thermogravimetric analysis
Thermal analysis of ABC/PLA composite film were performed by thermogravimetric analyzer
(TGA) (Q5000 SA, TA Instruments, USA). For this test, 3mg of each ABC/PLA film was placed
directly in a hermetically sealed pan. Afterwards, the specimens were subsequently heated in a
20–400 �C range under a nitrogen atmosphere with a heating rate of 10 �C.min�1 and a gas flow
rate of 20mL.min�1.

Electrical analysis of ABC/PLA composite
Cyclic voltammetry (CV) and differential plus voltammetry (DPV) were used for characterizing
ABC/PLA composites prepared by film casting process. For this test, a redox solution, containing
2.5mmol L�1 [Fe (CN)6]3- and 0.1mol L�1 KCl prepared in PBS buffer (pH 7.4, 0.1M), was
used. Three electrodes were considered as a working electrode of 2mm diameter, Ag/AgCl of
3.0mol�1 KCl as the reference electrode and a platinum wire as a counter electrode. ABC/PLA
film suspension was added sequentially to the sensing surface of working electrode and was dried
overnight at room temperature. After that, the fabricated working electrode with reference and
counter electrode was dipped in redox solution. After the scans, the CV and DPV signals were
obtained while the scan rate of 100mV�1 was sustained and the voltage was between þ600mV
and �200mV.

ABC/PLA-based biosensor development for ammonia (NH3) detection

Figure 5 shows a schematic diagram of the experimental setup for measuring the biosensor’s
response with regard to standard NH3 gas balanced with nitrogen (N2). This system was formed
using hammond gas chamber (188mm � 120mm� 50mm) including electrical connections lined
with the 85% ABC/PLA-based biosensor and NH3 gas tank. The desired concentrations of NH3

flowed into hammond gas chamber were maintained by computer-based gas control system.
In this study, linear sweep voltammetry (LSV) analysis was performed at each step using a

potentiostat (DY2013, Digi-Ivy, Inc., Austin, USA). The slope of the current/voltage (I/V)
between 0.0V and 0.12V was estimated using linear regression analysis. The sensitivity of the
biosensor toward the exposure of NH3 was calculated as:

Sensitivity ¼ R1 � R0ð Þ=R1 (5)

where, R0 ¼ the resistance of the biosensor without gas (base resistance) and R1 ¼ the resistance
of the biosensor when exposed to gas.
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Statistical analysis

The statistical data analysis was carried out by one-way analysis of variance (ANOVA) and sig-
nificant analysis of the data was performed by Tukey test with considering a defined significance
level of p< 0.05.

Results and discussion

Characterization of activated biochar (ABC)

Physical properties of ABC sample
Raman spectroscopy is a useful technique that is used to characterize and understand the materi-
als properties, including molecular and chemical structure, crystallinity, phase and molecular
interaction.[26] In order to generate highly conductive biochar, biochar was thermally activated
for developing biosensor for smart food packaging application. After activation with different
temperature, the biochar was further characterized using Raman spectroscopy to illustrate the
physical features. The Raman spectrums of ABC for different temperature have been displayed in
Figure 6. In this Figure 6(A), two highly peak bands were inspected corresponding to G band at
1590 cm�1 and D band at 1380 cm�1. The D band correlates to the vibration of defective carbon
or sp3 carbon atoms in the disordered graphite structure, while G band conforms to the in-plane
vibration of sp2 carbon atoms in the two dimensional hexagonal lattice of graphene.[35,36] The
intensity ratio of D to G (ID/IG) was found to 0.81, 0.61, 0.94, 0.89 and 0.87 for 600 �C, 700 �C,
800 �C, 900 �C and 1000 �C respectively. It is clearly seen that the intensity ratio of ID/IG for
ABC/800 �C was higher as 0.94 compared to the other intensity ratio (ID/IG) for other activation
temperatures, indicating more vacancy defects were produced in ABC at 800 �C.[26] Thus, it can
be said that temperature has an effect for biochar activation.

The surface area and pore volume upon the biochar are the crucial factors when biochar is
considered for biosensor construction for gas absorption and as the potential filler for polymeric
composite preparation.[37] The extensive surface area and internal pore structure of biochar can
contribute to high absorption capability and serve a good mechanical interlocking between filler
and matrix.[38] BET surface area and pore volume of biochar activated at different temperature
has been displayed in Figure 6(B). As seen in Figure 6(B), BET surface area along with the pore
volume of biochar at 800 �C was significantly higher, as 825.89m2/g and 0.21 cm3/g respectively,
compared to the other biochar sample activated at 600 �C, 700 �C 900 �C and 1000 �C. This

Figure 5. Schematic diagram of the experimental set-up for measuring biosensor response to NH3.

550 A. SOBHAN ET AL.



increased surface area and pore volume might be occurred because of the removal of carbon
mass and volatile matters from biochar surface during activation process.[39] Greater surface area
is desirable because it aids in absorbing gas and molecules to a greater extent. However, biochar
activated at 600 �C, 700 �C, 900 �C and 1000 �C showed lower BET surface area. It might be vola-
tile matters were not effectively removed from biochar surface and not effectively activated at
those temperature. In addition, no surface area was detected for control biochar sample due to a
negative isotherm due to its releasing N2 gas.

In the SEM analysis, it is seen in Figure 6(C), the ABC/800 �C had irregular and heterogeneous
shape. The size distribution of the ABC/800 �C was determined using Java-based image processing
program (ImageJ developer, USA). The mean size distribution of ABC/800 �C was illustrated in
Figure 6(D). Approximately 41.01% of ABC/800 �C is 1-2 mm, 17.94% is 2-3 mm, and 25.62% is 3-
4 mm, the average particle size is 3 mm, indicating that micro-size ABC particles were success-
fully produced.

Electrical analysis of ABC sample
To investigate the electrical conductivity of the ABCs, biosensor was developed with ABC/600 �C,
ABC/700 �C, ABC/800 �C, ABC/900 �C and ABC/1000 �C and characterized their electrical prop-
erties. As can be seen in Figure 7(A), the current obtained at ABC/800 �C was much higher than
those of other biosensors made with ABC/700 �C, ABC/900 �C and ABC/1000 �C. No current was
detected for the biosensor prepared by ABC/600 �C sample. This indicates that the biochar was
slightly activated at 700 �C, 900 �C and 1000 �C but not electrically properly activated at 600 �C.
In Figure 7(B), Nyquist current curves obtained by linear sweep voltammetry (LSV) were pre-
sented and found that current at ABC/800 �C was significantly higher compared to current at

Figure 6. Characterization of ABCs. (A) Raman spectrums of the ABCs with different temperature range (600–1000 �C); (B) BET
analysis of ABCs; (C) SEM images of ABC/800 �C; and (D) Histogram of ABC/800 �C. Control sample denotes biochar sample with-
out thermal activation.
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ABC/700 �C and ABC/900 �C, which confirmed that ABC/800 �C sample is consisted of highly
conductive ABCs particles. Since the biosensor made with ABC/600 �C did not show electrical
conductivity, which ensured that ABC activation was not perfect at less than 700 �C, though the
electrical conductivity at 700 �C, 900 �C and 1000 �C was much lesser. As can be seen in
Figure 7(C), the resistance of the biosensor made with ABC/800 �C was much lower compared to
the biosensor made with ABC/700 �C, ABC/900 �C and ABC/1000 �C, which means that the larger
electron transfer property at ABC/800 �C was achieved. These conductivity results of ABCs con-
firmed that the physical and chemical properties of ABCs were changed under temperature treat-
ment during activation.[26] To further characterize ABC/800 �C sample, linearity plot of peak
current (Ip) vs. different potential scan rates (mV/s) was constructed throughout the CV cycle
and found that there is a good co-relation between Ip and scan rates (Figure 7(D)). In previous
studies, the non-conductive carbon of cellulose and lignin was converted to conductive graphene,
while SP3 carbons were transformed into SP2 carbon.[31] Due to its high electrical conductivity,
ABC/800 �C sample was considered for the preparation of biosensing composites in this study.

Characterization of ABC/PLA composite

Physical properties of ABC/PLA composite film
ABC/PLA composite films containing 85-50% of ABC/800 �C (w/w) corresponding to 15-50%
PLA (w/w) were shown in Figure 8(a). The surface morphological features of the films were eval-
uated using SEM to observe surface layers of the PLA/ABC film, as seen in Figure 8(b). The com-
posite film was not transparent and had a black color in its final appearance because it contained
biochar particles. The average weight of each film was measured as �500mg and the thickness

Figure 7. Electrochemical analysis of ABCs. (A) Current of ABCs; (B) Nyquist current curves obtained by linear sweep voltamme-
try; (C) Resistance of ABCs; and (D) Plot of peak current (Ip) versus different potential scan rates. Control sample denotes biochar
sample without thermal activation.
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varied between 0.35–0.37mm. These films were homogeneous and easy to use by hand. SEM
micrographs of the film showed that increasing the PLA content to the film formed a relatively
dense and hard surface to the final appearance compared to the decreasing PLA contents to the
film (Figure 8(b)). Therefore, 50% ABC/PLA film showed the greatest adhesion at the interface
between ABC and PLA compared to 85% ABC/PLA film. It was seen in SEM (Figure 8(b)) that
the 85% ABC/PLA film had a large number of micropores on their film appearance, which could
be a clue for absorbing gas or molecules inside the micro-pore volumes.

To investigate the deeper microstructure of ABC/PLA composite film, SEM analysis with
10mm scale bars was performed. The size distribution of native ABC and PLA particles in the
film were seen in the SEM micrographs. Th random orientations of ABC combined with lesser
PLA contents were seen in 85% ABC/PLA film (Figure 9(A)). The compact binding of ABC with
increasing PLA was formed in 70% ABC/PLA film (Figure 9(B)). The abundant amounts of PLA
were inspected in 50% ABC/PLA film and ABCs were not clearly observed in 50% ABC/PLA film
(Figure 9(C)). This is because a compact and strongest bond was formed between ABC and PLA
in 50% ABC/PLA film. This intricate structure of 50% ABC/PLA film indicates that the constitu-
ent elements of PLA and ABC may improve the mechanical properties of ABC/PLA film.

Mechanical properties of ABC/PLA composite
Mechanical properties of ABC/PLA composite film were determined to examine the tensile prop-
erties of the film with respect to applied force. As can be seen in Figure 10, when the ABC con-
tents in the ABC/PLA film decreased from 85% to 50% and PLA contents alternatively increased
in the ABC/PLA film from 15% to 50%, the tensile properties, including tensile strength (TS),
Young’s modulus and strain increased at the same time. This increase of tensile properties with
increasing PLA and decreasing ABC is one of the reasons for rising the tensile properties of
ABC/PLA film. This increasing PLA contents to the film may allow the film to withstand the nor-
mal stress faced during the shipment, handling and transportation of foods.[40] The other possible

Figure 8. Physical properties of ABC/PLA films. A: Left to right: 85% ABC/PLA film; 70% ABC/PLA film; 50% ABC/PLA film; B: left
to right: SEM micrographs of 85% ABC/PLA film; 70% ABC/PLA film; 50% ABC/PLA film.

INTERNATIONAL JOURNAL OF POLYMER ANALYSIS AND CHARACTERIZATION 553



reason of increasing tensile properties of the film is related to interfacial interaction of increasing
PLA with decreasing ABC, because PLA as the plasticizer agent which may strictly bind ABCs in
the ABC/PLA film.[41] Therefore, it permits the higher tensile force during the film deformation;
and resulted in an increase in tensile strength. Compared to the films, 50% ABC/PLA film has
higher tensile properties (p< 0.05).

Thermal properties of ABC/PLA film
TGA analysis was performed to understand the thermal behavior of ABC/PLA composite film in
the temperature range of 20–500 �C under nitrogen gas (N2) conditions, as shown in Figure (11).
The thermal decomposition stage of the ABC/PLA composite film is divided into three main con-
secutive regions, and these three regions occur continuously. First, the initial weight loss of ABC/
PLA composites occurred at 20–200 �C. At this phase, it is thought that the physically unbound
water molecules from ABC/PLA composite were evaporated. Secondly, between 290–430 �C, the

Figure 9. SEM micrographs of ABC/PLA film. (A) 85% ABC/PLA film; (B) 70% ABC/PLA film; (C) 50% ABC/PLA film.

Figure 10. Tensile properties of ABC/PLA composite film. (A) Tensile strength and strain; (B) Young’s modulus; (C) force vs
deformation of 85% to 50% ABC/PLA composite film; and (D) scheme of tensile testing.
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weight of the ABC/PLA composite is significantly reduced. At this phase, the 50% ABC/PLA-
based composite was significantly degraded between 200 and 400 �C compared to the 70% and
85% ABC/PLA-based composite film. At the same time, compared with the content of other com-
posites, 85% ABC/PLA composite has less thermally degraded because of containing less amount
of PLA. The third stage of all these composites occurred at 400–450 �C. At this stage, the residual
organic matter was oxidized or carbonized, and the carbonized residue remains in the aluminum
pan. Similar thermal stability phenomena has been examined in previous work, in which the
weight loss of silver integrated composite film decreased as the metal nanoparticles into the film
increased.[42]

Electrical properties of ABC/PLA composite

Biosensor developed with 85 to 50% of ABC/PLA-based composite was characterized electrically
using cyclic (CV) and differential plus (DPV) voltammetry analysis. According to the Figure
12(A), while ABC contents in the ABC/PLA composite rose from 50% to 85%, the CV current
increased from 0.32mA to 2.3mA. This increase of peak current implied that the composite with
increasing ABC and decreasing PLA employed a greater surface of the gold working electrode
and effectively transferred electrons in the [Fe (CN)6]

3- solution. In the similar manner, as shown
in Figure 12(B), peak current obtained by DPV increased as ABC concentrations into the ABC/
PLA composite increased from 50% to 85%. This increase in DPV current demonstrated that a
large amount of ABC promotes the dispersion of redox ions to the gold working electrode sur-
face, thus leading to a rise in voltammetry current. In previous studies, a similar increase of cur-
rent was noticed, while the working electrode was fabricated with activated carbon-based
composites from lower to higher concentration.[11,33,43] The peak current of CV and DPV was
presented in Figure 12(C). It is seen that peak current increased as the ABC in the PLA/ABC
composite increased. Current density for different ABC/PLA composite film has been displayed
in Figure 12(D). 85% ABC/PLA-based composite showed higher current density with higher per-
formance compared to 70% and 50% ABC/PLA-based composite. To validate the advantages of
the PLA/ABC composite, CV current was characterized with different scan rates from 5 to
100mV/s. The peak current rose as the scan rate increased from 2 to 100mV/s, which revealed
that the peak current of CV has a good linear relationship with the increase in scan rate. Though
50% ABC/PLA composite has high tensile properties, but it possessed low thermal stability and
poor electrical conductivity. Besides, 70% ABC/PLA composite has poor electrical conductivity

Figure 11. TGA spectra of ABC/PLA composite film under nitrogen (N2) condition. (A) TGA curve for different ABC/PLA composite
films; (B) Differential of TGA (DTGA) curves of different ABC/PLA composite films.
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and low thermal stability. Because of this, 85% ABC/PLA composite containing higher electrical
conductivity is suitable for biosensor development for smart food packaging.

ABC/PLA-based biosensor for ammonia (NH3) detection

The biosensor fabricated with 85% ABC/PLA-based composite was examined with regard to dif-
ferent standard NH3 concentrations to understand how the developed biosensor is related to the
adsorption mechanism. Ammonia (NH3) is one of the popular components of volatile gas that is
emitted with other volatile materials, including esters, ketones, alcohol and aldehydes during beef
spoilage[44–46] and wanted to check in this test how the 85% ABC/PLA biosensor behaves with
the standard NH3 specimens. The resistance (R) values of the 85% PLA/ABC-based biosensor
when responding to the selected concentration of NH3 have been presented in the Figure 13(A).

Figure 12. Electrical analysis of 85%-50% ABC/PLA composite. (A) Cyclic voltammogram (CV); (B) differential plus voltammogram
(DPV); (C) peak currents of ABC/PLA; (D) current density of ABC/PLA; and (E) cyclic voltammogram with different scan rates (5 to
100mV/s).
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It is seen that when the concentrations of NH3 increased, the R values of the biosensor also rose.
This is a typical characteristic of carbon-based biosensor (single or multi-walled carbon) which
reacts to increasing concentration of the NH3.

[47] The reason of increasing resistance might be
related to the hole depletion of the sensing material; thus, it influences the conductivity of the
biosensor. In addition, activated biochar has a large surface area (�825m2/g) which might be
enabled the biosensor to absorb NH3 gas in its micro-pore surfaces. However, the R values were
not significant at a concentration of 0-80 ppm (p> 0.05). The significant linear range of R was
seen between 80 and 170 ppm, and then no significant variation in the R values were inspected.
The lack of linear increase in R values higher than 170 ppm concentration might be attributed to
the fact that biosensor was fully saturated with the NH3 gas concentration. The regression coeffi-
cient (R2) value of the 85% ABC/PLA-based biosensor from the linear regression line was calcu-
lated to be 0.9378. The optimum concentration range of NH3 for the 85% ABC/PLA-based
biosensor was between 80-170 ppm; therefore, the limit of detection (LOD) of the 85% ABC/
PLA-based biosensor was determined to be 80 ppm.

The sensitivity of 85% ABC/PLA-based biosensor was determined at the different concen-
trations of NH3 gas from 80 to 170 ppm (�20 �C) and displayed in Figure 13(B). The
dependence of sensitivity on the NH3 in this range was linear. Nyquist curves for determining
NH3-sensing using 85% ABC/PLA-based biosensor have been shown in Figure 13(C). The
data show the current-voltage (I-V) relationship in presence and absence of NH3 gas. As can
be seen in I-V curve, biosensor exposed to NH3 revealed lower current compared to unex-
posed biosensor. Stability of the biosensor was also tested to a fixed NH3 concentration
(�50 ppm) over the 6 days. It is seen that resistance of the biosensor did not reveal the

Figure 13. (A) Resistance response of 85% ABC/PLA-based biosensor to NH3 concentrations (5 ppm to 230 ppm); (B) Sensitivity
of the biosensor to NH3 gas (80-170 ppm); (C) Comparison of I-V data of 85% ABC/PLA-based biosensor in presence and absence
of NH3 gas (�110 ppm); (D) Stability of the biosensor for fixed NH3 concentration (50 ppm).

INTERNATIONAL JOURNAL OF POLYMER ANALYSIS AND CHARACTERIZATION 557



significant fluctuation over the 6 days period, which implies that biosensor possessed good sta-
bility (Figure 13(D)).

Conclusions

In this study, biochar was activated at different temperatures and activated biochar (ABC) with
higher conductivity was generated at 800 �C. ABC/800 �C served extensive surface area of
825.89m2/g and micropore volume of 0.21 cm3/g for high-efficiency adsorption of the target ana-
lytes. The produced ABCs were efficient in producing ABC/PLA composite throughout film cast-
ing process. The ABC/PLA film microstructure obtained from SEM confirmed that 85% ABC/
PLA film possessed multiple micropores on its surface and were aligned with PLA in the film for-
mation. Compared to 70% and 85% ABC/PLA films, 50% ABC/PLA films are mechanically
appropriate for rough use, but they have weak biosensing electrical properties that are not suit-
able for smart food packaging. The biosensor fabricated with 85% ABC/PLA-based composite
resulted in higher electrical conductivity and revealed a sensitivity of �40% at 80 ppm of NH3 as
a LOD.
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